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Non-invasive Method to Measure Energy Flow Rate in a Pipe

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 7, and the water
temperature °C, 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.°C/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.
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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 S$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



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].1n 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 % 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



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 (1), thermal contact resistance (R”), and water temperature (T, ). 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.



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, T,,, 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



convection to the water is leaving the pipe thickness which creates the heat transfer coefficient (h). The
sensor heat flux measurements,q., and the sensor temperature response are known from the

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

4°(t)

A\ \
AR

h T water

v

Flow rate

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 att = 0 and
t = oo is very small approximately AT = 0.10 °C. 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

AT,yqu = 0.02 °C. The last assumption, one -dimensional thermal conduction along the radial direction of



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

the sensor was negligible.

TSE‘"‘SDF

R" {} 'q" (Heat flux conduction through the sensor)

fa
v T (pipe temperature)

1/h

g q" (Heat flux convection leaving the the wall pipe )

* T‘NQIEI’

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

C8 d_T — 1 Al (1)
p dt Aconduction through the sensor to the pipe Aconvection from the pipe to the water

Where pCé is the thermal storage of the wall pipe, p(Kg/m3) is the density of copper pipe, C (KJ/Kg.°C)

is the heat capacity of the copper pipe, §(m) is the pipe thickness, qeonpection from the pipe to the water

(W/m2) is h(T - Tw): qé’onduction through the sensor to the pipe(W/mz) is C[;’ h (W/mz OC) is the heat



transfer coefficient, T (°C) is the pipe wall temperature, and T,, (°C) is the water temperature. In terms

of the variables the governing equation is

ar iz
pC(SE =qs —h(T —Ty) (2)
To solve the differential equation, assume that 8 = (T — T,,,) and the time constant

sC i . S
T= pT (second), so the final governing equation is

w= 0 (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.

Yo
T, =T(0) - &2 (4)

ds
,___g___ﬁ

I — — — — —

Water h(T—TW)

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) = T5 (0) — R".¢5'(0) (5)



Ts Sensor Temperature

Rll

Fig. 6 Energy balance around the sensor.

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

temperature is

no__n —(t1-tg)
T(®) =T, (0) —R".qy (@) + B (1 — ™+ )

T

(6)

Single Step Function

q"l
~
E
—
=
=D'
qllo
t 0 t1

t (Second)

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
Tiotai(t) = Tsteady state(t) + Ttransient(t)
k-1
The input heat flux can be written as steady state plus transient q¢ (t)=q¢ (0) + Zj=1 Aqg; H(t — t)),
where H(t — t;) is the step function and Aqy'; = (qg ;- g5 j_1). Write the total solution with the variable 8

6()=0(0) + X1 Aqy ;. W(t —t)).

Where O¢ransient = Aqy ;. W(t —t;) and Ogeaay state = 6(0). According to the unit source problem

solution (table. 1), the governing equation is
pCsS=1-hw (7)

or

10



W_1 _ly (8)

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

1 _t
W) =1(1-e) (9)
For multiple steps (fig.9), the final wall pipe temperature becomes

T(6) = Ty(0) — R".q2/(0) + 5423 202 (1 - e‘—(tk?t")> Hte— ) (10

Multiple steps for superposition

q||4

qll3

.
“'-E-._ n
= a2
:D'

q“l

t 0 t1 t 2 t3 t 4  t(second)

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

Unit Source Problem

Unit Initial condition Problem

Governing Equations

v 1lp_
ot 1t
Y=0,t=0

v 1lp_
ot T
Y=1t=0

Solutions

Y(t) = T(l — e_%>.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 7, 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 T (°C). The parameters h and 7 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 T are estimated in two “for loops”. For the value of h the code will search for all T values. For the
first iteration the value of R" was estimated as 0.0006 (m2.°C/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

" TS,k_Tk
R k= "
Ask

12

(11)




Where T is the sensor measured temperature, Ty, is the wall pipe calculated temperature, and gy is
the measured heat flux by the sensor. The new average of R"), values is used as the initial estimation value

at the second iteration and it is calculated by

n_ﬂ
R" =~ (12)

Where N is the number of data taken. Now, it is ready to calculate the sensor temperature T ; for each
data point by using

Tscrx = Ti(t) + R" * qg (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 = J Z%ﬂ—(T“"‘;TS"‘)Z (14)

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

U= (15)

13
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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 7 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.

