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ABSTRACT 

Thermal flow meters are good candidates for measuring flow rates in small diameter 

channels because they can be integrated into compact geometries and consist of only a few 

simple components.  A new thermal time-of-flight (TOF) flow sensor is developed here for 

measuring liquid refrigerant velocities in minichannels.  The sensor consists of a small heater 

and two downstream thermocouples.  The heater is pulsed to induce a temperature rise in the 

fluid, and the time for the temperature pulse to reach the downstream thermocouples is 

measured. Insights from the data and a simplified one-dimensional transient model are used to 

calibrate the device.The calibration relates the time of flight to both the average refrigerant 

velocity and local temperature gradients in the fluid.  The calibrated TOF 

devicecandetectrefrigerant velocities between 1 and 20 mm s-1, measuring 98.7% of the data to 

within ±3% of the full scale (±0.6 mm s-1). 
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NOMENCLATURE 

A   area (m2) 

cp   specific heat (J kg-1 K-1) 

D   diameter(mm) 

h   heat transfer coefficient (W m-2 K-1) 

H(t)   Heaviside function (-) 

k   thermal conductivity (W m-1 K-1) 

L   distance between heater and temperature sensor (mm) 

M   mass (kg) 

n   number of repeated experiments (-) 

��   Peclet number (��� �⁄ ) 

�	

   heat flux (W m-2) 

r   radial direction (m) 

��   Reynolds number (���
 �⁄ ) 

s   dimensionless Laplace parameter 

t   time (sec) 

T   temperature (°C) 

TOF   time of flight (s) 

u   velocity (m sec-1) 

��   average axial velocity (m sec-1) 

x   axial direction (m) 

�   eigenfunction (-) 

 

Greek Symbols 

α   thermal diffusivity (m2 s-1) 

β   eigenvalue (-) 
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δ   Dirac delta function (-) 

θ   temperature difference (K) 

µ   dynamic viscosity (kg m-1 s-1) 

ρ    density (kg m-3) 

 

Superscipts 

*   dimensionless parameter 

 

Subscripts 

amb   ambient 

h   heater 

i   thermocouple being considered (1 or 2) 

m   mth term in the series expansion 

off   when heater is turned off 

peak   peak temperature 

r   radial 

ref   refrigerant 

s   surface 

w                                 wall 

0   initial 
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INTRODUCTION 

In recent years, there has been interest in developing sensors that can accurately measure 

flow rates in mini and microchannels for applications such as compact heat exchanger research, 

microelectromechanical systems, and lab on a chip (LOC) devices.  Thermal flow meters are 

inexpensive and can be arranged in compact configurations, making them good candidates for 

minichannel applications.  There are three basic categories of thermal flow meters: anemometers, 

calorimetric sensors, and time-of-flight sensors. 

The most common type of thermal anemometer is a hot-wire sensor, which consists of a 

single element that acts as both a heater and a temperature sensor.  The steady state temperature 

of the element depends on the flow rate of the incident fluid through its heat transfer coefficient. 

Hot-wire anemometers have been used extensively in both gas and liquid flow; however,these 

sensors are susceptible to surface contamination and are affected by changes in the bulk fluid 

temperature when the surface overheat ratio is restricted(Lomas, 1986).  An alternative type of 

thermal flow sensor is a calorimetric flow meter.  These devicestypically havetemperature 

sensorsinstalled upstream and downstream of aheater, and the flow rate is calculated based on 

the asymmetric temperature profile around the heating element.Calorimetric sensors have been 

shown to perform well at low velocities, butusually have a limited linearity range(Kim et al., 

2007)and requirea relatively large temperature difference to maintain a low 

uncertainty(Lammerink et al., 1993; Sabaté et al., 2004). 

Thermal time-of-flight(TOF) sensors calculate velocity by measuring the time for a 

temperature pulse to travel a known distance. These sensors generally have a relatively slow 

response time, but they can accurately measure low velocitieswithout a large temperature 
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increaseacross the sensor.  This makes TOF flow meters ideal for measuring steady state flow of 

subcooled liquids near the saturation temperature.Several authors have designed and 

experimentally demonstrated thermal time-of-flight sensors for liquids.  Early studies mounted a 

heater and downstream thermistors in circular channels and were able to measurewater flow rates 

of 0.1 to 10 mL min-1 using different thermistor spacings and channel diameters (Miller and 

Small, 1982; Yang et al., 1988).More recent studies have focused on developing micro-machined 

silicon sensors that can measure velocity using a purely time-of-flight principle (Rodrigues and 

Furlan, 2009) or a combination of multiple thermal sensor principles (Yang and Søeberg, 1992; 

Ashauer et al., 1999).  The designs proposed in these studies were able to measure flow 

velocities as low as 1 mm s-1(Ashauer et al., 1999) and as high as 1500 mm s-1(Rodrigues and 

Furlan, 2009),but the uncertainties of the measurements were either large or not reported.A 

review of micro-machined thermal flow meters, including information on time-of-flight sensors, 

is presented by Kuo et al. (2012). 

