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Mohammed A. Alanazi  

Abstract 

Current methods for measuring energy flow rate in a pipe use a variety of invasive sensors, 

including temperature sensors, turbine flow meters, and vortex shedding devices. These systems are 

costly to buy and install. A new approach that uses non-invasive sensors that are easy to install and less 

expensive has been developed. A thermal interrogation method using heat flux and temperature 

measurements is used. A transient thermal model, lumped capacitance method LCM, before and during 

activation of an external heater provides estimates of the fluid heat transfer coefficient ℎ and fluid 

temperature. The major components of the system are a thin-foil thermocouple, a heat flux sensor (PHFS), 

and a heater. To minimize the thermal contact resistance 𝑅" between the thermocouple thickness and 

the pipe surface, two thermocouples, welded and parallel, were tested together in the same set-up. 

Values of heat transfer coefficient ℎ, thermal contact resistance 𝑅", time constant 𝜏, and the water 

temperature ℃,  were determined by using a parameter estimation code which depends on the minimum 

root mean square 𝑅𝑀𝑆 error between the analytical and experimental sensor temperature values. The 

time for processing data to get the parameter estimation values is from three to four minutes. The 

experiments were done over a range of flow rates (1.5 gallon/minute to 14.5 gallon/minute). A correlation 

between the heat transfer coefficient ℎ and the flow rate 𝑄 was done for both the parallel and the welded 

thermocouples. Overall, the parallel thermocouple is better than the welded thermocouple. The parallel 

thermocouple gives small average thermal contact resistance 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅" = 0.00001 (𝑚2. ℃/𝑊), and 

consistence values of water temperature and heat transfer coefficient ℎ, with good repeatability and 

sensitivity. Consequently, a non-invasive energy flow rate meter or (BTU) meter can be used to estimate 

the flow rate and the fluid temperature in real life.  
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General Audience Abstract 

 Today, the measuring energy flow rate, measuring flow rate and the fluid temperature, 

in a pipe is crucial in many engineering fields. In addition, there has been increased use of energy flow 

rate meters in the renewable energy system and other applications such as solar thermal and geothermal 

to estimate the useful thermal energy. Some of the commercial energy flow rate meters are using an 

invasive sensor, has to be inside the pipe, including turbine flow meter and vortex shedding device. These 

systems are expensive and difficult to install. A new approach that uses non-invasive sensors, attached on 

the outside of the pipe, that are easy to install and less expensive has been developed by using the heat 

flux and temperature measurements. A parameter estimation routine was used to analyze the data which 

depends on the minimum root mean square 𝑅𝑀𝑆 error between the calculated and experimental 

temperature values. A correlation between the unknown parameter, heat transfer coefficient (ℎ), and 

the measured flow rate 𝑄 was done to estimate the flow rate. The results show that the new non-invasive 

system has good repeatability, 15.45%, high sensitivity, and it is easy to install. Consequently, a non-

invasive energy flow rate meter or (BTU) meter can be used to estimate the flow rate and the fluid 

temperature in real life.  

 

 

 

 

This work received support from King Saud University (KSU) and Saudi Culture Mission (SACM) 
Scholarship. 



iv 
 

 would like to express my respects and acknowledgments to 

• My research advisor Dr. Tom Diller for his support and patience.  

• My dissertation committee member: Dr. Brian Vick and Dr. Scott T. Huxtable. 

• Support of King Saud University (KSU), and Saudi Arabian Culture Mission (SACM) 

Scholarship. 

• All Faculty and staff members of the ME Department at Virginia Tech.  

• To graduate school at Virginia Tech.   

• To my family in Saudi Arabia. 

• To my wife and daughters in United State of America. 

• To Flux Teq, LCC, for their partneship. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Table of contents 

Chapter 1 Introduction         (1) 

Chapter 2 System Design and Analysis       (4) 

2.1 Experimental Method         (4) 

2.2 Assumptions          (6) 

2.3 Mathematical Solution         (7) 

2.4 Parameter Estimation         (12) 

Chapter 3 Experimental Testing        (17) 

3.1 Energy Flow Meter (BTU Meter)        (17) 

3.1.1 Heat Flux Sensor (PHFS)        (17) 

3.1.2 Thermocouples         (18) 

3.1.3 Electric Heater         (22) 

3.2 Experimental Test          (23) 

 3.2.1 Experimental Test Apparatus       (23) 

 3.2.2 Measuring Flow Rate        (24) 

 3.2.3 Data Acquisition (DAQ)        (26) 

3.3 Experimental Procedure         (28) 

Chapter 4 Results and Uncertainty Analysis       (29) 

4.1 Estimated uncertainty         (29) 

4.2 Welded thermocouple results for all measured days      (30) 

4.3 Welded thermocouple results for an individual day     (34) 

4.4 Parallel thermocouple results for all measured days      (37) 

4.5 Parallel thermocouple results for an individual day     (42) 

4.6 Water temperature results         (46) 

4.7 Sensitivity Analysis         (48) 

Chapter 5 Conclusion         (49) 

References           (50) 



vi 
 

Appendixes            (52) 

Appendix A- Mathematical Model Solution        (52) 

Appendix B- Texas Instrument (TI) and Arduino Data Acquisition Results    (53) 

Appendix C- National Instrument (NI) Data Acquisition Results     (62) 

Appendix D- National Instrument (NI) Data Acquisition correlations between the overall heat 
transfer coefficient and the flow rate        (66) 

Appendix E- Root Mean Sequard error (RMS) Vs h, R”, and Time constant curves for National 
Instrument (NI) Data Acquisition for Both Parallel and Welded Thermocouples   (69) 

Appendix F- Lab-View 2017 Design for NI data Acquisition      (72) 

Appendix G- The Data and temperature curves for the National Instrument Data Acquisition 
(NI) for the Parallel and Welded Thermocouples For three days     (74) 

 

   

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

List of Figures  

 Figure 1 Heat Flux Sensor (PHFS).                 (4) 

Figure 2 (a) T-type thin-foil welded thermocouple. (b) T-type thin-foil parallel thermocouple.  (5) 

Figure 3 System Design.                  (6) 

Figure 4 Equivalent thermal circuit for a series model.             (7) 

Figure 5 Energy Balance around the pipe wall.                                                                                     (8) 

Figure 6 Energy balance around the sensor.                                                                                                  (9) 

Figure 7 Single step Function.                                                                                                                  (9) 

Figure 8 Corresponding Temperature Solution.                                                                                  (10)                                                               

Figure 9 Multiple steps Function.              (11) 

Figure 10 Flow chart for the optimal parameter estimation.                                                           (14) 

Figure 11 Illustration of minimum RMS value and the optimal time constant for the parallel 

thermocouple.                                                                                                                                           (15) 

Figure 12 Illustration of minimum RMS value and the optimal heat transfer coefficient for the 

parallel thermocouple.                                                                                                                            (15) 

Figure 13 Measured and Analytical temperature curves result.                                                      (16) 

Figure 14 FluxTeq LCC Heat Flux Sensor (PHFS).                                                                                 (17) 

Figure 15 Typical Heat Flux Values from the Data Acquisition System.                                          (18) 

Figure 16 Net voltage when different materials are connected.                                                     (19) 

Figure 17 Actual measured temperature position for the welded thermocouple.                      (20)  

Figure 18 Actual measured temperature position for the parallel thermocouple.                      (21)  

Figure 19 HUGHES Welding Machine.                                                                                                  (21) 

Figure 20 (a) Omega electric heater. (b) DC power supplier.                                                           (22) 

Figure 21 Experiment set-up when the experiment was taken.                                                      (23) 

Figure 22 Schematic of experimental set-up.                                                                                      (24) 

Figure 23 Drum specifications.                                                                                                               (25) 

Figure 24 Manual control valve.                                                                                                             (25) 

Figure 25 NI9213 Data Acquisition with the thermocouples and the heat flux wires.                 (27) 



viii 
 

Figure 26 NI Data acquisition schematic.                                                                                             (27) 

Figure 27 Correlation between Flow rate and heat transfer coefficient for the welded 

thermocouple.                                                                                                                                          (30) 

Figure 28 The time constant and flow rates for the welded thermocouple.                                (31) 

Figure 29 The average thermal contact resistance for the welded thermocouple.                    (32) 

Figure 30 Non-dimension correlation between Re and Nu for the welded thermocouple.      (33) 

Figure 31 Variation of Q measured Vs Q calculated for the welded thermocouple.                               (34) 

Figure 32 Correlation between Flow rate and heat transfer coefficient for an individual day for 

the welded thermocouple.                                                                                                                    (35) 

Figure 33 The average thermal contact resistance for an individual day for the welded 

thermocouple.                                                                                                                                         (35) 

Figure 34 The time constant values and flow rates for an individual day for the welded 

thermocouple.                                                                                                                                        (36) 

Figure 35 Non-dimension correlation between Re and Nu for individual day for the welded 

thermocouple.                                                                                                                                          (36) 

Figure 36 Variation of Q measured Vs Q calculated for an individual day for the welded thermocouple.   