RMS Vs Time Constant () (at optimal h=2400 W/m?2.C)

0.05

0.04

RMS

0.03
0.02

0.01

(o] 0.5 1 1.5 2 2.5 3 3.5

Time constant (second)

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

thermocouple.

RMS Vs Heat transfer coefficient (h) (at optimal 7=0.90 s)

- ® * . * . PR P, o—®—o o=

2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Heat transfer coefficient (W/m2.C)

Fig.12 lllustration of minimum RMS value and the optimal heat transfer coefficient for the parallel
thermocouple.
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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 7, small error value RMS, the

water temperature Ty, and the heat transfer coefficient h.

Table 2 Optimal Parameters Estimation results for Figure 13.

Flow rate Thermocouple | h (W/m2.°C) T (second) R” (m2.°C/W) | T, (°C) Minimum
(gallon/minute) RMS
5.7 Parallel 2400 0.90 0.0000169 23.84 0.0141
252 T T T
25 ) 1
24.8 - 1
&)
D 246 - 1
=
©
[<5]
g- 24 .4 - 1
<5
|_
24 .2 - 1
24 | sensor calculated temperature | |
sensor measured temperature
— pipe calculated temperature
23‘8 1 1 1 1
0 20 40 60 80 100 120

Time (second)

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 $§=0.77 uV/(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°C by FluxTeq LLC company
and can be used for any operating temperature less than 150 °C. 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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nw __ Voltage

s (W/m2) (16)

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

Heat Flux Vs Time
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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 (¢ ) 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) = &(T — Tgey) (17)

18



Where ¢ is Seebeck coefficient for copper and constantan materials. The two thermocouples are located

between the pipe surface and the PHFS.

.G Copper
\
/

- O

TRef

Constantan

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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Copper Pipe Copper Foil material

Thermocouple wire

Double side Kapton Tape (1 ctantan Foil material Actual Measured
Temperature position

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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Thermocouple wire
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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

E2

q;tleater = ?A (18)

Where A is the heater area, E is the voltage, qj.q¢er i 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.

‘ u-\v I“‘“‘

‘.'Q’/ lw

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
6 = 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.



Heat Flux Sensor

I Welded Thermocouplel I Electric Heater I Parallel Thermocouple

Kapton Tape

Coumputer

Water Temperature
thermocouple

Control Valve

20 Gallon Drum

Water liquid

Pump

Ca

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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AVolume ( 1 9)

Flow rate = —
time

Volume = (mr? * height) (20)

=19.80 inches

One section height=3.75
inches
One section height=3.75

Height=15 inches inches
One section height=3.75

inches
One section height=3.75

_\\_/— inches

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 Tl 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 Tl 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 Daqg 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 Dag which was plugged into a computer. The NI Dag 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 NI19213 Data Acquisition with the thermocouples and the heat flux wires.

Heat Flux Wires

Welded thermocouple -+ Welded thermocouple
wire \ / wire

Parallel Thermocouple ~ Paralle| Thermocouple

. wire
wire =~ hat

Electric

omputer,

Power

Water temperature
thermocouple

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 fromt = 0 second tot = 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 (°C), parallel thermocouple temperature (°C), and the measurement water
temperature (°C), 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.

# Source of uncertainty Value Unit
1 Temperature measurement, U,, AT 0.02 % of °C
2 Heat flux measurement, U, q" 0.05% % of W /m2

The measured flow rate for the welded thermocouple was correlated as

Q = 0.5101e000158276+(q"/AT) (21)
And for the parallel thermocouple was correlated as

Q = 0.606¢000094+(q"/AT) (22)

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

of uncertainties [14].
Un = [((32) (Ung"+((5) - (UnAT)? (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.
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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.°C). The R

squared value is 0.867.

Heat transfer coefficient Vs Flow rate
24

22

20 Q = 0.4382e0.001568h
2 _
18 R?=0.8671

16
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12
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o N B O ®
‘-
o
[ ]

0 300 600 900 1200 1500 1800 2100 2400 2700
h(W/m2.C)

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.