In addition to experimental studies on time-of-flight sensors, some authors have 

developed analytical and numerical models to describe these devices. Although numerical 

models can capture complex flow patterns and temperature distributions, it is critical to also 

develop simple analytical models to guide the design of the device and facilitate proper 

calibration.  It is challenging to describe the heat transfer process in time-of-flight 

sensorsanalytically because the process is spatially and temporarily dependent, and the boundary 

conditions also vary with time. The heat transfer characteristics of a time-of-flight sensor can be 

described by the advection diffusion equation with some simplifying assumptions.  The first 

analytical solution for the 1-D advection diffusion equation subject to an impulse boundary 

condition was developed by Marshall (1958).Later, Kakaç and Yener (1973)solved the one 
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dimensional unsteady advection diffusion equation for a time-dependent inlet temperature. Their 

form of the temperature distribution showed good agreement when compared with experimental 

data. They concluded that the temperature distribution can be expressed as function of an infinite 

series multiplied with a decaying exponential. Numerous other studies have developed solutions 

to the 1-D advection diffusion equation for heat and mass transfer problems with a variety of 

inletboundary conditions(Yates, 1990; Zoppou and Knight, 1997; Liu et al., 2007; Guerrero et 

al., 2009; Kumar et al., 2010; Jiang et al., 2012; Mojtabi and Deville, 2015).  All of these studies 

specifically analyzed either a Dirichlet(first-type) boundary condition, where the temperature or 

concentration is defined at the boundary, or a homogeneous Robin (third-type) boundary 

condition, where the sum of the temperature or concentration and its flux is set to zero.  One 

recent study extended previous analytical work in this area by solving the 1-D advection 

diffusion equation for a mass transfer process with a time dependent Robin (third-type) boundary 

condition (Pérez Guerrero et al., 2013).  Although all of these studiesprovided insight into time-

of-flight sensors, there are many situations where the boundary condition can be more accurately 

described by a Neumann (second-type) boundary condition, where a time dependent heat or 

concentration flux is prescribed at the inlet boundary of a finite domain.   

This work focuses on developing a measurement device for subcooled liquid refrigerant 

flow rates commonly seen in heat exchangers with mini (1-mm diameter) channels. A refrigerant 

was used as the working fluid so that the sensor could later be used to characterize heat 

exchangers relevant to heat pumps.This device is the first TOF sensor described in the literature 

that is designed and calibrated for refrigerants.  The performance of the TOF sensor is 

experimentally quantified for velocities in the sensor between 1 and 20 mm s-1and refrigerant 

temperatures between about 10 and 25°C.  In addition, the flow meter is modeled using the one-
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dimensional unsteady advection diffusion equation subjected to a time dependent Neumann 

(second-type) boundary condition at the location of the heater.  Using insights from the 

experimental and modeling results, a calibration method for the sensoris developed.  Using this 

calibration approach and information from repeatability tests, the accuracy and uncertaintyof the 

sensor are systematically quantified and reported.  

FLOW METER DESIGN 

 The flow meter developed in this study consists of a small heater and two downstream 

thermocouples (Fig. 1). The heater (3.81 mm × 2.03 mm × 0.25 mm) is a 100-ohm film resistor 

connected to a variable DCpower supply.The DC power supply was switched on and off using a 

metaloxide semiconductor field-effective transistor (MOSFET) and the control system described 

in the Experimental Approach section. The components are mounted inside a 4.83 mm diameter 

aluminum channel. The heater and the tips of the thermocouples are located at approximately the 

center of the channel and are exposed to refrigerant in cross flow.  The first thermocouple is 12.5 

mm from the heater (L1), while the second thermocouple is 40.0 mm from the heater (L2). 
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The flow meter is activated by supplying a constant 24 volts to the heater for one second.   

