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Methods to determine the thermal conductivity of liquids have come under increased scrutiny recently
due to their relative importance in determining the precise physical mechanisms responsible for heat
flow in different materials and at multiple length scales. In transient-based systems, one important
but often overlooked parameter is the onset of natural convection. In the first part of this study, the
transient effects of natural convection are analyzed numerically for a relatively new transient thermal
characterization system (transient hot disk) in order to determine when they begin to affect the calcula-
tion of a surrounding fluid’s thermal conductivity. A comprehensive analysis of the effect of a fluid’s
pertinent thermophysical properties, Rayleigh number and Prandtl number on the sensor temperature
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Nanofluids response during testing is completed. Subsequently, a correlation is developed to determine the onset
Numerical simulation of natural convection during testing for fluids having a wide range of Prandtl numbers. The solution is
FLUENT verified using experimentation with multiple fluids having known, temperature-dependent volumetric

heat capacities. The correlation is used as part of a new method to accurately calculate the thermal

conductivity of different Newtonian fluids in Part II of this study, which is published separately.
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1. Introduction

Measuring the thermal conductivity of fluids is critically impor-
tant for the development of novel thermal management systems
[1-3] and for understanding the physics of complex fluids, such
as nanofluids [4-6]. However, the reported thermal conductivities
of these fluids vary widely among research groups using different
thermal characterization techniques. This is particularly trouble-
some in the area of nanofluids [7-10], where an inaccurate mea-
surement can result in a significant misrepresentation of the
dominant thermophysics at different length scales within the fluid.

In order to illustrate the difficulty in measuring the thermal
properties of fluids, it is useful to discuss the current state of re-
search within the subject of nanofluids. In this area, the variation
among reported values of effective thermal conductivity is signifi-
cant and may be due to a variety of factors, including: the surface
conditions of the nanostructures suspended in each fluid [11-15],
the fluid’s pH [16-19], the differences among measurement tech-
niques [20-22] and liquid layering at the nanostructure interface
[23]. A recent study attempted to establish a benchmark of the
thermal conductivity of different types of nanofluids in an effort
to definitively explain the thermophysical mechanisms that domi-
nate heat transfer in homogenously distributed suspensions [24].
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In this study, nearly 20 research groups evaluated the thermal con-
ductivity of nanofluids that were synthesized in the same facility,
thereby eliminating the differences between the physical, chemical
and geometrical conditions of the nanoparticles used. Conse-
quently, the only remaining difference among the measurements
of thermal conductivity is the thermal characterization technique
used. In the aforementioned study, the guarded hot plate, transient
hot wire and transient hot disk techniques were used to measure
the thermal conductivity of the nanofluid samples. Results suggest
that there is a statistically significant deviation between the data
obtained using each of the different measurement techniques, with
considerable outliers in nearly all sample sets. The authors did not
report the conditions (i.e. experimental run times, equipment
geometries, etc.) used to determine the thermal conductivity in
each case. One possible cause for this discrepancy, then, is that
the onset of natural convection occurred at a time prior to the
end of the test in one or more of the transient systems. Though
some studies do exist to provide guidelines for avoiding natural
convection in some transient-based systems [25-27], none allow
the user to quantify when convection occurs based on pertinent
fluid and system parameters, and thus users are currently unable
to avoid its influence during experiment with great certainty. A
number of other studies have confirmed that natural convection
plays a significant role in the accuracy of different transient-based
thermal characterization systems and have determined this to be
one of the major factors that has fueled the ongoing debate over
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the influence of nanoparticles on the thermal enhancement of
common heat transfer fluids [20-22]. The results of the work done
in these studies [20-22] suggest that natural convection, which is
encountered when experimental run times are ‘too long’ or sensor
power levels are ‘too high’, results in artificially high thermal con-
ductivities. However, no criteria for the determination of this time
as a function of pertinent experimental parameters (such as the
fluid’s Prandtl number) currently exist. Thus, in order to establish
an accurate and repeatable solution method to use for measuring
liquid thermal conductivity with transient thermal characteriza-
tion techniques, it is critical to determine the maximum allowable
experimental run time for each type of test as a function of all rel-
evant experimental parameters.