Time constant Vs Flow rate
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1 oo co®mo °
12
9 10 0e® ® gmo o
g
£ 3
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g ° 00 o
4 ° @ [ ]
’ oy ° .
0
0 2 4 6 8 10 12 14 16

Time constant (Second)
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.°C/

W), particularly at lower flow rates.
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Thermal contact resistance (R") Vs Flow rate
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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.

V*D
Re =2 (25)
@
v=2 (26)
"TD = Nu = 0.6337Re%4298 (27)

Where V is the water velocity in (m/s), D is the pipe diameter in (m), v 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.°C), and K is the water thermal conductivity in (W/m.°C) 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 (5_31)’
where Qm is the measured flow rate and AQ is the difference between the measured and calculated
flow rate. Based on all 41 measurements ofé—i 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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Heat transfer coefficient Vs Flow rate

20

18 Q=0.5101e0.00158276h
16 R?=0.9663

14 ® o o
12 _
10 o o

Q (G/mint)

o N B O

0 500 1000 1500 2000 2500
h (W/m2.C)

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.

Thermal contact resistance (R") Vs Flow rate
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Fig.33 The average thermal contact resistance for an individual day for the welded thermocouple.
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Time constant Vs Flow rate
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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 = 0.1968Re 5364 (29)
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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.
Qcalculated Vs Q measured
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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 =0.5073 e 0.0009860" (30)

is much better than the curve fit for the welded thermocouple with an R squared value of 0.98, the heat

transfer coefficient shows a greater range of values and more consistency.
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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.°C). The R

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

Heat Transfer coefficient Vs Flow rate
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Fig.37 Correlation between Flow rate and heat transfer coefficient for the parallel thermocouple.

The corresponding time constant values are shown in figure 38. Unlike the welded thermocouple, the
values decrease with increasing flow rate. Consequently, values are more reasonable than for the welded
thermocouple. These results are encouraging and satisfy the theoretical relationship between h and t in

equation 31, the theoretical time constant range is from 1.20 to 4.64 second. Overall, the time constant
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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.

h (31)

Where p is the copper pipe density, 8933 kg/m3, C is heat capacity of copper pipe, 385 J/Kg.°C, and & is

the copier pipe thickness, 0.00129 m.
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Fig.38 The time constant values and flow rates for the parallel thermocouple.

The estimated values for the thermal contact resistance are shown in figure 39. The thermal
contact resistance is a physical parameter which should be a constant value independent of flow rate. The

measured thermal contact resistance values scatter around the average R" average = 0.00001 (m2.°C/
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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.
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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.

VD
Re = ” (32)
_Q
V=2 (33)
"7’3 = Nu = 0.4394Re5059 (34)
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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—ZL), where
Qm is the measured flow rate and AQ is the difference between the measured and calculated flow rate.
Based on all 43 measurements of 3—31 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.
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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 * 6(0.00094*h) (35)
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heat transfer coefficient Vs Flow rate
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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.

Thermal contact resistance Vs Flow rate

0.00009

0.00008 o

0.00007
’é‘ 0.00006
J 0.00005 °
E 0.00004 ® R"values
& 0.00003 ° == gaverage R" value

0.00002

0.00001 @ ¢ ’ .

0 ® [ ] () $
0 2 4 6 8 10 12 14 16

Q (G/minute)

Fig.43 The average thermal contact resistance for an individual day for the parallel thermocouple.
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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 = 0.1551Re 960175 (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 caculated 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 °C. 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 | Calculated flow rate | h Measured T,,(°C) | Calculated T, (°C) Type
(gallon/minute) (gallon/minute) (W/m2.°C)

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 = (Ah/AQ)
(figure 48). The results show that the parallel thermocouple sensitivity range is from 35.50 to 343
(W.minute/m2.°C. gallon) and the welded thermocouple sensitivity range is 19.27 to 186
(W.minute/m2.°C. gallon). Therefore, the parallel thermocouple is more sensitive than the welded

thermocouple.