The heater locally increases the temperature of the surrounding fluid, which acts as a thermal 

tracer. The temperature pulse is then convected downstream with the flow to the thermocouples. 

The time it takes for the tracer fluid elements to reach the thermocouples is called the “time of 

flight”. As a first approximation, the time of flight can be calculated as the ratio of the distance 

traveled to the average velocity, as shown in Equation 1. 

 ����� − ��,��� = ��� 
(1) 

This time-of-flight estimate is also known as the advection delay. In the above equation, 

�����is the time at which the maximum temperature is measuredby the thermocouple, ��,���is the 

time that the heater is turned off (corresponding to the maximum heater surface temperature 

neglecting any thermal inertia), � is the distance between the thermocouple and the heater, and �� 

is the average velocity. Although the advection delay can estimate the expected time of flight for 

a given velocity, several authors (Eaton et al., 1981; Handford and Bradshaw, 1989; Byon, 
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2015)have reported time shifts due to thermal diffusion and the thermal capacitance of the heater 

and thermocouples. These phenomena, along with a discussion of the effects of radial 

temperature gradients in the fluid, are discussed further in the Sensor Calibration section. 

EXPERIMENTAL APPROACH 

A test facility was constructed to measure refrigerant flow rates through minichannels. 

R134a circulates through the facility and the flow rate is measured using both the thermal flow 

meter under consideration and high-accuracy Coriolis flow meters. Data are collected for 

average refrigerant velocities in the flow meter between 1 and 20mm s-1 and chiller set point 

temperatures between ambient and -4°C. 

Flow Loop and Experimental Procedure 

The test facility used in this study is shown schematically in Fig. 2. Liquid R134a is 

circulated through the facility using a small gear pump. The mass flow rate of the refrigerant is 

measured using Micromotion Coriolis flow meters (model CMF010H for high flow rates and 

LF3M for low flow rates). Both Coriolis flow meters have an uncertainty of ±0.5% of the 

reading.  The refrigerant then enters a minichannel with an inner diameter of 1 mm and a length 

of 410 mm.  The refrigerant in the minichannel is cooled using chilled water that flows through a 

concentric outer annulus. The thermal TOF sensor is attached to the exit of the minichannel, 

where the fluid velocity is measured. A photograph of the flow meter is also shown in Fig.2. 

Finally, the refrigerant enters a heat exchanger that is coupled to a chiller and returns to the 

pump. The temperature and pressure in the facility are controlled using the chiller and a piston 

accumulator, respectively. The temperature of the refrigerant was measured using calibrated T-

type thermocouples with an uncertainty of ±0.25°C. For all data presented in this paper, the 
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refrigerant is maintained at a nominal pressure of 800 kPa in the thermal flow meter and is in the 

liquid phase at all locations in the facility. 

 

 Instrument signals from the pressure transducer, thermocouples, and flow meters are 

measuredusing a National Instruments data acquisition system. After the system is turned on and 

steady state is achieved, ten consecutive measurements are taken using the thermal flow meter 

and the control system described below. 

Control System and Data Analysis 

A control system for the thermal flow meter was developed using LABVIEW. The 

program initiates when the user requests that the sensor is turned on, designated ast = 0 sec. At 

that moment, anoutput signal is sent to the MOSFETto switch on the DC power supply, which 

supplies the heater with 24 volts. One second later, the heater is turned off. 
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 When the flow meter is initialized (t = 0 sec), the pressure, mass flow rate, and 

temperatures measured by the downstream thermocouples are stored in a matrix. Thesedataare 

collected at a sampling frequency of 100 Hz until the temperatures measured by both 

thermocouples return to the initial temperature (at t = 0 sec). The time required to return to the 

initial state is called the loop time. Once the loop time is reached, the temperature matrices are 

analyzed using a built-in peak detection program, which finds the time at which the temperature 

peak occurs.  This value is stored, along with the average temperature, pressure and mass flow 

rate in the flow meter during the run. 

 The control program waits until twice the loop time has elapsed, and it then resets the 

time to t = 0 sec and pulses the heater.  The same procedure is repeated until a minimum of ten 

data sets are collected.  The peak time and average temperature, pressure and mass flow rate for 

each run are then exported for further analysis. 

ANALYTICAL MODEL 

This section introduces a simplified analytical solution for a thermaltime-of-flight sensor 

subject to a time dependent heat flux at the inletboundary (Neumann boundary condition). A 

general solution for the problem is derived and the solution for a step heat flux boundary 

condition is presented to predict the operation of the thermal TOF sensor. 