The transient hot disk method is emerging as a primary tool for
the measurement of the thermal conductivity of novel materials
[16,17,28-33] due to its multiple advantages over other transient
thermal characterization techniques. In fact, the transient hot disk
method is represented in approximately 8% of the studies on the
thermal conductivity of nanofluids as of 2010 [20], while less than
5% used steady-state techniques. Steady-state techniques, while
simple and cost-effective to implement, require extremely careful
preparation in order to avoid high measurement uncertainties, re-
quire very long run times and do not have the ability to maintain a
precise fluid temperature. Transient techniques, on the other hand,
have fast measurement times and can maintain a constant fluid
temperature during testing. The most commonly used method,
the transient hot-wire technique, is also cost-effective and has
been well studied since its inception in 1931 [34]. However, its
measurement capabilities are also limited. The platinum hot wire,
for instance, is both expensive and brittle. Thus, it is extremely dif-
ficult to measure the thermal conductivity of adhesives, fluids with
large Prandtl numbers, fluids in extreme temperature environ-
ments and nanofluids without risk of damage to the sensor during
sample handling and testing. In order to measure the thermal con-
ductivity of these types of materials without risk of damage to the
equipment, research groups have increasingly turned to the tran-
sient hot disk system. In addition to being a robust and rapid ther-
mal characterization method, the transient hot disk apparatus is
able to determine both the thermal diffusivity and thermal con-
ductivity of fluids and solids, which are important to characterize
for materials used in transient applications (such as thermal en-
ergy storage materials [35-37]).

The transient hot disk technique, like the transient hot-wire
technique, utilizes a volume element (sensor) that serves as both
a heat source and a temperature sensor. The sensor must be fully
immersed in a fluid or sandwiched between two solid samples in
order to measure thermal conductivity. In principle, when the sen-
sor is powered, its temperature will increase rapidly when im-
mersed or sandwiched between insulating materials and increase
slowly for thermally conductive materials. A detailed formulation
of the solution for the thermal conductivity of fluids using the tran-
sient hot wire technique can be found in [38], while a detailed for-
mulation of the solution for the thermal conductivity of materials
using the transient hot disk can be found in [39] and the second
part of this study [40]. While many studies have utilized the tran-
sient hot disk method to measure the thermal conductivity of solid
materials [41-48], fewer have used this method to characterize the
thermal conductivity of liquids [49-52]. Some of the studies on li-
quid phase thermal conductivity with the hot disk technique high-
light the difficulty in taking measurements due to the possibility
that natural convection occurs during testing [49,50], while others
ignore these potential effects altogether [51,52]. In an effort to lim-
it the presence of natural convection during testing, some
researchers [49,50] have taken to substantially reducing measure-
ment times and sensor power levels. However, this too can lead to
inaccuracies in measurement, as such short sampling times may

exaggerate the effects of the interfacial thermal resistance between
the sensor and the fluid, and low power levels often lead to high
rates of data scattering, resulting in artificially high thermal con-
ductivities. A careful examination of these phenomena is given in
the second part of this study [40] in order to determine optimal
experimental run times during which natural convection is absent.