                 (37) 

Figure 37 Correlation between Flow rate and heat transfer coefficient for the parallel 

thermocouple.                                                                                                                                         (38) 

Figure 38 The time constant values and flow rates for the parallel thermocouple.                   (39) 

Figure 39 The average thermal contact resistance for the parallel thermocouple.                   (40) 

Figure 40 Non-dimension correlation between Re and Nu for the parallel thermocouple.     (41) 

Figure 41 Variation of Q measured Vs Q calculated for the parallel thermocouple.                              (42) 

Figure 42 Correlation between the Flow rate and the heat transfer coefficient for an individual 

day for the parallel thermocouple.                                                                                                    (43) 

Figure 43 The average thermal contact resistance for an individual day for the parallel 

thermocouple.                                                                                                                                       (43) 

Figure 44 The time constant values and flow rates for an individual day for the parallel 

thermocouple.                                                                                                                                        (44) 



ix 
 

Figure 45 Non-dimension correlation between Re and Nu for an individual day for the parallel 

thermocouple.                                                                                                                                       (45) 

Figure 46 Variation of Q measured Vs Q calculated for an individual day for the parallel thermocouple. 

                                                                                                                                                                 (46) 

Figure 47 Variation of water temperature measured Vs water temperature calculated for both welded 

and parallel thermocouples.                                                                                                               (47) 

Figure 48 Sensitivity Analysis for the parallel and welded thermocouple.                                 (48)                                                                                                       

Figure B1 TI data acquisition temperature curves for the paralleled thermocouple.              (54) 

Figure B2 TI data acquisition temperature curves for the welded thermocouple.                   (55) 

Figure B3 TI data acquisition result for the parallel thermocouple.                                            (55) 

Figure B4 TI data acquisition result for the welded thermocouple.                                            (56)  

Figure B5 Arduino data acquisition temperature curves for the paralleled thermocouple.  (56) 

Figure B6 Arduino data acquisition temperature curves for the welded thermocouple.      (57) 

Figure B7 Arduino data acquisition result for the parallel thermocouple.                               (58)  

Figure B8 Arduino data acquisition result for the welded thermocouple.                               (58) 

Figure B9 TI data acquisition correlation for the parallel thermocouple.                                (59)  

Figure B10 TI data acquisition correlation for the welded thermocouple.                              (60)  

Figure B11 Arduino data acquisition correlation for the parallel thermocouple.                  (61)  

Figure B12 Arduino data acquisition correlation for the welded thermocouple.                  (62)  

Figure C1 NI data acquisition results for the welded thermocouple Day 1.                           (63) 

Figure C2 NI data acquisition results for the welded thermocouple Day 2.                           (63) 

Figure C3 NI data acquisition results for the welded thermocouple Day 3.                           (64) 

Figure C4 NI data acquisition results for the parallel thermocouple Day 1.                           (64) 

Figure C5 NI data acquisition results for the parallel thermocouple Day 2.                           (65) 

Figure C6 NI data acquisition results for the parallel thermocouple Day 3.                           (65) 

Figure D1 NI data acquisition correlation for the welded thermocouple Day 1.                   (66) 

Figure D2 NI data acquisition correlation for the welded thermocouple Day 2.                   (67) 



x 
 

Figure D3 NI data acquisition correlation for the welded thermocouple Day 3.                 (67) 

Figure D4 NI data acquisition correlation for the parallel thermocouple Day 1.                 (68) 

Figure D5 NI data acquisition correlation for the parallel thermocouple Day 2.                 (68) 

Figure D6 NI data acquisition correlation for the parallel thermocouple Day 3.                (69) 

Figure E1 NI data acquisition RMS Vs h at optimal time constant for the parallel thermocouple.  

                                                                                                                                                           (70) 

Figure E2 NI data acquisition RMS Vs R” at optimal h for the parallel thermocouple.      (70) 

Figure E3 NI data acquisition RMS Vs h at optimal time constant for the welded thermocouple.                                              

                                                                                                                                                           (71) 

Figure E4 NI data acquisition RMS Vs R” at optimal h for the welded thermocouple.      (71) 

Figure F1 Lab-View Design Program.                                                                                          (72) 

Figure F2 Measurement data curves in the main board Lab-view when the experiment was 

taken.                                                                                                                                               (72) 

Figure F3 (a) Plugin Heat Flux wire in a channel. (b) Plugin a Thermocouple wire in a channel.  

                                                                                                                                                          (73) 

Figure F4 Channels and sample properties.                                                                              (74) 

 

 

 

 

 

 

 

 

 

 



xi 
 

List of Tables 

Table 1 Unit problem solution.        (12) 

Table 2 Optimal Parameters Estimation results for Figure 13.    (16) 

Table 3 Uncertainty sources and respective values.      (29) 

Table 4 Measured and Calculated Water flow rate and Temperature for 10 gallon/minute. 

             (47)   

Table 5 Sensitivity range values for the parallel and the welded thermocouple.  (48) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

 

Nomenclature  

𝑄   Flow Rate       (𝐺𝑎𝑙𝑙𝑜𝑛/𝑀𝑖𝑛𝑢𝑡𝑒)  

ℎ  Heat Transfer Coefficient      (𝑊/𝑚2. ℃) 

𝑈  Overall Heat Transfer Coefficient    (𝑊/𝑚2. ℃)  

𝑅𝑒  Reynolds Number       (−) 

𝑁𝑢  Nusselt Number      (−)  

𝑞"  Heat Flux       (𝑊/𝑚2)  

𝑅"  Thermal Contact Resistance     (𝑚2. ℃/𝑊)  

𝑅𝑀𝑆  Root Mean Square Error                              (−)    

𝑇𝑤  Water Temperature      (℃)  

𝑇  Wall pipe Temperature     (℃)  

𝜏  Time Constant       (𝑠𝑒𝑐𝑜𝑛𝑑)  

𝜌   Pipe Density       (𝐾𝑔/𝑚3)  

𝛿  Pipe Thickness       (𝑚𝑚)  

𝐶  Heat capacity of Pipe      (𝐾𝐽/𝐾𝑔. ℃)   

𝑄𝑐  Calculated Flow Rate      (𝐺𝑎𝑙𝑙𝑜𝑛/𝑀𝑖𝑛𝑢𝑡𝑒)   

𝑄𝑚  Measured Flow Rate      (𝐺𝑎𝑙𝑙𝑜𝑛/𝑀𝑖𝑛𝑢𝑡𝑒)  

𝑡  Time         (𝑆𝑒𝑐𝑜𝑛𝑑) 

∆𝑇𝑤𝑎𝑙𝑙  Difference Wall Pipe Temperature    (℃) 

𝑞𝑠
′′  Sensor Heat Flux       (𝑊/𝑚2) 

𝑇𝑠  Measured Sensor Temperature    (℃)  

𝑇𝑆𝐶   Calculated Sensor Temperature      (℃) 

𝑆  Sensor Sensitivity      µV/(W/m2)    

𝐸  Voltage        (𝑉𝑜𝑙𝑡𝑒)  

 𝜀    Seebeck coefficient       (−) 

𝑅  Heater Resistance      (Ω)  

𝑉  Water Velocity      (𝑚/𝑠)  
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𝐴  Heater Area        (𝑚𝑚2) 

𝐷  Pipe Diameter       (𝑚𝑚)  

𝐻(𝑡 − 𝑡𝑗)  Step Unit       (−)  

𝑈𝑛  Uncertainty       (%)  

𝑈𝑛, ∆𝑇  Uncertainty of Thermocouple     (% 𝑜𝑓 ℃)  

𝑈𝑛, 𝑞"  Uncertainty of Heat Flux Sensor    (% 𝑜𝑓 𝑊/𝑚2)  

𝐴  Cross Section Pipe Area     (𝑚𝑚2)  
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𝑚
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Chapter 1-Introduction 

  An energy flowmeter is a meter that measures both flow rate and temperature to determine the 

energy carried by a fluid. As the demand for energy is increasing, the importance of energy flowmeter 

devices is increasing. Because cost and quality are important to the customer and supplier[1], the energy 

supply companies care about the accuracy and precision of energy flowmeters to measure energy 

consumption. Some of the commercial and industrial sectors applications that using energy flowmeters 

are chiller water sub-metering, boiler feed water, thermal storage, geothermal, renewable, solar-hot 

water, chemical feed, power plants, energy consulting, biomass metering, waste heat recovery, HVAC, 

and supplying water [11]. In 2012, there are more than 54,000 new commercial buildings that are using 

chilled water in the USA [12]. In 2010, the USA had approximately 33,462 solar water heating installation 

systems [13]. As energy costs are increasing, measurements with flow rate devices are essential in many 

engineering applications [1]. The high cost of energy flowmeter devices has been a significant barrier to 

be implemented in many applications for central district cooling or heating systems, hydronic HVAC 

systems, and renewable systems [10]. The current market size of flowmeter devices has been estimated 

at  $700 million per year globally [2].  