Sensitivity Analysis

400
= E’ 350
2 % 300
S«
S £ 250
Z £ 200
= Parallel Sensitivity
§ E 150 o
n ; Welded Sensitivity
= 100
50
0
0 2 4 6 8 10 12 14 16
Qm(gallon/minute)
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.°C. gallon)
Parallel 1.50 186 343
Welded 14.5 19.27 35.50
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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 7, and the water temperature °C. 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.°C/W), water temperature T,= 22.57 °C, range of heat transfer
coefficient values h from 700 to 3500 (W /m2.°C), 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

mCdT_

TS —h(T-T,)

c .
assumethat,d =T —T, and 1t = T:—h . In terms of the variables 8 and T the model become

o qg

i

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

n B t
0(t) =T~ e @

Where B is constant
B=q¢ -0(t =0).h
And 8(t =0)is
6(t=0)=T(0)—-T,(0)

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

water temperature at t=0 is

T = T(0) - qs'(0)
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And 8(t = 0) become

o(t = 0)=12

The pipe temperature at t=0 is
T(0) =T (0) — R".q5'(0)

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

e

-1

T (t) = T5(0) = R".q5'(0) +

j=1

Ag!. (tk—tj)
£{o-et)

-
1l

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

In fact, in hypothetically the pipe temperatureatt = 0is,T(0) = T, (0) — R" * g4 (0), where Ty is
measured sensor temperature, R" is thermal contact resistance, and q¢ is sensor heat flux measured.
Initially, we assumed that the wall pipe temperature at t = 0,T(0), is the same measured sensor
temperature, Tg (0), at t = 0, T(0) = T, (0) . Therefore, we neglected the heat flux measured, g (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.
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Fig.B1 Tl 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.B4 Tl data acquisition result for the welded thermocouple.
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Fig.B7 Arduino data acquisition result for the parallel thermocouple.
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Fig.B8 Arduino data acquisition result for the welded thermocouple.
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Fig.B9 Tl data acquisition correlation for the parallel thermocouple.

59

14

16



h (w/m2.C)

12000

10000

8000

6000

4000

2000

h Vs Flow rate

y =1061.8In(x) + 2119

Flow rate (GPM)
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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

_(te—ty)

k=1,
Ty () =TS(0)—R".q§’(0)+Z%<1—e T >.H(t—tj)
j=1

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

figures below.
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at 298K
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00 23 104 00008 U0 4K 00458 243016 0019558 9.609E-07] 2101077089 0606/ 4276498 68.87256( 0.000382
0 a1 w7 000% 10 I 00597 247689 0019558 9.609E-07] 2101077089 0606/ 4276498 68.3239| 0.000382
00 287 11 00008 158 2509 00561 250507 0019558 9.609E-07] 2101077089 0606/ 42764.98 6735569 0.000382
55 1892 104 000038 1078 MM 0053 191092 0.019558 9.609E-07] 1155592399 0606 23520.74 6106227} 0.000382
55 1900 103 00004 W13 4N 00556 1973 0.019558 9.609E-07] 1155592399 0606/ 2352074 61.6432{ 0.000382
L 10000 44 000021 838 B 00601 4488 0019558 9.609E-07] 0367688491 0606/ 7483871 3191941 0.000382
L 96 000053 B B 00778 135744 0019558 9.609E-07] 0367688491 0606/ 7483871 4563533 0.000382
175 138 6 000039 0w By 00663 838 0.019558 9.609E-07] 0367688491 0606/ 7483871 44.79621{ 0.000382
Fig.C1 NI data acquisition results for the welded thermocouple Day 1.
at 297