Governing Equations 

Heat transport in the sensor can be described by thetwo-dimensional unsteady advection 

diffusion equation subject to a time-dependent inlet boundary condition(Kakaç and Yener, 1973; 

Bergman et al., 2011; Kakac et al., 2013). This analysis focuses on laminar flow because the 
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Reynolds numbersare between 30 and 550 for the conditions tested.  Therefore, the governing 

equation for this problem can be expressed as: 

��� ���� + ���� ���! = "# ��# $# ���#% + " �&��!& + 2� $�� �# %
&

(2) 

Chen et al. (2011)developed an analytical solution for the 2-D advection diffusion 

equation for aRobin (third-type) inlet boundary condition, neglecting viscous dissipation.  They 

compared their 2-D solutionwith the results of a 1-D axial model and found that the results were 

nearly identical. Additionally, Berthetet al. (2011)developed a 1-D analytical model for a 

thermal TOF sensor assuming a constant temperature inlet boundary condition. The time-of-

flight predictions from the model agreed well with both numerical and experimental results. 

Additionally, viscous dissipation can be neglected in the devices because the temperature 

gradients are relatively small (Br <<< 1). Based on these observations, the governing 

equationcan be reduced to the one-dimensional time dependent advectiondiffusion equation 

shown in Equation 3.  For convenience, this equation is non-dimensionalized using the transform 

( = �)!, �* − �+ and normalized using the scales !∗ = ! �⁄ ,�∗ = ��� �⁄  and (∗ = "(/�	

� as

follows: 

1�� �
&(∗

�!∗& − �(∗
�!∗ = �(∗

��∗  (3) 

This equationis subject to several restrictions. The underlying assumptions are listed below: 

(a) Unsteady one-dimensional flow

(b) Laminar flow with negligible viscous dissipation

(c) Negligible radial conduction
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(d) Constant fluid properties  

Although Equation 3 provides a starting point for a simplified analytical model, it does 

not account for the parabolic velocity profile or any radial diffusioneffects present in the sensor. 

Aris (1956) first investigated correcting the dispersion coefficient when predicting mass transfer 

phenomena in straight pipes using a one-dimensional model. Ajdari et al. (2006)extended this 

work by developing a method to correct for 2-D thermal diffusion effects using the mass transfer 

analogy.  Following their approach, an effective thermal diffusivity of�)1 + 0.0031��2&* was 

used in place of the actual diffusivity for this analysis. 

Boundary conditions applicable to the thermal TOF sensor described above 

includeaperiodic heat flux at the inlet (x = 0), specified as 3)�*, and a temperature gradient equal 

to zeroat the outlet (x = L). The initial temperature distribution in the devices is assumed to be 

uniform and is specified as �+. The initial and boundary conditions are mathematically 

summarized below: 

 −�(∗)!∗ = 0, �∗*�!∗ = 3 456 �∗7�	

 = 8 $�� �∗%										∀	�∗ > 0 (4) 

 �(∗)!∗ = 1, �∗*�!∗ = 0											∀	�∗ > 0 (5) 

 (∗)!∗, �∗ = 0* = 0												0 ≤ !∗ ≤ 1 (6) 

Derivation of Analytical Solution for Arbitrary =)>*  
The analytical solution is derived using a Laplace transform with respect to the 

dimensionless time t*, where (?)!∗, @* = ℒB(∗)!∗, �∗*C = D (∗)!∗, �∗*�EFG∗H�∗+	 and 8)@* =
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ℒ I3 456 �∗7J = D 3 456 �∗7 �EFG∗H�∗+	 . The Laplace transform is then modified using the approach 

developed by Guerrero et al. (2009),as shown in Equation 7.  

 K)!∗, @* = L(?)!∗, @* − 8)@*M exp $−��2 !∗% (7) 

This transformationconverts the governing equation into a purely diffusive problem, 

which allows for a more straight-forward analysis.  The final forms of the governing equation 

and boundary conditions are shown in Equations 8-10, respectively. 

 1�� �&K�!∗& − $��4 + @% K = @8)@* exp $−��2 !∗% (8) 

 �K)!∗ = 0, @*�!∗ − ��2 K)!∗ = 0, @* = 0 (9) 

 �K)!∗ = 1, @*�!∗ + ��2 K)!∗ = 1, @* = 0 (10) 

These equationsare then solved using the general integral transform technique (Hahn and 

Ozisik, 2012).  A normalized eigenfunction�)RS, !∗* is chosen so that the governing equation is 

in the form of the Sturm-Liouville problem subject to the same boundary conditions shown 

above (Equations 9-10). 