Though attempts have been made to avoid natural convection
during testing with the transient hot disk system, few groups have
compiled any quantitative data that illustrates the potential effect
that it may have on calculating thermal conductivity. In a recent
study, Nagai et al. [53] compared the measurements of the thermal
conductivity of silicone oils using the hot disk method in both a
microgravity environment and a ‘ground-based’ environment.
Their results indicate that the measurements were greatly affected
by the presence or absence of convection during testing, particu-
larly for low Prandtl number fluids. More recently, Boumaza and
Redgrove [49] evaluated the effect of natural convection on the cal-
culated thermal conductivity of water and silicone oil when the hot
disk sensor face was perpendicular to the direction of gravity. The
authors found that Rayleigh-Benard convection currents increased
with increasing sensor diameter, indicating that the Rayleigh num-
ber has a significant effect on the onset of convection in fluids.
However, their work realistically represents a sensitivity study,
and no effort was made to determine when convection occurs
across the face of the sensor as a function of the thermophysical
properties of the fluid and the power loading level of the sensor.
In their conclusion, the authors comment that using a smaller sen-
sor size can reduce the onset of significant natural convection, but
that “for liquids it is clear that further development of the probe or
measurement technique is required to obtain greater accuracy”.
Ultimately, no criteria currently exist to determine the time at
which convection will occur as a function of sensor size, sensor
power level and fluid type.

In an effort to reduce the uncertainty of the transient hot disk
thermal characterization technique, a correlation for the onset of
natural convection across a conventional hot disk sensor of varying
diameter is developed in the first part of this study. This correlation
is developed as a function of the surrounding fluid’s thermal
expansion coefficient, its Prandtl number, the Rayleigh number
and the sensor power load via numerical simulation and experi-
ment. Numerical simulation is performed using FLUENT (v. 12).
The effect of sensor temperature rise during the measurement on
the calculated thermal conductivity of the fluid is also examined
due to the potential for the liquid to heat up rapidly in close prox-
imity to the sensor face. In the second part of this study [40], an
iterative solution procedure is developed using the correlation
for the onset of natural convection that is established in this por-
tion of the study and is verified using fluids with a wide range of
Prandtl numbers.

2. Problem formulation

In this analysis, a thin circular disk is vertically immersed in a
fluid with known thermophysical properties at an initial tempera-
ture, To = 303.15 K. The circular element used in this study has a ra-
dius r=3.189 mm and a thickness t = 0.01 mm, which represents a
standard sensor size available for thermal characterization with
the hot disk method. The radius remains unchanged in the numer-
ical simulations. The strength of natural convection as represented
by the Rayleigh number (Eq. (1)) is varied by changing the sensor
power. In order to determine the effect of Ra, Pr (Eq. (2)) and ther-
mal expansion coefficient () on the time to natural convection,
each parameter is varied in a parametric analysis. The Prandtl
number ranges from 0.7 to 1324 to represent a wide range of heat
transfer fluids. Likewise, the coefficient of thermal expansion, g,
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varies from 0.0001 to 0.003 1/K. The heating power applied to the
sensor disk varies between 0.05 and 0.25 W in order to create the
Ra ranges for each fluid as given in Table 1. The thermophysical
properties used to obtain each Prandtl and Rayleigh number are
listed in Table 1.

DZ
pr— % - g 2)
k
‘= 3)

In Egs. (1)-(3), g is the force of gravity acting in the y-direction
(m/s?), g is the thermal expansion coefficient (1/K), Q is the sensor
power level (W), D is the diameter of the hot disk sensor (m), k is
the thermal conductivity of the surrounding fluid (W/mK), v is
the kinematic viscosity of the surrounding fluid (m?/s), o is the ther-
mal diffusivity of the surrounding fluid (m?/s), ¢, is the specific heat
capacity of the surrounding fluid (J/kg K) and p is the density of the
surrounding fluid (kg/m?).

3. Numerical methods

Numerical simulations are the primary method used to deter-
mine the time to the onset of natural convection in the hot disk
system as a function of Ra, Pr and g in this study. Numerical simu-
lations are used to solve for the time to the onset of natural convec-
tion because it allows the user to alter the thermophysical
properties of liquids in ways that cannot be done via experiment.
For instance, numerical simulations allow the user to change the
value of a fluid’s thermal expansion coefficient without inherently
altering its other thermophysical properties. Thus, the effect of
each parameter on the resulting solution can be isolated. This type
of parametric analysis is impractical in experimentation. However,
whenever possible, experimentation is used to verify the results of
the numerical simulations.