Flow rate (G/mint) |h(W/m2.C) tau () R" (Cm2/W) |U(W/Cm2) [Tw@ Min RMS Value |h*tau (W.S/m2.C) D (m) |Viscosity (N.S.m2/Kg) |Velocity (m/s) |K-water (w/m.C) Re Nu
s 230 143 0.00045 112 nn 00417 31889, 0.019558 8.609E07| 3.042215757 0.606/ 61920.76| 7197086
145 2089 114 0.00043 1089 2191 0.0393 238146/ 0.019558 9.609E-07) 3.042215757 0.606 61920.76 67.42023
145 1906 99 0.00041 1064 213 0.0386 18869.4) 0.019558 9.609E-07) 3.042215757 0.606 61920.76 6151411
145 1910 93 0.00038 1106 2235 00551 17763| 0.019558 9.609E-07) 3.042215757 0606 61920.76 61.6432
10 1908 101 0.00049 980 1256 00412 19270.8| 0.019558 9.609E-07| 2.098079832 0.606/ 42703.97| 6157865
10 1790 126 0.00045 991 2.7 0.0443 22554/ 0.019558 9.609E-07) 2.098079832 0.606 42703.97 57.77033
10 1783 118 0.00046 980 2296 0.0458 21039.4/ 0.019558 9.609E-07) 2.098079832 0606 42703.97 57.54441
10 1875 113 0.0005 964 B 0.042 211875/ 0.019558 8.609E07| 2.098079832 0.606 4270397 60.51361
57 1641 96  0.00051 888 382 0.045 15753.6] 0.019558 9.609E07| 1.195905504 0.606/ 24341.26/ 5296151
57 1665 93 0.0005 906 U 0.0436 154845 0.019558 9.609E-07)  1.195905504 0.606 24341.26 53.73609
57 1700 712 0.00051 907 U3 0.0466 12240/ 0.019558 9.609E-07)  1.195905504 0606 24341.26 54.86568
13 593 42/ 0.00022 524 U1 00579 24906/ 0.019558 9.609E07 0.272750378 0.606/ 5551.516| 19.13844
13 512 46 0.00016 53 187 0.0562 2631.2 0.019558 9.609E-07) 0.272750378 0.606 5551516 1846069
13 512 4 0.00011 53 .14 0.0539 2288/ 0.019558 9.609E-07) 0.272750378 0.606 5551516 1846069
13 580 4 0.00013 537 1537 00348 2320/ 0019558 8.609E07| 0.272750378 0.606/ 5551.516| 18.71888

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

63




at297

Flow rate (G/mint) h(W/m2.C) tau(S) ~ [R" (Cm2/W)\U (W/Cm2) Tw@ | Min RMS Value h*tau (W.S/m2.C}|D (m)  Viscosity (N.S.m2/Kg) Velocity [m/s) K- water (w/m.C) [Re Nu R" Average
145 014 109, 0.00042 08 238 00372 219526/ 0019558 9.609e-07| 3.042215757 0.606| 61920.76| 64.99965| 0.000402
145 2093 113|  0.00046 1056 206 0.0397 23650.9| 0.019558 9.609E-07) 3.042215757 0.606| £1920.76) 67.54933| 0.000402
145 1878 1120 000041 1057, 284 00486 21033.6/ 0019558 9.609e-07| 3.042215757 0.606( 61920.76| 60.61044| 0.000402
145 1889 108/  0.00042 1045 JE] 0.0452 20401.2| 0.019558 9.609E-07) 3.042215757 0.606| £1920.76) 60.96545| 0.000402
102 1894 107, 0.00047 954 2358 00398 20265.8| 0019558 9.609e-07| 2.140041429 0.606| 43558.05| 61.12682| 0.000402
102 1789 103]  0.00044 994 381 0.044 18426.7 0.019558 9.609E-07) 2.140041429 0606/ 43558.05) 57.73806| 0.000402
102 1809 98 000046 984 i 00422 177282 0019558 9.609e-07| 2.140041429 0.606| 43558.05| 58.38353| 0.000402
43 1831 99 0.0006 866 43 0.0544 18126.9] 0.019558 9.609E-07) 0.902174328 0.606| 18362.71) 59.09356| 0.000402
43 1528 83 0.0005 868 2456 00493 126824] 0019558 9.609e-07| 0.902174328 0.606| 18362.71] 49.31456| 0.000402
43 152 82 00005 864 1N 0.0543 12472.2| 0019558 9.609E-07) 0.902174328 0.606| 18362.71) 49.08864| 0.000402
43 1479 73 0.00047 866 253 00446 1079.7| 0019558 9.609e-07| 0.902174328 0.606| 18362.71| 47.73314| 0.000402
15 823 36 000023 688 2563 00411 2962.8| 0.019558 9.609E-07| 0.314711975 0.606( 6405.596| 26.56144/ 0.000402
15 869 471 000033 673 2578 00484 4084.3] 0019558 9.609e-07| 0.314711575 0.606| 6405.596| 28.04604| 0.000402
15 830 450 000028 672 i 00511 3735/ 0.019558 9.609E-07| 0.314711975 0.606| 6405.596| 26.78736| 0.000402
15 686 43 0.000038 668 262 00419 2949.8| 0.019558 9.609e-07| 0.314711575 0.606( 6405.596| 22.13931| 0.000402