 H&�)!∗*H!∗& + R&�)!∗* = 0 (11) 

Evaluating Equation 11, the eigenfunction and eigenvalue (RS) can be expressed as: 

 �)RS, !∗* = √2RScos)RS!∗* + XY& sin)RS!∗*
\]& + ^�&

 (12) 

 RS&�� − RS�_�RS = ��4  (13) 
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Therefore, the generalized integral transform pairfor this problem is: 

 K)!∗, @* = ` �)RS, !∗*K)!∗, @*H!∗a
	  (14) 

 K)!∗, @* = b �)RS, !∗*K)!∗, @*
+

Sca
 (15) 

Finally, completingthe integral transformation given by Equations 14 and 15, one can 

obtain the following resultfor K)!∗, @*: 
 K)!∗, @* = @RS��

]&\]& + ^�&
−√28)@*]& + 2@  (16) 

where ]& = RS& + ^�de . The analytical solution in the time domain can be easily retrieved by 

reversing all of the variable transformations and taking the inverse Laplace transform of the 

expression. The inverse Laplace transform can be achieved using the convolution method. The 

dimensionless temperature distribution in the time domain can then be expressed by Equation 17: 

 (∗)!∗, �∗* = 8 $�� �∗% − b f)RS, !∗*g)RS, �∗*
+

Sca
 (17) 

In the above equation, the functions fand gare expressed as: 

 f)RS, !∗* = 2��RS IRScos)RS!∗* + XY& sin)RS!∗*J
]& 4]& + ^�& 7 exp $��2 !∗% (18) 

 g)RS, �∗* = 8 $�� �∗% − h�EiG∗ ` 8 $�� j% �ikHjG∗
kc	  (19) 

where h = lmd^� + ^�e .  
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Model for TOF Flow Meter 

Finally, a closed form solution for boundary conditions relevant to the thermal time-of-

flight sensor is developed.  The sensor is initiated by supplying a voltage to the heater for 1 

second, or mathematically: 

3)�* = �	

Bn)�* − n)� − 1*C (21) 

Using the general solution given in equation 17, the temperature at a given time and position can 

be expressed using Equation 22: 

(∗)!∗, �∗* = o1 − n $�� )�∗ − 1*%p − b f)RS, !∗*g)RS, �∗*
+

Sca
(22) 

In this solution, the functionsf)RS, !∗*and g)RS, �∗*are given in Equations 18 and 23,

respectively. 

g)�∗* = o1 − n $�� )�∗ − 1*%p − h�EiG∗q (23) 

where q = D $1 − n 456 )�∗ − 1*7% �ikHj = ai exp 4i6�5 7 − 1G∗kc	 . 

SENSOR CALIBRATION 

Data were collected over a range of velocities and fluid temperatures to understand the 

best calibration method for theflow meter.  This section presents the dependence of the measured 

time of flight on these parameters.  The time of flight isdefined as the difference between when 
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the heater is turned off and when the maximum temperature is detected by the thermocouple.  

Repeated measurements were taken at each condition, and the time of flight and the 

measurement uncertainty are presented as: 

 �r8s)t* = �r8uuuuuu ± 1.96 @G√y (24) 

Where i denotes which thermocouple location is being considered, �r8uuuuuu is the average time of 

flight from the data set, @G is the sample standard deviation, and n is the number of data points 

collected at each flow rate.  The uncertainty is multiplied by 1.96 to incorporate a 95% 

confidence limit(Figliola and Beasley, 2015). 

Velocity Dependence 

The analytical model found that the time of flight is dependent on the velocity, the sensor 

geometry, the energy supplied by the heater, and the thermal diffusivity of the fluid.  To isolate 

the dependence on velocity, initial experiments were conducted at ambient temperature.  Under 

these conditions, the refrigeranttemperature is initially uniform (which is consistent with the 

initial condition shown in Equation 6) and the fluid properties are approximately constant. 

Therefore, the model predicts that the time of flight will depend solely on the refrigerant 

velocity. 