3.1. User-defined solution settings

The convergence criteria represents the minimum percent
difference in the solution (pressure, momentum, temperature) ob-
tained between iterations for all nodes in the simulation domain.
This parameter is often changed to enhance the accuracy between
simulation and experiment. For this analysis, the convergence
criteria were set to 10~ for momentum and 1078 for energy.
Additionally, the Boussinesq approximation is used due to the
expectation that the temperature variation within the fluid is mod-
erate for the fluids of interest in this study.

Under-relaxation factors allow the user to control the deviation
in each solution for pressure, momentum and temperature at every
node between successive iterations. In this way, the under-relaxa-
tion factors can both prevent divergence and reduce simulation
time simultaneously. For this investigation, the under-relaxation
factors were altered as a function of Prandtl number in order to
aid convergence. Each of the under-relaxation factors used for this
study is listed in Table 2.

Table 1
Thermophysical properties used to obtain different Prandtl and Rayleigh numbers.

The Courant number is an important parameter to define in or-
der to obtain an accurate solution in transient simulations; if the
Courant number is too large, for instance, the solution behaves as
if the flow were compressible. The Courant number (in one dimen-
sion) is given in Eq. (7).

UAt
= A “)

In Eq. (7), u represents the fluid velocity, At represents the time step
and Ax is the distance between nodes. In transient free convection,
it is often difficult to determine the fluid velocity a priori. Thus, the
time step is reduced until convergence for the continuity equation
is satisfied. The time step for each simulation is listed in Table 2
as a function of Prandtl number.

Upon decreasing the time step increment for each Prandtl num-
ber listed in Table 2, no discernable difference in the results was
found.

Co

3.2. Mesh independence

In order to ensure that the computational model accurately cap-
tures the effects of the model geometry, a mesh independence
study is performed. In this study, the same geometry is used for
all simulations. Thus, only one assessment of mesh independence
is performed and is consequently valid for the rest of the simula-
tions completed in this study. The results of the mesh indepen-
dence test are presented in Table 3. This analysis is done using
glycerol as the heat transfer fluid and with a heat load of 0.15 W
as the applied power to the sensor. The initial temperature used
for the mesh independence study is 310.15 K.

An unstructured mesh was used in this study in order to avoid
the poor quality and face alignment produced when using a struc-
tured mesh for the circular disk. The computational model and do-
main mesh are shown in Fig. 1(a) while the disk mesh is shown in
Fig. 1(b).

The solution was considered independent of the mesh at 69,645
nodes due to the negligible difference in the average temperature
and average convection coefficient of the disk as a function of time
(less than 1% difference between subsequent solutions over the en-
tire duration of the simulation). Additionally, it was found that the
computational domain was large enough to avoid the effects of the
system boundaries on the transient temperature of the sensor. The
entire computational domain was 10.16 cm x 2.54 cm x 5.08 cm.
Thus, the total computational domain is at least an order of magni-
tude larger than the each corresponding sensor dimension.

3.3. Verification of the numerical solution via experiment

Once consistency is established, accuracy must be confirmed
through experimentation. For experimental validation of the
numerical solution, a transient hot disk apparatus (TPS 500,
ThermTest) is used to measure the average temperature rise in
the disk element as a function of time (t) and power load (Q).
The sensor disk features a 10 um thick double-spiral nickel foil
wire encapsulated in a 25 pm thick Kapton foil forming a sensor
disk of r=3.189 mm. A DC power source is used to power the spiral
nickel foil wire, resulting in Joule heating due to the electrical

Prandtl number k (W/mK) p (kg/m?) » (JIKK) v x 107% (m?/s) Range of Rayleigh numbers
0.7 0.0271 1.127 1005 16.97 181-27,190

4.4 0.623 993 4180 0.66 32,448-4.87 x 10°

204 0.249 1116 2387 19.12 22,232-6.66 x 10°

1324 0.6025 3600 1172 189 123-18,416




782 RJ. Warzoha, A.S. Fleischer/ International Journal of Heat and Mass Transfer 71 (2014) 779-789

Table 2
User-defined solution settings.