Fig.C3 NI data acquisition results for the welded thermocouple Day 3.
at 298K

Flow rate (6/mint) (W/m2.C) tau(S) K" (Cm2/W)|U (W/Cm2) TwO  |Min RMS Value |h*tau (W.S/m2.C) D (m)  Viscosity (N.S.m2/Ke] Velocity (m/s) K- water (w/m.C) Re N |
145 3559 06 00000045 3502 547 00143 21354 0.019558 9.609€-07| 3.042215757 0.606(61920.75738 114.8629
145 3386 04000000033 3382 156 0.0256 13544 0.019558 9.609€-07| 3.042215757 0.606(61920.75738 109.2795
100 3209 07 00000011 3197 2481 0012 22463 0.019558 9.609E-07| 2098079832 0.606(4270397061 103.567
100 3089 09 00000065 3027 2492 00114 27801 0.019558 9.609€-07| 2.098079832 0.606(42703.97061) 99.69416
0 33173 07 00000069 3104 5.4 00131 2211 0.019558 9.609€-07| 2.098079832 0.606(42703.97061) 1024052
55 139 08 0.00000067 2393 2428 0.0156 19176 0.019558 9.609-07| 1.153943908 0.606(23487.18383 773606
55 2366 1100000058 2333 2441 00114 26026 0.019558 9.609€-07| 1.153943908 0.606(23487.18383 76.36011
55 3% 08 00000097 2302 51 00163 1884/ 0.019558 9.609-07| 1.153943908 0.606(23487.18383 760051
L7 1369 110000019 1332 2359 00357 15059 0.019558 9.609€-07| 0.367163971 0.606( 7473.1948% 44.18301
L 129 12 00000039 1287 A7 00491 15528 0.019558 9.609€-07| 0.367163971 0.606( 7473.19485, 41.76246
L7 15% 09 00000037 1547 U 00339 14004 0.019558 9.609€-07| 0.367163971 0.606( 7473.1948% | 50.21823

Fig.C4 NI data acquisition results for the parallel thermocouple Day 1.
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at297

Flow rate (G/mint) |h(W/m2.C) tau (S} ~ [R" (Cm2/W) U (W/Cm2) Tw© | Min RMS Value h*tau (W.S/m2.C)|D {m) |Viscosity (N.5.m2/Kg) |Velocity (m/s) K- water (w/m.C} Re Nu R" average
145 3467 0.9 0.0000015 3448 2175 0.0122 3120.3] 0.019558 9.609E-07| 3.042215757 0.606 61920.76| 111.8937063) 0.000014
145 3508 1/ 0.000016 3322 219 0.0107 3508 0.019558 9.609E-07| 3.042215757 0.606 61920.76| 113.2169373 0.000014
145 3243 0.6 0.0000014 3245 21 0.0195 19458/ 0.019558 9.609E-07| 3.042215757 0.606 61920.76| 1046643465 0.000014
145 EETN 0.8 0.0000043 3322 n3 0.0112 2696.8) 0.019558 9.609E-07| 3.042215757 0.606 61920.76| 108.7954092 0.000014