Fiftyrepeated data points were collected at velocities between 1 and 20 mm s-1 at intervals 

of 1 mm s-1.  The results are shown in Figure 3 along with the expected advection delay from 

Equation 1.  The shapes of these curves offer insight into the optimal operating range for the 

sensor.  At very high flow rates (>15 mm s-1),the time of flight becomes relatively insensitive to 

the velocity, which increases the uncertainty.  This effect is less severe when temperature 
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measurements are taken farther from the heater, so the operating range can be extended if the 

distance between the heater and the thermocouple is increased.  At very low flow rates (<4 mm s-

1), the time of flight increases rapidly.  In this range,the time of flight is very sensitive to the 

velocity, but the temperature pulse has more time to diffuse into the cooler adjacent fluid, 

making the peak difficult to detect.  This effect increases the measurement uncertainty and 

eventually makes it impossible to reliably identify the precise time at which the maximum 

temperature occurs.  Diffusion is minimized if the temperature measurement is taken close to the 

heater.So the range of the sensor can be extended to lower flow rates by decreasing the distance 

between the heater and thermocouple.  Two thermocouples were included in the time-of-flight 

design toaddress these competing requirements that dictate the optimal thermocouple location at 

low and high flow rates. 
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 Figure 3 also shows that the measured time of flight is greater than the theoretical 

advection delay for all of the data collected, and that the difference increases at lowerflow rates.  

This is shown more clearly in Figure 4.  This effect can be partially attributed to the thermal 

capacitance of the thermocouples and the heater, which delays the response of these components 

when exposed to a change in the thermal environment.  The capacitance time constant will 

depend on the material, geometry,and heat transfer properties of the component.  The material 

properties and geometry of the heater and thermocouples remain constant;therefore,the time 

delayshould increase as the velocity decreasesdue tothe reduced heat transfer coefficients. This 

general trend is consistent with the results shown in Figure 4.  However, thermal capacitance 

should increase the time of flight measured by both thermocouples equally.  The differences in 

delay times between the two thermocouples suggest other factors are affecting the results, which 

may include different heat transfer coefficients caused by mixing downstream of the first 

thermocouple, cooling of the fluid by the first thermocouple, differences in the exact placement 

of the temperature sensors (off-center), and/or radial diffusion effects (discussed in the following 

section).These effects are not captured in the simplified analytical model presented in the 

previous section and may explain deviations between the model and the experimental results. 
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Temperature Dependence 

Data were also collected over a range of refrigerant temperatures to understand the 

effects of fluid properties and thermal diffusion on the time of flight. In these tests, the velocity 

was set and the average refrigerant temperature inside the sensor was reduced using the chiller. 

Ten repeated data points were collected for each condition. The first thermocouple was used to 

determine the time of flight for velocities less than 5 mm s-1, while the second thermocouple was 

used for all other cases.   

Three initial data sets were collected at a velocity of 5 mm s-1 and refrigerant 

temperatures between 10 and 20°C. The time of flightover this temperature rangeis shown in 

Figure 5(a). The results illustrate that lower refrigerant temperatures tend to have reduced times 

of flight;however, the trend is not consistentacross data sets.These results were collected on three 

different days, and the only important parameter that varied significantly between days was the 
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ambient temperature (�u�Sz,a = 22.2℃, �u�Sz,& = 25.6℃ and �u�Sz,} = 25.7℃). The same data 

are plotted as a function of the temperature difference between the ambient and the refrigerant in 

Figure 5(b). Here the data converges, suggesting that the time of flight is related more closely to 

the temperature gradient than the fluid properties.  This temperature gradient is a result of 

thermal gains from the environment, which cause the sensor walls to be warmer than the bulk 

fluid temperature. 

 

To better understand the mechanisms causing the observed trends, additional data were 

collected at different velocity set points.  For these tests, a thermocouple was affixed to the outer 

wall so that the radial temperature gradient in the sensor could be measured more directly.  

Figure 6 shows the variation in the time of flight with the temperature difference between the 

outer wall and the initial fluid temperature (temperature before the heater is initiated) for select 

velocities.  The time of flight decreases monotonically until a temperature difference of about 2.5 

K and then remains relatively constant as the temperature difference increases further.  The 

relationship between the time of flight and the radial temperature gradient is strong at low fluid 

velocities, but weakens at higher velocities.  For example, at 4 mm s-1, the time of flight changes 
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by almost 3.75 seconds between wall-to-centerline temperature differences of 0 and 3.25 K, 

whereas at 12 mm s-1, the time of flight changes by only about 0.35 seconds.   