  The most famous devices used in many energy markets are vortex, Coriolis, orifice plate, venturi 

tube, axial turbine, electromagnetic, and ultrasonic [1]. The vortex shedding device has been used for the 

past from 25 to 30 years [8]. It operates under the vortex shedding principle which is an invasive sensor 

with a shedder bar [5]. It has an accuracy of approximately 1% or better [8]. It is well regarded to be 

reliable and flexible. However, its cost is over $ 1000 and must be mounted inside the pipe [2]. It is used 

for both gas and liquid flows and a wider range of flow rates [7]. In the 1980s, the Coriolis flowmeter was 

developed to fill the gap for mass flow rate measurements [8]. It operates by using two invasive vibrating 

tubes from the inlet to the outlet [3]. It can be used for multiphase flow and is common in the petroleum 

industry. It is not directly sensitive to density, viscosity, and temperature [7]. The repeatability and 
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accuracy of Coriolis flow meter, FMC-5500 series, for the liquid phase are 0.25% and 0.5 respectively [6].  

However, its cost is more than $10000 [6]. The simplest and cheapest type of differential pressure meter 

is the orifice plate [8]. It operates under two invasive orifice plates in the top and bottom of a pipe [8]. It 

has pressure tapings to measure pressure drop [8]. It can be measured the flow rate from the pressure 

drop and the fluid density in this device. The oldest type of differential pressure meter is the venturi meter 

[8]. In 1887, the first venturi meter was used in an industrial application [8]. It is more expensive and more 

difficult to manufacture this device [8]. The axial turbine meter operates by an invasive turbine rotor in a 

pipe [7]. It has an uncertainty of 0.5% for liquids and 1.5% for gases [7]. It can be used for any pipe size 

diameter from ¼ inch to 30 inches [8]. It has a lower initial cost, but it requires more maintenance, testing, 

and recalibration [8]. The electromagnetic flow meter has been used for many years [8]. It depends on 

Faraday’s law of induction [8]. It measures the flow rate by generating a magnetic field passing through 

the flow tube from magnetic coils [8]. It is non-invasive and easy to install [8]. In most many applications, 

the accuracy is from 0.5% to 2%, but in some problematic applications its accuracy is 5% [7]. The ultrasonic 

flowmeter development began as a joint project between government and private industries in the 1950’s 

[4]. In the late 1960’s and 1970’s, it was brought into commercial applications [4]. It operates by two 

opposite ultrasonic transducers across the pipe [4]. It has a relationship between the speed of sound and 

the flow [4]. It has an accuracy of approximately 1% [4]. According to the most of ultrasonic flowmeter 

private industries, the ultrasonic flowmeter has cost between $1500 to $3000, but it is hard to calibrate. 

Further development these systems need to be developed to make them non-invasive and to optimize 

the cost and ease of installation. 

A new approach, non-invasive thermal interrogation using heat flux and temperature 

measurements, has been developed in this paper to estimate the water temperature and flow rate in a 

pipe. The system is non-invasive, less expensive, and easy to install.  The heater, heat flux sensor, and 

thermocouples are mounted on the top of a pipe respectively. A one-dimensional transient thermal 
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model, using lumped capacitance method (LCM), is developed to simplify the data processing. A 

parameter estimation routine was used to estimate the optimal values of heat transfer coefficient (h), 

time constant (𝜏), thermal contact resistance (R”), and water temperature (𝑇𝑤). The sole aim of this paper 

is providing a correlation between the flow rate and heat transfer coefficient (h) to estimate the flow rate 

in real life. It is anticipated that the type of device will be used as part of intelligent control for energy 

systems. 
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Chapter 2- System Design and Analysis 

2.1- Experimental Method 

 A non-invasive method to estimate the unknown parameters of a flowing fluid in a pipe was 

developed based on the temperature response to a measured heat flux event on the outside surface of 

the pipe. A heat flux sensor (PHFS) was developed at our lab to measure the heat flux coming from the 

heat source (electric heater) to the heat sink (water in the pipe) (fig.1). A T-type thin-foil thermocouple 

was used to measure the sensor temperature. It can be made in our lab by using thermocouple wires and 

constantan and copper foil. The temperature measurement of the pipe is a crucial measurement in non-

invasive system. It is a challenge to minimize the thermal contact resistance between the thermocouple 

and the pipe surface. To test how to minimize the thermal contact resistance 𝑅" between the 

thermocouple thickness and the pipe surface, two thermocouples, welded and parallel, were tested 

together in the same set-up (fig.2).  An electric heater was purchased to provide the heat source to the 

pipe.  

 

Fig. 1 Heat Flux Sensor (PHFS).  
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Fig. 2 (a) T-type thin-foil welded thermocouple. (b) T-type thin-foil parallel thermocouple. 

According to figure 3, a lumped capacitance method (LCM) was used to analyze the system as a 

transient conduction problem. LCM is the simplest and most convenient method that can be used to solve 

transient heating and cooling problems. It is valid for a high thermal conductivity material with a small 

thickness, in this case, 1.27 mm. The non-invasive system is mounted on the top of a polished copper pipe 

by using a compression wrap. The system is covered by an insulation material to minimize heat lost to the 

outside environment. The electric heater is larger than the heat flux sensor (PHFS) and thermocouple to 

ensure one-dimensional heat transfer through the sensor. The PHFS is located on the top of the 

thermocouples to measure the heat flux at the same point as the temperature is measured. A single 

Kapton tape is located between the thermocouples and the PHFS. In fact, there is a contact resistance 

between the thermocouples and PHFS, but it was neglected because it is not needed in the model. The 

two thermocouples are located at the top of the pipe surface with the thermal contact resistance, 𝑅", 

between the pipe and the thermocouples. The internal thermal resistance in the pipe was neglected 

because of the small pipe thickness. The water is flowing inside the pipe acting as the heat sink for the 

system. It has a heat transfer coefficient, ℎ, and water temperature, 𝑇𝑤, as unknown parameters. There 

are two types of heat transfer coming and leaving the pipe thickness. The heat flux conduction through 

the PHFS is coming to the pipe thickness which increases the thermocouple temperature. The heat flux 
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convection to the water is leaving the pipe thickness which creates the heat transfer coefficient (ℎ). The 

sensor heat flux measurements,𝑞𝑠
′′, and the sensor temperature response are known from the 

experiment. From them, the wall pipe temperature governing equation is determined.  

 

Fig. 3 System Design.  

 

2.2- Assumptions 

 There are three important assumptions used in order to develop the analytical model. The first 

assumption, the water temperature is constant during the experimental measurement and was calculated 

at steady state 𝑡 = 0. This assumption is valid because the difference in water temperature at 𝑡 = 0 and 

𝑡 = ∞ is very small approximately ∆𝑇 = 0.10 ℃. The second assumption, the internal heat conduction 

through the pipe thickness was assumed to be negligible. This assumption is valid because the difference 

in temperature between the inner and outer pipe surface calculation is very small approximately  

∆𝑇𝑤𝑎𝑙𝑙 = 0.02 ℃. The last assumption, one -dimensional thermal conduction along the radial direction of 



7 
 

the pipe was assumed for the model. It is valid because the axial thermal conduction along the pipe under 

the sensor was negligible.  

 

Fig.4 Equivalent thermal circuit for a series model. 