10 2968 0.7 0.0000026 2944 nS7 0.0153 2077.6/ 0.019558 9.609E-07| 2098079832 0.606 42703.97) 95.7890165 0.000014
frez 10 2992 0.8 0.000015 2864 2273 0.0141 2393.6) 0.019558 9.609E-07| 2.098079832 0.606] 42703.97| 9656359076, 0.000014
10 2966 09  0.00001 2880 2296 0.0128 2669.4/ 0.019558 9.609E-07| 2098079832 0606 42703.97) 95.72446865 0.000014
10 2901 0.6/ 0.0000019 2885 3.4 0.023 1740.6 0.019558 9.609E-07| 2.098079832 0.606] 42703.97|93.62666337 0.000014
517 2313 03 0.0000041 2348 363 0.0421 7119 0.019558 9.609E-07| 1195505504 0.606 24341.26| 76.5860297 0.000014
5.7 2404 0.9/ 0.0000019 21392 2384 0.0144 2163.6) 0.019558 9.609E-07] 1195905504 0.606 24341.26| 7758652145 0.000014
517 2450 0.9 0.0000027 2433 U 0.0134 2205/ 0.019558 9.609E-07| 1195505504 0.606 2434126/ 79.07112211 0.000014
5.7 2351 0.4/ 0.0000043 2321 129 0.0346 9404/ 0.019558 9.609E-07] 1195905504 0.606 24341.26 758760033 0.000014
13 800 15 0.000025 785 2471 0.0663 20001 0.019558 9.609E-07| 0.272750378 0.606] 5551.516 25.81914191 0.000014
13 m 26, 0.0000016 776 24.83 0.0682 2020.2) 0.019558 9.609E-07| 0272750378 0.606] 5551.51625.07684158 0.000014
13 840 13 0.000051 805 2514 0.09 1932/ 0.019558 9.609E-07| 0.272750378 0.606] 5551.516|27.11009901 0.000014
13 867 23 0.000081 810, 2538 0.0766 1994.1 0.019558 9.609E-07| 0272750378 0.606] 5551.516|27.98149505 0.000014
Fig.C5 NI data acquisition results for the parallel thermocouple Day 2.
at 297

Flow rate {G/mint) |h(W/m2.C) tau () R (C.m2/W) U (W/Cm2) Tw®  |Min RMS Value h*tau (W.S/m2.C)|D (m)  |Viscosity (N.S.m2/Kg) |Velocity (m/s) K- water (w/m.C) Re Nu R" average
145 3405 1/ 0.00000073 33% 243 0.0097 3405/ 0019558 9.609E-07| 3.042215757 0.606| 61920.76| 109.8927228) 000001126
145 3428 0.8 0.0000078 3338 2266 00114 2742.4) 0.019558 9.609E-07| 3.042215757 0.606| 61920.76| 110.6350231| 0.00001126
145 3300 0.7 0.0000026 . el 00163 2310/ 0.019558 9.609E-07| 3.042215757 0.606| 61920.76| 106.5039604) 0.00001126
145 3376 0.8 0.0000033 3337 231 00124 2700.8) 0.019558 9.609E-07| 3.042215757 0.606 61920.76/ 108.9567789| 0.00001126
102 3089 04 0.00000822 3012 2343 0.029 1235.6) 0.019558 9.609E-07| 2.140041429 0.606| 43558.05) 99.69416172| 0.00001126
102 2946 0.7 0.0000036: 2914 357 00193 2062.2| 0.019558 9.609E-07| 2.140041429 0.606| 43558.05/ 95.0789901| 0.00001126
102 3059 0.8 0.0000011 3047 2383 00117 2447.2| 0.019558 9.609E-07| 2.140041429 0.606| 43558.05| 98.72594389| 0.00001126
102 3114 09 0.0000028 3086 2 0.0115 2802.6| 0.019558 9.609E-07, 2.140041429 0.606| 43558.05/ 100.5010099| 0.00001126
43 2057 03 0.0000097 20160 2435 0.0699 617.1] 0.019558 9.609E-07) 0.902174328 0.606 18362.71) 66.38746865| 0.00001126
43 2066 0.6 0.0000025 2055 2456 0.0326 1239.6) 0.019558 9.609E-07 0.902174328| 0.606 18362.71) 66.67793399| 0.00001126
43 2166 11 0.0000075 131 1479 0.0198 2382.6) 0.019558 9.609E-07 0.902174328| 0.606 18362.71) 69.90532673| 0.00001126
43 2155 0.7 0.00001 1060 2531 0.0289 1508.5| 0.019558 9.609E-07) 0.902174328 0.606 18362.71) 69.55031353| 0.00001126
15 1254 14 0.00000038 1253 2561 0,035 1755.6| 0.019558 9.609E-07, 0.314711975 0.606| 6405.596| 40.47150495| 0.00001126
15 1266 14 0000037 1208 2574 0.0399 1772.4) 0.019558 9.609E-07| 0.314711975 0.606| 6405.596/ 40.85879208| 0.00001126
15 1277 14 0.000039 12160 2594 0.0419 17878 0.019558 9.609E-07, 0.314711975 0.606 6405596/ 41.21380528| 0.00001126
15 1282 16 0000044 1213 2618 0.0548 2051.2| 0.019558 9.609E-07, 0.314711975 0.606| 6405.596| 41.37517492| 0.00001126