Prandtl number Pressure relaxation factor Momentum relaxation factor

Temperature relaxation factor Body forces relaxation factor Time step (s)

0.7 0.3 0.6
4.4 0.3 0.8
203.6 0.3 0.8
1324 0.3 0.8

1 1 0.0001
0.9 1 0.0001
0.9 1 0.0001
0.9 1 0.00001

resistance of the wire. The temperature rise in the sensor is re-
corded using a Wheatstone bridge.

In the first part of this study, the sensor disk is immersed in one
of three heat transfer fluids: deionized water, glycerol or cupric
sulfate. The thermal properties of each fluid at 310.15 K, including
the Prandtl number, can be found in Table 4. Ethylene Glycol, also
shown in Table 4, is used in the second part of this study [40] for
broader verification of the methods used here.

The heat transfer fluids are confined in a cylindrical vessel with
a radius of 13.04 mm and a height of 16.68 mm. The container is
made from oxygen-free high conductivity copper (OFHC) and is
partially immersed in a constant temperature bath filled with a
50/50 mixture of deionized water and ethylene glycol. Oxygen-free
high conductivity copper was chosen as the container material due
to its well-defined and exceptionally high thermal conductivity,
which is designed to keep the sample fluid within the container
at the same temperature as the external thermal bath prior to test-
ing. In Fig. 1, the temperature of the fluid within the vessel is mon-
itored as a function of its radius at the centerline. Fig. 1 shows
results for DI water and Glycerol and demonstrates that no signif-
icant thermal stratification occurs within the fluid prior to testing.
All other fluids within this study exhibit a thermal stratification
that is between the ranges that were found for DI water and Glyc-
erol at each bath temperature. The apparatus and vessel dimen-
sions (including the thermocouple locations corresponding to
Fig. 2) used for experimentation are shown in Fig. 3.

The sensor disk is vertically inserted into a thin slot in the con-
tainer vessel and the sensor is thus fully immersed in the heat
transfer fluid within the container. The container is then sus-
pended in a constant temperature batch such that the bath fluid
cannot enter into the sample container. The thermal bath is fixed
at a temperature of 310.15 K for the deionized water and glycerol
tests and at 305.15 K for the cupric sulfate tests. Two different ini-
tial temperatures were used here in order to illustrate that the ini-
tial temperature of the fluid does not affect the accuracy of the
numerical solution as compared to experiment.

To initiate the experiment, a power of 0.15 W is applied to the
sensor disk and the Wheatstone bridge is activated. The sensor tem-
perature is recorded at a frequency of 20 Hz and the data is collected
for a total of 10 s. The resulting transient temperatures for both the
numerical and experimental analyses are shown in Figs. 4-6.

In Figs. 4-6, the temperature obtained by numerical simulation
is shown to match the experimental data to within 1% across all
simulation times. As shown in Table 4, the three heat transfer flu-
ids span a wide range of Pr, Ra and . The Prandtl and Rayleigh
numbers span nearly four orders of magnitude, while the thermal
expansion coefficient ranges from 2.52 x 10% to 7.24 x 10% Thus,
the numerical simulation is considered to be accurate for the range
of parameters (Pr, Ra, ) defined in this study.

4. Results and discussion

4.1. Transient temperature profile

A visualization of the transient thermal gradient across the ver-
tically oriented hot disk sensor immersed in a fluid is presented in

this section as a function of Rayleigh number, the fluid’s Prandtl
number and thermal expansion coefficient. The temperature gradi-
ent across the disk as a function of time is used to qualitatively
analyze the effect of the system parameters on the transient heat
transfer from the surface of the disk to the fluid.