2.3- Mathematical Solution 

 In this system, the heat flux is used as input in the model rather than the temperature. According 

to previous research, it hard to use the temperature measurements as input values in a model because 

the output calculation heat flux has more noise and is not as accurate [9]. According to figure 4&5, the 

mathematical model has been investigated from the energy balance on the control volume around the 

thickness of the pipe. Based on the Lumped capacitance method, the governing equation is  

𝜌𝐶𝛿
𝑑𝑇

𝑑𝑡
=  𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑒𝑛𝑠𝑜𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒

′′ −𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟
′′       (1)  

Where 𝜌𝐶𝛿 is the thermal storage of the wall pipe, 𝜌(𝐾𝑔/𝑚3) is the density of copper pipe, 𝐶 (KJ/Kg.℃) 

is the heat capacity of the copper pipe, δ(m) is the pipe thickness, 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟
′′  

(W/m2) is ℎ(𝑇 − 𝑇𝑤),   𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑒𝑛𝑠𝑜𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒
′′ (W/m2) is 𝑞𝑠

′′ ,ℎ (𝑊/𝑚2. ℃) is the heat 
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transfer coefficient, 𝑇 (℃) is the pipe wall temperature, and 𝑇𝑤  (℃) is the water temperature. In terms 

of the variables the governing equation is  

𝜌𝐶𝛿
𝑑𝑇

𝑑𝑡
=  𝑞𝑠

′′ − ℎ(𝑇 − 𝑇𝑤)               (2) 

To solve the differential equation, assume that 𝜃 = (𝑇 − 𝑇𝑤) and the time constant  

𝜏 =
𝜌𝛿𝐶

ℎ
  (second), so the final governing equation is  

𝜏
𝑑𝜃

𝑑𝑡
=

𝑞𝑠
′′

ℎ
− 𝜃                                                         (3) 

 To get the final solution of the differential equation, apply the assumption for the water 

temperature which is constant during the experiment. The water temperature is calculated at time zero.  

𝑇𝑤 = 𝑇(0) −
𝑞𝑠

′′(0)

ℎ
                (4) 

 

Fig. 5 Energy Balance around the pipe wall. 

Where 𝑇(0) is the wall pipe temperature at 𝑡 = 0 . To find the wall pipe temperature at 𝑡 = 0, applying 

the energy balance around the sensor by using figure 6. The pipe wall temperature at steady state is  

𝑇(0) = 𝑇𝑠 (0) − 𝑅". 𝑞𝑠
′′(0)                         (5) 
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Fig. 6 Energy balance around the sensor. 

For a single step input of heat at 𝑡 = 𝑡o (fig.7), the solution of equation 3 for the wall pipe 

temperature is  

𝑇(𝑡) = 𝑇𝑠 (0) − 𝑅". 𝑞𝑠
′′(0) +

𝑞𝑠,1
′′ −𝑞𝑠,0

′′

ℎ
(1 − 𝑒

−(𝑡1−𝑡0)

𝜏 )                     (6) 

 

 

Fig. 7 Single step Function. 
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Fig. 8 Corresponding Temperature Solution. 

According to the superposition principle, the total solution of the wall pipe temperature is  

𝑇𝑡𝑜𝑡𝑎𝑙(𝑡) = 𝑇𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒(𝑡) + 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡(𝑡) 

 The input heat flux can be written as steady state plus transient 𝑞𝑠
′′(𝑡)=𝑞𝑠

′′(0) + ∑ Δ𝑞𝑠,𝑗
′′

𝑘−1

𝑗=1
 𝐻(𝑡 − 𝑡𝑗), 

where 𝐻(𝑡 − 𝑡𝑗) is the step function and Δ𝑞𝑠,𝑗
′′  = (𝑞𝑠,𝑗

′′ - 𝑞𝑠,𝑗−1
′′ ). Write the total solution with the variable θ 

𝜃(t)=θ(0) + ∑ Δ𝑞𝑠,𝑗
′′ . Ψ(𝑡 − 𝑡𝑗)𝑘−1

𝑗=1 . 

Where 𝜃𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 = Δ𝑞𝑠,𝑗
′′ . Ψ(𝑡 − 𝑡𝑗) and 𝜃𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 =  θ(0). According to the unit source problem 

solution (table. 1), the governing equation is  

𝜌𝐶𝛿
𝜕Ψ

𝜕𝑡
= 1 − ℎΨ                             (7) 

or 
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𝜕Ψ

𝜕𝑡
=

1

ρcδ
−

1

𝜏
Ψ                           (8) 

 

With the initial condition Ψ = 0 , t=0, the solution is  

Ψ(t) =
1

h
(1 − 𝑒−

𝑡

𝜏)                    (9) 

For multiple steps (fig.9), the final wall pipe temperature becomes 

𝑇𝑘(𝑡) = 𝑇𝑠(0) − 𝑅". 𝑞𝑠
′′(0) + ∑

Δ𝑞𝑠,𝑗
′′

ℎ
(1 − 𝑒−

(𝑡𝑘−𝑡𝑗)

𝜏 )𝑘−1
𝑗=1 . 𝐻(𝑡𝑘 − 𝑡𝑗)        (10) 

 

 

Fig. 9 Multiple steps Function. 
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Table 1 Unit problem solution. 

 Unit Source Problem  Unit Initial condition Problem  

Governing Equations  𝜕Ψ

𝜕𝑡
+

1

𝜏
Ψ = 1 

Ψ = 0, t = 0 

𝜕Ψ

𝜕𝑡
+

1

𝜏
Ψ = 0 

Ψ = 1, t = 0 

Solutions  
Ψ(t) =  𝜏 (1 − 𝑒−

𝑡
𝜏) . 𝐻(𝑡) Ψ(t) = (𝑒−

𝑡
𝜏) . 𝐻(𝑡) 

 

2.4- Parameter Estimation  

 Three parameters, heat transfer coefficient ℎ, the thermal contact resistance between the pipe 

surface and thermocouple thickness 𝑅", and the time constant 𝜏, were treated as unknown parameters 

in this problem. They were estimated from the input measurement data, time 𝑡 in seconds, sensor heat 

flux 𝑞"𝑠  (𝑊/𝑚2), and sensor measured temperature 𝑇𝑠,𝑘 (℃). The parameters ℎ and 𝜏 are estimated 

independent in of each other. The thermal contact resistance 𝑅" is calculated from the previous iteration 

values. 

  According to the flow chart in figure 10, a mat-lab parameter estimation code the range of values 

of ℎ and 𝜏 are estimated in two “for loops”. For the value of ℎ the code will search for all 𝜏 values. For the 

first iteration the value of 𝑅" was estimated as 0.0006 (𝑚2. ℃/𝑊). It was then calculated from the data 

for each subsequent iteration. The wall pipe temperature is calculated based on these parameters. The 

new estimation of 𝑅" for each data point is calculated by  

𝑅"𝑘 =
𝑇𝑠,𝑘−𝑇𝑘

𝑞𝑠,𝑘
′′                       (11) 
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Where 𝑇𝑠,𝑘 is the sensor measured temperature, 𝑇𝑘 is the wall pipe calculated temperature, and 𝑞𝑠,𝑘
′′  is 

the measured heat flux by the sensor. The new average of 𝑅"𝑘 values is used as the initial estimation value 

at the second iteration and it is calculated by  

𝑅" =  
𝑅"𝑘

𝑁
               (12) 

Where N is the number of data taken. Now, it is ready to calculate the sensor temperature 𝑇𝑆𝐶,𝑘 for each 

data point by using  

𝑇𝑆𝐶,𝑘 = 𝑇𝑘(𝑡) +  𝑅" ∗ 𝑞𝑠,𝑘
′′                                     (13) 

To optimize the model, the root mean square error (RMS) method was used to fit the curve into the model 

which is giving the minimum error by using  

𝑅𝑀𝑆 = √∑
(𝑇𝑆𝐶,𝑘−𝑇𝑠,𝑘)

2

𝑁
𝑁
𝐾=1                                  (14) 

The overall heat transfer coefficient (𝑈) depends on the optimal parameter values of ℎ and 𝑅", which is  

𝑈 =
1

𝑅"+
1

ℎ

                                                                     (15) 
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Fig.10 Flow chart for the optimal parameter estimation.  
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 According to figure 11&12, the RMS error for the ℎ and 𝜏 calculation will be decreased until the 

minimum error is achieved and the optimal parameters will be known. If the error does not achieve the 

minimum error, the code will go back to take the average thermal contact resistance 𝑅" and put it as initial 

estimation value to the next iterations until the minimum error is achieved. After getting the optimal 

parameters, the water temperature is calculated by using Eq 4&5. 

 

Fig.11 Illustration of minimum RMS value and the optimal time constant for the parallel 

thermocouple. 

 

Fig.12 Illustration of minimum RMS value and the optimal heat transfer coefficient for the parallel 

thermocouple. 