 

The dependence on the radial temperature gradient can be explained by thermal diffusion, 

as shown in Fig. 7.  At the leading edge and peak of the fluctuation, where the radial temperature 

gradient is relatively large, diffusive transport to the walls occurs rapidly.This energy is 

temporarily stored around the periphery of the channel and in the sensor wall. As the fluctuation 

passes a given location, the temperature gradient decreases because the periphery has already 

been warmed.  This reduces or reverses diffusion from the centerline as the trailing edge passes 

by, which moves the location of the peak temperature in the negative x-direction.  Radial 

diffusion thereby increases the time that it takes for the peak to reach the thermocouples.  The 

magnitude of the peak shift will depend on the amount of time that the fluctuation has to diffuse; 
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therefore, one would expect the effects of diffusion to be the most prominent at low flow rates as 

seen in Fig. 6. 

 

When the refrigerant is initially at the same temperature as the wall (����� − �z�F� =
0	�), there is a relatively large radial temperature gradient once a temperature pulse is added to 

the flow.  As the differences between the wall and the initial fluid temperatures increase, the 

driving temperature gradient between the peak and the wall decreases, hindering energy transfer 

away from the centerline.  At some point, the peak temperature produced by the heater is lower 

than the wall temperature, preventing radial diffusion of the temperature pulse.  A schematic 

representation of the temperature gradients in the fluid is shown in Fig. 8. 
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This effect can be seen clearly in Fig.9, which shows the temperature measurements from 

the second thermocouple (L = 40.0 mm) as a function of time when the fluid velocity is 6 mm s-1. 

When the difference between the base fluid temperature and the wall temperature is high, less 

energy is transferred away from the centerline, resulting in a higher and earlier peak.  At lower 

temperature differences, energy is temporarily transferred to the periphery of the channel and the 

peak consequently has a lower amplitude and occurs later. 
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Calibration Methodology 

The time of flight is dependent on both the velocity and the local temperature gradients in 

the fluid.  To develop a correlation to relate these parameters, dimensional analysis was used to 

determine the relevant Pi Groups.  The important non-dimensional parameters for the sensor are 

the normalized time of flight, relating the time of flight to the advection delay, the Peclet 

number, relating advective to diffusive transport, and the normalized temperature difference.  

These parameters are defined in Equations 23 through 25.   

 �r8∗ = �r8 ∗ �
  
(23) 

 ��2 = 
 ∗ ��  
(24) 
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 (∗ = "
)����� − �z�F�*���  
(25) 

 When the Peclet number is held constant, the normalized time of fight follows an error 

function trend,while when the normalized temperature difference is held constant, the data 

follows an exponential trend.  Additionally, an exponential term is present in the above analytical 

model developed for the sensor.  Based onthese observations, Equation 26 was found to be the 

most effective correlation to relate these non-dimensional parameters.  In the correlation, the 

constants were fit using a regression analysis.  The constants are dependent on geometric 

parameters, anda regression analysis was conducted for each thermocouple location separately.  

The results from the regression analysis are shown in Table 1. 

 �r8∗ = 1 + ��#3�B)� + �(∗*��2C + 
 exp�−� ⋅ ��2(∗E�� (26) 

 

Table 1:Empirical constants for correlation shown in Equation 26 

Location (L) A B C D E F 

12.5 mm 0.562 -5.106×10-4 0.762 -1.813 2.958×10-4 0.326 

40.0 mm 0.359 1.904×10-4 2.514×10-2 0.616 2.474×10-5 0.498 

 

RESULTS 

Comparison between Experimental and Analytical Results 

 Thepredictions of the analytical model are compared with the experimental data here. 

One major limitation of the model is the one-dimensional assumption.  As discussed in the 

previous section, radial diffusion may significantly affect the measured time of flight, especially 

at low velocities.  This effect cannot be captured by the proposed model; therefore, it was 
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initially compared with experimental cases where radial diffusion effects are minimal, e.g., when 

the difference between the highest temperature in the thermal pulse and the wall temperature is 

the lowest for a given average velocity.  This occurs when the wall is warmer than the bulk fluid 

temperature (T0), as shown in Fig. 8. 