The transient temperature across the hot disk is shown in Fig. 7
as a function of time for constant thermal expansion coefficient
and power loading levels (f=0.00051/K, Q=0.15W). The sur-
rounding fluid temperature at time t =0 is set to 303.15 K.

In Fig. 7(a)-(c), it is evident that the transient thermal response
of the vertical disk greatly depends on each fluid’s Prandtl number.
Additionally, the thermal profiles reveal the relative importance
between conduction and convection. When buoyancy is negligible
and conduction is dominant, the thermal profile across the vertical
disk is constant as a function of y. However, when buoyant flow
develops and is no longer negligible, the transient thermal profile
shifts in the direction of the fluid flow (i.e. in the positive y direc-
tion). One can see this phenomena occur in Fig. 7(a)-(c) as the disk
temperature in the y direction becomes ‘uneven’. The point at
which there is a transition from an ‘even’ temperature to an ‘un-
even’ temperature is therefore considered to be the point at which
natural convection begins.

Fig. 7(a)-(c) also serve to illustrate the differences in the time
scales during which convection is active. For instance, it takes rel-
atively little time for fluids with low Prandtl numbers (like air or
water) to generate convective motion, whereas it takes signifi-
cantly longer to reach this condition as the Prandtl number is in-
creased. This indicates that run times are not as critical in fluids
with high viscosities. This explains the results of [49], in which
the thermal conductivity of silicone oil obtained by the hot disk
sensor closely matched that obtained by steady-state and THW
methods, whereas when water was used as the working fluid, it
did not.

4.2. Time to the onset of convection

In order to achieve a high degree of accuracy when measuring
the thermal conductivity of a solid or fluid with the transient hot
disk, convection must be avoided for the entire duration of exper-
imentation [39,49,50]. At experimental run times that include nat-
ural convection over the sensor face, the calculated thermal
conductivities are artificially high. Therefore, this distinction is
critically important, particularly in emerging fields (like nanofl-
uids) that require accurate experimental thermal property mea-
surements in order to correctly determine the dominant physics
governing heat flow within the fluid. However, while it is impor-
tant to avoid natural convection during measurement, when con-
vection does not occur, longer measurement times result in
greater accuracy. Thus, the optimal measurement time is that
which is long enough to approach but not exceed the time to the
onset of natural convection. Given the emerging importance of this
transition, this study determines the time required to reach natural
convection across a hot disk sensor and thus optimizes the accu-
racy of the measurement system.

In order to determine this transition point, the energy equation
is solved for a thin vertical disk with a conduction boundary
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Table 3
Results of the mesh independence study.

Total number  Time =1 s maximum Time = 1 s average

Time = 5 s maximum

Time=5s average  Time = 10 s maximum Time = 10 s average

of nodes temperature (K) h (W/m? K) temperature (K) h (W/m?K) temperature (K) h (W/m? K)
8749 312.99 827 316.43 427 318.85 324
14,905 312.90 886 315.98 483 318.37 359
30,409 312.77 956 315.58 538 317.90 396
69,645 312.53 1010 314.87 577 316.99 422
116,076 312,54 1012 314.83 582 316.95 426
Fluid Hot Disk
//
Y
L_)z
(a) Computational model and domain mesh (b) Disk mesh
Fig. 1. (a) Computational model and domain mesh (y-z plane), (b) Disk mesh (y-z plane).
Table 4
Properties of the fluids used for experimentation and numerical simulation.
Fluid type k (W/m K) p (kg/m?) ¢, (J/kg K) v (m?[s) B (1/K) Prandtl number Ra at 0.15W
Deionized water [54] 0.623 993 4180 0.66 x 10°° 3.71 x 1074 438 3.6 x 10°
Cupric sulfate [54] 0.6025 3600 1172 1.89 x 1074 252 x 1074 1.32 x 10° 927
Glycerol [54] 0.2855 1260 2479 112 x 1073 7.24 x 107 1.23 x 10* 1.4 x 10°
Ethylene glycol [54] 0.2588 1102 2475 9.09 x 107 3.19x 1073 96.97 8.5 x 10°