16 
 

According to figure 13, this parameter estimation routine provided a good match temperature 

curves between the measurement and theoretical sensor temperature. The wall pipe calculated 

temperature was very close to the sensor calculated temperature which indicates that the thermal 

contact resistance 𝑅" is very small. Numerical values are listed in table 2, for this case of a parallel 

thermocouple and a flow rate of 5.7 gallon/minute. The results illustrate that the parameter estimation 

routine gave a small thermal contact resistance 𝑅", small time constant 𝜏, small error value RMS, the 

water temperature 𝑇𝑤, and the heat transfer coefficient ℎ.  

Table 2 Optimal Parameters Estimation results for Figure 13. 

Flow rate 

(gallon/minute) 

Thermocouple  ℎ (W/m2.℃) 𝜏 (second) 𝑅” (m2.℃/W) 𝑇𝑤 (℃) Minimum 

RMS 

5.7 Parallel  2400 0.90 0.0000169 23.84 0.0141 

 

 

Fig.13 Measured and Analytical temperature curves result. 
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Chapter 3-Experimental Testing  

3.1- Energy Flow Meter (BTU Meter) 

 A non-invasive BTU meter was designed consisting of three main parts: electric heater, heat flux 

sensor (PHFS), and T-type thin-foil thermocouples. This was built and tested on a pipe over a range of 

water flow rates.  

3.1.1-Heat Flux Sensor (PHFS) 

 An inexpensive heat flux sensor (PHFS) was developed in our lab since 2015, and it has been used 

for many applications to measure the heat flux values. A PHFS-01 (1-inch 𝑏𝑦 1-inch square) was used with 

a sensitivity of 𝑆=0.77 µV/(W/m2) with a quoted accuracy of 5%. It has an overall thickness of 0.254 mm. 

It was calibrated by using a conduction calibration system at temperature 25℃ by FluxTeq LLC company 

and can be used for any operating temperature less than 150 ℃. It was located between the electric 

heater and the thermocouples on the top of the pipe. It receives heat from the heater which is measured 

as heat flux through the sensor. According to figure 14, the white and red wires on the left side measure 

the heat flux values by using a differential thermopile. They are connected to a data acquisition instrument 

which displays the voltages on the computer screen and then converted into the heat flux values (𝑊/𝑚2) 

by using equation 16 (fig.15).     

 

 

Fig. 14 FluxTeq LCC Heat Flux Sensor (PHFS).  
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𝑞" =
𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑆
   (𝑊/𝑚2)                                           (16) 

Where S is the PHFS-01 sensitivity in µV/(W/m2) .  

 

 

Fig. 15 Typical Heat Flux Values from the Data Acquisition System. 

3.1.2- Thermocouples  

 In this system, different two T-type thin-foil thermocouples, welded and parallel, were tested to 

minimize the contact resistance between the thermocouple and the pipe surface. They were made in our 

lab by using thermocouple wires, different material foils, and solder. The thermocouple wire was selected 

with a diameter of 0.25 mm, and the foils were selected with a thickness of 0.0125 mm, a length of 4.826 

mm, and a width of 6.858 mm. The thermocouple wires were soldered with the foils at the end. 

Thermocouples depend on the Seebeck coefficient (𝜀 ) of the two conductors and a material property [7]. 

According to figure 16, when the wires of two different materials, copper and constantan, are connected, 

the voltage output that occurs depends on the temperature difference between the free ends of the two 

wires and the junction between the two wires [7].  

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝐸) = 𝜀(𝑇 − 𝑇𝑅𝑒𝑓)                                                (17) 
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Where 𝜀 is Seebeck coefficient for copper and constantan materials. The two thermocouples are located 

between the pipe surface and the PHFS.  

 

Fig. 16 Net voltage when different materials are connected.  

 

According to figure 17, the welded thermocouple, the foils are welded by using HUGHES welder 

directly over each other at the end. The resulting thermocouple is mounted directly on the pipe. The other 

ends are soldered with the thermocouple wire. These junctions are placed on a double side Kapton tape 

to electrically insulate this end of the thermocouple. A single layer of Kapton tape is placed over top of 

the thermocouple to keep it in place. Cares taken to ensure that there is no air gap between the foils and 

the pipe surface. 
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Fig. 17 Actual measured temperature position for the welded thermocouple.  

 

According to figure 18, the parallel thermocouple, the foils are not contacted or welded directly 

with each other, but they are placed directly on the pipe at the end. The other ends are soldered with the 

thermocouple wire. These junctions are placed on a double side Kapton tape to electrically insulate this 

end of the thermocouple. A single layer of Kapton tape is placed over top of the thermocouple to keep it 

in place. Cares taken to ensure that there is no air gap between the foils and the pipe surface. 

To make sure the water temperature is still constant during the experiment a K-type 

thermocouple was used to measure water temperature. It was plugged in a data acquisition see figure 22 

and it was located in the drum water supply directly.  
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Fig. 18 Actual measured temperature position for the parallel thermocouple.  

 

 

Fig. 19 HUGHES Welding Machine. 
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3.1.3- Electric Heater 

 An Omega electric heater (3 inches by 3 inches square) was purchased and used in this system to 

provide the input heat flux. It has an electrical resistance of 140 ohms, and it was plugged into a DC power 

supply which was used to provide 49.38 volts. The heat flux value was calculated using Eq. 18 which gave 

a maximum value is 3000𝑊/𝑚2. When data was taken, the heater was switched on after 10 seconds until 

it reached at steady state to compare the PHFS temperature before and during the event. Compression 

wrap was placed over the heater to hold it firmly in position. The heat flux calculation value is 

𝑞ℎ𝑒𝑎𝑡𝑒𝑟
′′ =

𝐸2

𝑅
𝐴                                                               (18) 

Where 𝐴 is the heater area, 𝐸 is the voltage, 𝑞ℎ𝑒𝑎𝑡𝑒𝑟
′′  is the heater heat flux 𝑊/𝑚2, and 𝑅 is the heater 

resistance. Only a portion of the heat goes through the sensor to the pipe.  

 

 

Fig. 20 (a) Omega electric heater. (b) DC power supplier. 
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3.2- Experimental Test 

3.2.1- Experimental Test Apparatus 

 To test the performance of the BTU meter, an experimental apparatus was designed and 

constructed as shown in figure 22. The design was selected as a small piping system. To satisfy our 

assumptions, we selected a thin copper pipe with an internal diameter of 𝐷 = 19.5 𝑚𝑚 and thickness 

𝛿 = 1.27 𝑚𝑚 because it has high thermal conductivity. The pipe was connected to an electric pump which 

is located in a 20-gallon drum to drive the water inside the system as a closed system. A manual control 

valve was used to control the flow rate during the experiment. The BTU meter or the energy flow meter 

was mounted on the top of a polished copper pipe by a compression wrap and an insulation material as 

shown at the front of the table in figure 21.    

Fig. 21 Experiment set-up when the experiment was taken. 



24 
 

 

Fig. 22 Schematic of experimental set-up. 

3.2.2- Measuring Flow Rate 

 Before the data was taken, the flow rate was measured by timing the filling of a 20-gallon drum. 

Two drums, one empty and one filled with water, were divided into four sections of 5-gallon each with 

20-gallon total volume for each drum (Fig. 23). The filled drum had an electric pump inside and was filled 

with water at room temperature. A manual control valve was used to control the flow (fig. 24). Before the 

pump was switched on, the control valve set to a given flow rate. When the pump was switched on, the 

flow rate was calculated by the measured rate of change of volume in the drum using Eq. 19&20. The 

experiments were done over a range of flow rates (1.5 gallon/minute to 14.5 gallon/minute). 
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𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 =
∆𝑉𝑜𝑙𝑢𝑚𝑒 

𝑡𝑖𝑚𝑒
                                                  (19)  

𝑉𝑜𝑙𝑢𝑚𝑒 = (𝜋𝑟2 ∗ ℎ𝑒𝑖𝑔ℎ𝑡)                                          (20) 

 

   

Fig. 23 Drum specifications.  

 

 

Fig. 24 Manual control valve.  
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3.2.3- Data Acquisition (DAQ) 

 The experiments were repeated using three data acquisition systems, Texas instrument (TI), 

Arduino, and National Instrument (NI) data acquisition. The TI data acquisition was made at Virginia Tech 

in mechanical engineering labs and it is inexpensive. The results showed that there is noise in the 

temperature data that makes correlation difficult between the flow rate and the heat transfer coefficient. 

The Arduino data acquisition was purchased and is also inexpensive. The results indicate that the noise 

was decreased in the temperature data sometimes, but was not consistent. It was concluded that both 

the TI and Arduino data acquisition systems do not work well for the parameter estimation routine.  