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.

Overall heat transfer coefficient Vs Flow rate
16

" Q= 0.0172e0-005456U o @
R?=0.9584 ]

12

10 Qo

Q (G/mint)

0 200 400 600 800 1000 1200
U (W/m2.C)

Fig.D1 NI data acquisition correlation for the welded thermocouple Day 1.
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Overall heat transfer coefficient Vs Flow rate

Q= 0.1306e0,004326u K
R?=0.9906 e de

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

U Vs Flow rate

Q= 0.0265e0.005933u
R*=0.9946

100 200 300 400 500 600 700 800 900 1000 1100
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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.
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Fig.D5 NI data acquisition correlation for the parallel thermocouple Day 2.
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U Vs Flow rate
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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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RMS Vs h at optimal (tau=0.90 second)
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Fig.E1 NI data acquisition RMS Vs h at optimal time constant for the parallel thermocouple.

RMS Vs R" at optimal (h=2400 W/m2.C)
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Fig.E2 NI data acquisition RMS Vs R” at optimal h for the parallel thermocouple.



RMS Vs h at(tau=9.30 s) Welded
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Fig.E3 NI data acquisition RMS Vs h at optimal time constant for the welded thermocouple.

RMS Vs R" at optimal (h=1600 W/m2.c)
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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.

LA T2

p—
il [1. 25 W 25

stop ( :

-
DA Assistant

data FHE.
error out L m'g"
stopped r 'nnza

-
P Wawveform Chart 2
i v j

-
» ¥] a
- 2
Elapsed Time P N
Time has Elapse E
- - ¥
ol Write To
Measurement
File

time

s Signals
| - 1z=0 lgljnr Flush? (T}

Fig.F1 Lab-View Design Program.

@
stop ()
— time
»)
35,7552 Tw
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T el
16359 137793 9
108455
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2000-
4 36-] L)Ly
2 2
{
< 32 £
2O_I 1 O_I 1
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/3072018 /3072014 /3072018 /3072014

Fig.F2 Measurement data curves in the main board Lab-view when the experiment was taken.
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Channelsin Task Connections List
Temperature 0 A |Faintl Paint 2
Temperature 3 Voltage/CH+ HPinieicmuler
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Channels in Task

Connections List

Temperature

A

Temperature 3

loltage
Temperature_4

Faint 1

Paint 2

Thermocouple-T/CH+

TPl eiculer 5

Thermocoupe-T/CH-

Pl eiculer 23

3y Saieto L,

NATIONAL
INSTRUMENTS

(u

Ci

Fig.F3 (a) Plugin Heat Flux wire in a channel. (b) Plugin a Thermocouple wire in a channel.
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ni Express Task #: Connection Diagram

Channel Value ~
Temperature_0 0
Temperature_3 0
Temperature_4 0 <

Configuration  Triggering  Advanced Timing  Logging

Channel Settings

+ X N Detais »"‘ Voltage Input Setup
Temperature_0 B&' Settings g Device #,_ Calibration
Temperature_3
Sopal IputRange
Scaled Units
Temperature_4 Max 78.125m =
Volts v
Min -78.125m

Terminal Configuration

Gick the Add CF i Differential v
(+) to add more channels to Custom Scaling
the task. <No Scale> v ',Eﬁ
v
Timing Settings
Acquisition Mode Samples to Read Rate (Hz)
Continuous Samples v 1 5

Fig.F4 Channels and sample properties.

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

(N1) 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.
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