Two representative velocities were chosen for model validation: one velocity in the lower 

range and another in the upper range. The temperature profiles calculated using the analytical 

model and the experimental data for average refrigerant velocities of 6mm s-1 and 15 mm s-

1,respectively, are compared in Fig.10 (a) and (b). The results show good qualitative agreement; 

however, there is a phase lag between the results. As discussed previously, this lag can be 

attributed tooff-center placement of the heater or thermocouples, mixing induced by components 

in the flow stream, thermal capacitances, and diffusion effects.  However, despite the relative 

simplicity of the model, it was able to give a good estimate for time of flight and therefore can 

give some insight into the design of TOF sensors for different operating conditions. 
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In addition to comparing the temperature profiles for low and high velocity cases, the 

time of flight predicted by the analytical model was compared with the measured values over the 

entire velocity range.  These results are shown in Fig.11.  This plotpresents the analytically 

derived time of flight at the first and second thermocouple locations as squares and diamonds, 

respectively.  Additionally, all of the collected experimental data for velocities ranging from 1 to 



29 
 

20 mm s-1 and radial temperature differences)����� − �z�F�* between about 0 and 3.5 K are 

shown in the shaded regions.   

 

The lower bound of these regions corresponds to the cases with the highest temperature 

difference between the sensor wall and the bulk fluid and therefore the lowest rates of radial 

diffusion away from the centerline.  The analytical model is able to predict the trend and the 

magnitude of the time of flight well for these conditions, with an average error of about 8.5%.  

Most of the predictedvalues are lower than the experimental data, as discussed above.  However, 

at a velocity of 1 mm s-1 the analytical modelover-predictsthe data by about 50%.  The model is 

unstable when calculating temperatures at times near zero, especially at low flow rates.  At a 

velocity of 1 mm s-1, the temperatures predicted by the model are erroneous and do not follow 
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the correct trends below times of about 5 seconds.  This instability is likely leading to the large 

errors at low flow rates. 

Flow Meter Uncertainty and Accuracy 

The experimental resultswere examined to quantify the uncertainty of the velocity 

measurements and the accuracy of the proposed calibration approach.  The 

uncertaintieswerecalculatedusing Equation 27, considering both the uncertainty of the time-of-

flight measurement and the uncertainty of the Coriolis flow meter used for calibration.  The 

partial derivative in the uncertainty propagation was solved numerically.   

�� = �$�t��%
& �G& + ��� s��sF& (27) 

The velocity readings from the Coriolis and calibrated TOF flow sensors are shown in 

Fig. 12.  The results from the first thermocouple (L = 12.5 mm) areused for velocities less than 5 

mm s-1, while the results from the second thermocouple (L = 40.0 mm) are used for all other flow 

rates.  The average and maximum uncertainties of these measurements are 2.68% and 8.92%, 

respectively. 

The accuracy of the calibration method was studied by comparing the flow rate 

measurements to the Coriolis reading.  The calibrated TOF sensor predicted87.1% of the 

collected data within±5% with an average deviation (AD) of 2.72% and an absolute average 

deviation (AAD) of 4.39%.  Although the correlation captured the correct trends for most of the 

data, some cases were not predicted well by Equation 26, with errors greater than50% at very 

low flow rates (1 – 2 mm s-1).   
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CONCLUSION 

In this investigation, a thermal time-of-flight sensor was developed to measure steady 

state refrigerant flow rates in minichannels.The one-dimensional unsteady advection diffusion 

equation with a time dependent Neumann boundary condition was solved to help establisha 

calibration technique for the sensor.  The model predicts that the time of flight depends on the 

sensor geometry, the energy provided by the heater, the velocity of the fluid, and the thermal 

diffusivity of the refrigerant. The simplified 1-D analytical model accurately predicts the thermal 

behavior in the sensorfor cases with minimal rates of radial diffusion buttends to underpredict the 

average fluid velocity when the difference between the peak and wall temperature is high.Future 
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modeling work should focus on the effects of thermal capacitance and radial diffusion to 

improve the calibration methodology for TOF sensors.    

Using insights from the modeling and experimental work, a calibration method was 

developed to correlate the time of flight to the refrigerant velocity.  The calibrated sensor was 

able to measure 87.1% of the collected data within ±5% with an absolute average deviation of 

4.39%.Additionally, 98.7% of the measured data lie within ±3% of the full scale.  The device 

developed here can therefore be recommended as a compact, inexpensive, largely nonintrusive 

technique to measure liquid refrigerant flow rates corresponding to average velocities between 2 

and 20 mm s-1.  The accuracy and uncertainty of the device show promise for this TOF sensor, 

and with further improvements to the calibration technique, it could be an effective approach for 

measuring refrigerant velocities in compact geometries. 
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