To minimize the noise, a National Instrument (NI) data acquisition was purchased and used to 

analyze the data in this paper. A lab-view 2017 program was designed for the NI 9213 Daq with a sample 

rate of 5 samples/second. Four channels were designed for this problem, three channels were for 

thermocouples, and one channel was for the heat flux values. The three channels were for welded, 

parallel, and water temperature thermocouples. The program screen showed the two different charts for 

the curve temperatures and the heat flux curve values. According to figure 25, the thermocouples and the 

heat flux wires were plugged into NI Daq which was plugged into a computer. The NI Daq gave 

temperature data that had less noise than the other data acquisitions, and it provided a good correlation 

between the flow rate and heat transfer coefficient.   
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Fig. 25 NI9213 Data Acquisition with the thermocouples and the heat flux wires. 

 

Fig. 26 NI Data acquisition schematic.  
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3.3- Experimental Procedure 

 There are five steps to take the data. First, the control valve is manually set to the desired flow 

rate. Second, at the specified flow rate the electric pump is switched on and the lab-view main page is 

opened. The water is flowing inside the pipe in the closed cycle at room temperature. Third, the data 

acquisition is started when the heater is off at steady state from 𝑡 = 0 𝑠𝑒𝑐𝑜𝑛𝑑 to 𝑡 = 10 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. Fourth, 

the heater is switched on and data is taken for a time span of 120 seconds. The data was saved as an excel 

file with the five columns in the computer. The five columns are time (second), heat flux (W/m2), welded 

thermocouple temperature (℃), parallel thermocouple temperature (℃), and the measurement water 

temperature (℃), respectively. The experiments were repeated three times at each flow rate. The data 

was analyzed by using a parameter estimation routine mat-lab code. The time for processing data to get 

the parameter estimation values is from three to four minutes.  
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Chapter 4- Results and Uncertainty Analysis 

Before looking at the results, the uncertainty is estimated for the measurements. 

4.1-Estimated uncertainty 

 The sources of estimated uncertainty in the measurement flow rate are listed in Table 3 with 

respective uncertainty values. This analysis was assumed to be the same for all of the measurements. 

Table 3 Uncertainty sources and respective values. 

 

 The measured flow rate for the welded thermocouple was correlated as 

𝑄 = 0.5101𝑒0.00158276∗(𝑞"/∆T)                                                                                                          (21) 

And for the parallel thermocouple was correlated as  

𝑄 = 0.606𝑒0.00094∗(𝑞"/∆T)                                                                                                                  (22) 

Therefore, the estimated uncertainty Un for the measured flow rate 𝑄 was estimated using propagation 

of uncertainties [14].  

𝑈𝑛 = [((
𝜕𝑄

𝜕𝑞"
) . (𝑈𝑛𝑞"))2+((

𝜕𝑄

𝜕∆𝑇
) . (𝑈𝑛∆𝑇))2]1/2                                                                              (23) 

An estimated uncertainty of 13% was found for the measured 𝑄 with the welded thermocouple. For the 

parallel thermocouple, an estimated uncertainty of 11.88%, was found for the measured 𝑄.  

 

# Source of uncertainty Value Unit 

1 Temperature measurement, Un, ∆𝑇 0.02 % of ℃ 

2 Heat flux measurement, Un,𝑞" 0.05% % of 𝑊/𝑚2 
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4.2- Welded thermocouple results for all measured days   

 Figure 27, shows the correlation between the heat transfer coefficient (ℎ) and the flow rate (𝑄) 

for 41 measurements. An exponential curve fit of the data for flow rate was found based on least squared 

error (RMS). The curve fit illustrates that the heat transfer coefficient increases strongly with increasing 

flow rate. The measured data points for the heat transfer coefficient have much more variation at high 

flow rates than at low flow rates. The flow rate can be calculated from equation 24 after when the 

measured heat transfer coefficient is obtained.  

𝑄 = 0.4382 ∗ 𝑒(0.001568∗ℎ)                                                                                                                          (24) 

Where 𝑄 is the flow rate in (gallon/minute) and ℎ is the heat transfer coefficient in (W/m2.℃). The R 

squared value is 0.867.  

Fig.27 Correlation between Flow rate and heat transfer coefficient for the welded thermocouple. 
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The corresponding time constant values are shown in figure 28. Although the values increase with 

increasing flow rate, the heat transfer coefficient in figure 27 gives a better correlation than in figure 28 

with flow rate.  

 

Fig.28 The time constant and flow rates for the welded thermocouple. 

 The estimated values for the thermal contact resistance are shown in figure 29. The thermal 

contact resistance is a physical parameter which should be a constant value independent flow rate. The 

measured thermal contact resistance values scatter around the average 𝑅" 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 0.00039 (𝑚2. ℃/

𝑊), particularly at lower flow rates.  
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Fig.29 The average thermal contact resistance for the welded thermocouple. 

 The non-dimensional representation of the data in figure 27 is shown in figure 30 in terms of 

Reynolds, Re, and Nusselt number, Nu. A power curve fit was obtained with an R squared value of 0.82. 

The Re was calculated by using equation 25, and the Nu was calculated by using equation 27.  

𝑅𝑒 =
𝑉∗𝐷

𝜐
                                                                                                                                                              (25) 

𝑉 =
𝑄

𝐴
                                                                                                                                                                    (26) 

ℎ𝐷

𝑘
= 𝑁𝑢 = 0.6337𝑅𝑒0.4298                                                                                                                             (27) 

Where 𝑉 is the water velocity in (m/s), 𝐷 is the pipe diameter in (m), 𝜐 is the kinematic viscosity in (m2/s),  

𝑄 is the flow rate in (m3/s), 𝐴 is the cross-section area of the pipe in (m2), ℎ is the heat transfer coefficient 

in (W/m2.℃), and 𝐾 is the water thermal conductivity in (W/m.℃) at average water temperature. 
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Fig.30 Non-dimension correlation between Re and Nu for the welded thermocouple. 

 Calculated values of 𝑄 based on equation 24 are compared with the measured flow rates in 

figure 31. An uncertainty analysis was done based on the 95% confidence interval of the average of (
∆𝑄

𝑄𝑚
), 

where 𝑄𝑚 is the measured flow rate and ∆𝑄 is the difference between the measured and calculated 

flow rate. Based on all 41 measurements of 
∆𝑄

𝑄𝑚
 the observed 95% confidence interval was 57.1% based 

on student, t, distribution. These values are much higher than the estimated uncertainty of 13%, 

indicating the presence of uncontrolled variables in the experiments.  
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Fig.31 Variation of Q measured Vs Q calculated for the welded thermocouple. 

4.3- Welded thermocouple results for an individual day  

 It was observed that these was more variation in results from day-to-day than for single day. 

Therefore, typical results are presented for the testing on a single day. The heat transfer coefficient values 

are shown in figure 32 with a flow rate correlation with an R squared value of 0.97. The exponential curve 

fit similar to that of equation 24, but the R square values was much higher.  

𝑄 = 0.5101 ∗ 𝑒(0.00158276∗ℎ)                                                                                                                                (28) 
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Fig.32 Correlation between Flow rate and heat transfer coefficient for an individual day for the welded 

thermocouple. 

The corresponding values of thermal contact resistance and time constant are shown in figure 33 and 34. 

The scatter, however, is still typical of the full data set.  

 

Fig.33 The average thermal contact resistance for an individual day for the welded thermocouple. 
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Fig.34 The time constant values and flow rates for an individual day for the welded thermocouple. 

 The non-dimensional correlation of heat transfer coefficient for a single day of testing is shown 

in figure 35. The correlation is slightly different than equation 27 and has a higher R squared value of 

0.95.  

𝑁𝑢 = 0.1968𝑅𝑒0.5364                                                                                                                                       (29) 

 

Fig.35 Non-dimension correlation between Re and Nu for individual day for the welded thermocouple. 
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The Calculated values of 𝑄 based on equation 28 are compared with the directly measured values in 

figure 36. The 95% confidence interval of these 14 measurements is 24.5% which is much lower than 

using all 41 measurements, again indicating some day-to-day variability in the results.  

Fig.36 Variation of Q measured Vs Q calculated for an individual day for the welded thermocouple. 

4.4- Parallel thermocouple results for all measured days   

Figure 37, shows the correlation between the heat transfer coefficient (ℎ) and the flow rate (𝑄) 

for 43 measurements using the parallel thermocouple arrangement. The data was taken over three days. 

The exponential curve fit  

𝑄 = 0.5073e 0.0009860*h                                                                                                                    (30) 

 

is much better than the curve fit for the welded thermocouple with an R squared value of 0.98, the heat 
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 The measured data points for the heat transfer coefficient have more variation at high flow rates than at 

low flow rates. The flow rate can be calculated from equation 30 after when the measured heat transfer 

coefficient is obtained.  

Where 𝑄 is the flow rate in (gallon/minute) and ℎ is the heat transfer coefficient in (W/m2.℃). The R 

squared value is 0.985 which is better than the welded thermocouple.   

Fig.37 Correlation between Flow rate and heat transfer coefficient for the parallel thermocouple. 
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values in the parallel thermocouple are lower than in the welded thermocouple. The heat transfer 

coefficient in figure 37 gives a better correlation than in figure 38 with flow rate. 

𝜏 =
𝜌𝐶𝛿

ℎ
                                                                                                                                                             (31) 

Where ρ is the copper pipe density, 8933 kg/m3, 𝐶 is heat capacity of copper pipe, 385 J/Kg.℃, and δ is 

the copier pipe thickness, 0.00129 m.  

 

 

Fig.38 The time constant values and flow rates for the parallel thermocouple. 
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𝑊), particularly at lower flow rates. The average thermal contact resistance in the parallel thermocouple 

is much smaller than in the welded thermocouple. This helps give a better discrimination of flow rate from 

the heat transfer coefficient. 

Fig.39 The average thermal contact resistance for the parallel thermocouple. 

The non-dimensional representation of the data in figure 37 is shown in figure 40 in terms of 

Reynolds, Re, and Nusselt number, Nu. A power curve fit was obtained with an R squared value of 0.944 

which is much better than the welded thermocouple.  
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                                                                                                                                                              (32) 

𝑉 =
𝑄

𝐴
                                                                                                                                                                    (33) 

ℎ𝐷

𝑘
= 𝑁𝑢 = 0.4394𝑅𝑒0.5059                                                                                                                              (34) 

0

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

0.00007

0.00008

0.00009

0 2 4 6 8 10 12 14 16

R
"(

m
2

.C
/W

)

Q(G/minute)

Flow rate Vs Thermal contact resistance 

R" values

R" average



41 
 

Fig.40 Non-dimension correlation between Re and Nu for the parallel thermocouple. 

Calculated values of 𝑄 based on equation 30 are compared with the measured flow rates in figure 

41. An uncertainty analysis was done based on the 95% confidence interval of the average of (
∆𝑄

𝑄𝑚
), where 

𝑄𝑚 is the measured flow rate and ∆𝑄 is the difference between the measured and calculated flow rate. 

Based on all 43 measurements of 
∆𝑄

𝑄𝑚
 the observed 95% confidence interval was 15.45% which is lower 

than in the welded thermocouple based on student normal distribution, t. These uncertainties are shown 

on the figure 41. These values are slightly higher than the estimated uncertainty of 11.88%, indicating the 

presence of uncontrolled variables in the experiments.  

Nu= 0.4394Re0.5059

R² = 0.9436

0

10

20

30

40

50

60

70

80

90

100

110

120

130

0 7000 14000 21000 28000 35000 42000 49000 56000 63000 70000

N
u

Re

Re Vs Nu 



42 
 

Fig.41 Variation of Q measured Vs Q calculated for the parallel thermocouple. 

4.5- Parallel thermocouple results for an individual day  

To provide another comparison of the data, results are presented for the testing on a single day. 

The heat transfer coefficient values are shown in figure 42 with a flow rate correlation with an R squared 

value of 0.996 which is better than the results of all three days of testing. The better curve fit indicates 

that there was substantial day-to-day variability.  

𝑄 = 0.606 ∗ 𝑒(0.00094∗ℎ)                                                                                                                          (35) 
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Fig.42 Correlation between the Flow rate and the heat transfer coefficient for an individual day for the 

parallel thermocouple. 

The corresponding values of thermal contact resistance and time constant are shown in figure 43 and 44. 

The scatter, however, is still typical of the full data set.  

Fig.43 The average thermal contact resistance for an individual day for the parallel thermocouple. 

Q= 0.606e0.00094h

R² = 0.996

0

2

4

6

8

10

12

14

16

18

0 500 1000 1500 2000 2500 3000 3500 4000

Q
 (

G
/m

in
t)

h (W/m2.C)

heat transfer coefficient Vs Flow rate 

0

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

0.00007

0.00008

0.00009

0 2 4 6 8 10 12 14 16

R
" 

(m
2

.C
/W

)

Q (G/minute)

Thermal contact resistance Vs Flow rate 

R" values

average R" value



44 
 

 

Fig.44 The time constant values and flow rates for an individual day for the parallel thermocouple. 

The non-dimensional correlation of heat transfer coefficient for a single day of testing is shown 

in figure 45. The correlation is substantially different than equation 34 and has a high R squared value of 

0.98 which is lightly better than from all of the data.  

𝑁𝑢 = 0.1551𝑅𝑒0.60175                                                                                                          (36) 
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Fig.45 Non-dimension correlation between Re and Nu for an individual day for the parallel 

thermocouple. 

The Calculated values of 𝑄 based on equation 35 are compared with the directly measured values in 

figure 46. The 95% confidence interval of these 16 measurements is 8.55% which is smaller than in the 

welded thermocouple and slightly lower than the estimated uncertainty. This is much lower than using 

all 43 measurements, again indicating some day-to-day variability in the results.  
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Fig.46 Variation of Q measured Vs Q calculated for an individual day for the parallel thermocouple. 

4.6- Water temperature results   

 Calculated values of water temperature based on equation 4 are compared with the measured 

water temperatures in figure 47 for 16 measurements for both welded and parallel thermocouple. The 

measurements were done for one day. The calculated water temperature is assumed constant during the 

experiments. The difference between the measured and calculated water temperature is very small. The 

perfect line represents zero error between the calculated and measured water temperature.  
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Fig.47 Variation of water temperature measured Vs water temperature calculated for both welded and 

parallel thermocouples.  

The water temperature was measured for each time interval, from t=0 to t=120 second. The difference 

between the measured water temperature at t=0 second and at t=120 second is less than 0.15 ℃. Then 

the average measured water temperature was considered as a final measured water temperature. Table 

4 shows a few of the measurement and calculated results for both welded and parallel thermocouple.  

Table 4 Measured and Calculated Water flow rate and Temperature for 10 gallon/minute.   

Measured flow rate 

(gallon/minute) 

Calculated flow rate 

(gallon/minute) 

ℎ 

(W/m2.℃) 

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑇𝑤(℃) 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑇𝑤(℃) Type 

10 9.86 2968 22.51 22.57 Parallel 

10 8.67 1790 22.63 22.72 Welded 
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4.7- Sensitivity Analysis  

 Table 6 shows the sensitivity range values between the parallel and the welded thermocouple. 

The analysis was done for all measured days from low flow rate to high flow rate, sensitivity = (∆ℎ/∆𝑄) 

(figure 48). The results show that the parallel thermocouple sensitivity range is from 35.50 to 343 

(𝑊. 𝑚𝑖𝑛𝑢𝑡𝑒/𝑚2. ℃. 𝑔𝑎𝑙𝑙𝑜𝑛) and the welded thermocouple sensitivity range is 19.27 to 186 

(𝑊. 𝑚𝑖𝑛𝑢𝑡𝑒/𝑚2. ℃. 𝑔𝑎𝑙𝑙𝑜𝑛). Therefore, the parallel thermocouple is more sensitive than the welded 

thermocouple.    

 

Fig.48 Sensitivity Analysis for the parallel and welded thermocouple. 

 

Table 5 Sensitivity range values for the parallel and the welded thermocouple. 

Thermocouple 𝑄𝑚 (gallon/minute) 𝑄𝑚(gallon/minute) Sensitivity Range (Watt. 

Minute/m2.℃. 𝑔𝑎𝑙𝑙𝑜𝑛) 
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Chapter 5- Conclusion 

A new approach, non-invasive thermal interrogation using heat flux and temperature 

measurements, was successfully tested to estimate the water temperature and flow rate in a pipe. A 

lumped capacitance method (LCM) was used to analyze the system as a transient conduction problem. It 

is simple and more efficient method to estimate the heat transfer coefficient ℎ, the thermal contact 

resistance 𝑅", the time constant 𝜏, and the water temperature ℃. The heat transfer and temperature 

measurements were made on a copper pipe using heat flux sensor (PHFS) and thin film thermocouples. 

The temperature measurement of the pipe is a crucial measurement in a non-invasive system. Therefore, 

two different thermocouples, welded and parallel, were tested together in the same set-up. A correlation 

between the heat transfer coefficient ℎ and the flow rate 𝑄 was done for both the parallel and the welded 

thermocouples. The average thermal contact resistance was estimated for both thermocouples. The 

results show that the parallel thermocouple is better than the welded thermocouple. The parallel 

thermocouple gives a good match of sensor temperature curves, small average thermal contact resistance 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅" = 0.000010 (𝑚2. ℃/𝑊), water temperature 𝑇𝑤= 22.57 ℃, range of heat transfer 

coefficient values ℎ from 700 to 3500 (𝑊/𝑚2. ℃), and good repeatability, 15.45%, and more sensitivity. 

Based on these encouraging results, future study will be done on different pipe sizes and different types 

of fluid, including two- phase fluid.      
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Appendixes 

Appendix A- Mathematical Model Solution  

 The lumped capacitance method was used to solve the transient problem. The mathematical 

model has been investigated from energy balance on the control volume around the thickness of the pipe, 

therefore reduced to  

𝑚𝐶

𝐴

𝑑𝑇

𝑑𝑡
= 𝑞𝑠

′′ − ℎ(𝑇 − 𝑇𝑤) 

assume that, 𝜃 = 𝑇 − 𝑇𝑤 and 𝜏 =
𝑚𝐶

𝐴ℎ
 . In terms of the variables 𝜃  and  𝜏   the model become 

𝜏
𝑑𝜃

𝑑𝑡
=

𝑞𝑠
′′

ℎ
− 𝜃 

With the initial condition, t=0, the solution of the differential equation is  

𝜃(𝑡) =
𝑞𝑠

′′

ℎ
−

𝐵

ℎ
𝑒−(

𝑡
𝜏

) 

      Where B is constant  

B=𝑞𝑠
′′ - 𝜃(𝑡 = 0). ℎ 

And 𝜃(𝑡 = 0) is  

𝜃(𝑡 = 0) = 𝑇(0) − 𝑇𝑤(0) 

      Assume that the water temperature is constant at steady state during the experiment. Therefore, the 

water temperature at t=0 is   

  

𝑇𝑤 = 𝑇(0) −
𝑞𝑠

′′(0)

ℎ
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And 𝜃(𝑡 = 0) become 

𝜃(𝑡 = 0)= 
𝑞𝑠

′′(0)

ℎ
     

 

      The pipe temperature at t=0 is 

𝑇(0) = 𝑇𝑠 (0) − 𝑅". 𝑞𝑠
′′(0) 

The final pipe temperature, mathematical model, for multi-steps is  

𝑇𝑘(𝑡) = 𝑇𝑠(0) − 𝑅". 𝑞𝑠
′′(0) + ∑

Δ𝑞𝑠,𝑗
′′

ℎ
(1 − 𝑒−

(𝑡𝑘−𝑡𝑗)
𝜏 )

𝑘−1

𝑗=1

 

Appendix B- Texas Instrument (TI) and Arduino Data Acquisition Results   

In fact, in hypothetically the pipe temperature at 𝑡 = 0 is,𝑇(0) = 𝑇𝑠 (0) − 𝑅" ∗ 𝑞𝑠
′′(0), where 𝑇𝑠 is 

measured sensor temperature, 𝑅" is thermal contact resistance, and 𝑞𝑠
′′ is sensor heat flux measured. 

Initially, we assumed that the wall pipe temperature at 𝑡 = 0,𝑇(0), is the same measured sensor 

temperature, 𝑇𝑠 (0), at 𝑡 = 0, 𝑇(0) = 𝑇𝑠 (0) . Therefore, we neglected the heat flux measured, 𝑞𝑠
′′(0)=0 

because the heat flux is very small compared to the remaining data. This assumption is not valid as long 

as neglecting the heat flux value at 𝑡 = 0 because the parameter estimation routine does not work well 

and does not give a good sensitivity in the results (see the below results). It illustrated that considering 

the heat flux value at 𝑡 = 0 is important in the parameter estimation. 



54 
 

Fig.B1 TI data acquisition temperature curves for the paralleled thermocouple. 

TSCK: Sensor calculated temperature. 

TSEK: Sensor measured temperature. 

TPCK: Pipe calculated temperature.  
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Fig.B2 TI data acquisition temperature curves for the welded thermocouple.  

Fig.B3 TI data acquisition result for the parallel thermocouple.  
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Fig.B4 TI data acquisition result for the welded thermocouple.  

Fig.B5 Arduino data acquisition temperature curves for the paralleled thermocouple.  
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Fig.B6 Arduino data acquisition temperature curves for the welded thermocouple.  
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Fig.B7 Arduino data acquisition result for the parallel thermocouple.  

Fig.B8 Arduino data acquisition result for the welded thermocouple.  
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Fig.B9 TI data acquisition correlation for the parallel thermocouple.  
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Fig.B10 TI data acquisition correlation for the welded thermocouple.  
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Fig.B11 Arduino data acquisition correlation for the parallel thermocouple.  
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Fig.B12 Arduino data acquisition correlation for the welded thermocouple.  

Appendix C- National Instrument (NI) Data Acquisition Results   

 To minimize the noise, a National Instrument (NI) data acquisition was purchased and used to 

analyze the data in this paper. For multiple steps, the final wall pipe temperature is 

𝑇𝑘(𝑡) = 𝑇𝑠(0) − 𝑅". 𝑞𝑠
′′(0) + ∑

Δ𝑞𝑠,𝑗
′′

ℎ
(1 − 𝑒−

(𝑡𝑘−𝑡𝑗)
𝜏 )

𝑘−1

𝑗=1

. 𝐻(𝑡 − 𝑡𝑗) 

The results were analyzed for three days for both parallel and welded thermocouples. Please see the 

figures below.  
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Fig.C1 NI data acquisition results for the welded thermocouple Day 1. 

Fig.C2 NI data acquisition results for the welded thermocouple Day 2. 
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Fig.C3 NI data acquisition results for the welded thermocouple Day 3. 

Fig.C4 NI data acquisition results for the parallel thermocouple Day 1. 
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Fig.C5 NI data acquisition results for the parallel thermocouple Day 2. 

Fig.C6 NI data acquisition results for the parallel thermocouple Day 3. 
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Appendix D- National Instrument (NI) Data Acquisition correlations between the overall heat 

transfer coefficient and the flow rate   

 Another correlation between the overall heat transfer coefficient (U) and the flow rate (Q) was 

done for both welded and parallel thermocouples. The correlations presented in the appendix because 

there are no advantages to use these in the results section. Please see the correlations below.  

Fig.D1 NI data acquisition correlation for the welded thermocouple Day 1. 
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Fig.D2 NI data acquisition correlation for the welded thermocouple Day 2. 

Fig.D3 NI data acquisition correlation for the welded thermocouple Day 3. 
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Fig.D4 NI data acquisition correlation for the parallel thermocouple Day 1. 

Fig.D5 NI data acquisition correlation for the parallel thermocouple Day 2. 
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Fig.D6 NI data acquisition correlation for the parallel thermocouple Day 3. 

 

Appendix E- Root Mean Sequard error (RMS) Vs h, R”, and Time constant curves for National 

Instrument (NI) Data Acquisition for Both Parallel and Welded Thermocouples  

 Depend on the parameter estimation routine the curves between RMS and optimal parameters 

were plotted for the parallel and welded thermocouples. They are helpful to distinguish better estimation 

routine in the future.   
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Fig.E1 NI data acquisition RMS Vs h at optimal time constant for the parallel thermocouple.  

Fig.E2 NI data acquisition RMS Vs R” at optimal h for the parallel thermocouple. 
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Fig.E3 NI data acquisition RMS Vs h at optimal time constant for the welded thermocouple. 

 

Fig.E4 NI data acquisition RMS Vs R” at optimal h for the welded thermocouple. 
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Appendix F- Lab-View 2017 Design for NI data Acquisition   

 The lab-view 2017 program was designed for NI data acquisition. Pleas see the below pictures.  

Fig.F1 Lab-View Design Program. 

Fig.F2 Measurement data curves in the main board Lab-view when the experiment was taken. 
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Fig.F3 (a) Plugin Heat Flux wire in a channel. (b) Plugin a Thermocouple wire in a channel.  
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Fig.F4 Channels and sample properties.   

 

Appendix G- The Data and temperature curves for the National Instrument Data Acquisition 

(NI) for the Parallel and Welded Thermocouples For three days  

The data for parallel and welded thermocouples were taken and analyzed in this paper by using 

NI data acquisition for three days. They are in a CD and they are private.  