condition (i.e. convection is neglected). The solution to the energy
equation represents the average temperature of the disk as a func-
tion of time. Once this solution is obtained, it is compared to the
solution determined by numerical simulation. Numerical simula-
tions are used to model the transient heat transfer phenomena in
this study because they allow for facile alteration of the thermal
properties of fluids without having to change other parameters.
Thus, the user can isolate the effect of a single parameter, such
as the thermal expansion coefficient, without changing the other
fluid properties.

In this study, the point at which the numerical distributions be-
gin to deviate from the analytical conduction solution represents
the point at which convection begins. He [39] previously solved
the energy equation for the vertical disk with constant heat gener-
ation and a conductive boundary condition. A portion of this deri-
vation is given in Egs. (5) and (6).

Q o
p-c, Ot

o- V2T + (5)

Equation (5) represents the simplest form of the governing equation
for heat transfer in a solid material with heat generation. When the

boundary condition is that of a conductive, semi-infinite solid and
the heat source is assumed to be equivalent to a point source, the
solution to the general equation for an infinitely thin disk-shaped

object becomes:
r2
(- 1) 6)

In order to determine the point at which convection begins, the
intersection between the solution to Eq. (6)and the transient solu-
tion for which convection is not considered to be negligible (ob-
tained by numerical simulation) is found. An example of the
method used to determine the transition point for a fluid with
Pr=4.4 and Ra = 66,697 is given in Fig. 8.

In Fig. 8, asymptotic distributions are shown for four different
coefficients of thermal expansion. These distributions represent
normalized convective curves (h/Q*A) and are used to determine
the time at which buoyancy begins to affect the temperature of
the disk (i.e. the onset of natural convection). In this study, natural
convection is considered to ‘begin’ when the convection curve for a
fluid deviates from the distribution representing a solid with

Q/p-¢
T(T,t):To"rW'
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Fig. 2. Temperature of fluids within vessel as a function of radial coordinate.

equivalent thermophysical properties by 2%. This criterion was
determined by comparing the analytical conduction solution to
the solution for the numerical model when the disk was sur-
rounded by a solid with equivalent thermophysical properties.
These results matched to within 1% for all fluids and at all times.
Thus, a 2% difference between the analytical conduction solution
and the numerical model describing the sensor temperature when
surrounded by a fluid is used. Using this criterion, one can deter-
mine when convection begins. In Fig. 8, for example, the convective
curve representing the fluid having a thermal expansion coefficient
of 0.0005 1/K begins to experience natural convection at t=10.3 s.
Fig. 8 also reveals that the onset of natural convection occurs more

(c)

rapidly as the thermal expansion coefficient is increased. Addition-
ally, as time increases, a steady-state convective condition is
shown to exist across the disk.

In this study, IBM SSPS (Statistical Product and Service
Solutions) Statistics Package v. 20 is used to apply a step-wise,
non-linear, multi-variable regression technique to the data in order
to determine the time to the onset of natural convection as a func-
tion of Rayleigh number, Prandtl number, power loading level and
volumetric coefficient of thermal expansion. For this analysis, it is
assumed that the data take the form of an asymptotic solution in
accordance with Fig. 8. The Levenberg-Marquardt iteration meth-
od is used to determine the solution with the data obtained in the

= == == y=(cm
Top=10.29 cm

Mid-top = 0.58 cm
Center = 0.87 cm
Mid-bottom = 1.16 cm

Bottom = 1.45 cm
—— =y =174 cm

Fig. 3. (a) Apparatus used for comparing numerical and experimental transient thermal profiles across the transient hot disk sensor, (b) Vessel dimensions, (c) Hot disk sensor

[55].
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numerical study, with a sum-of-squares convergence and parame-
ter convergence of 1e—8. The result of this analysis is given in Eq.
(7), which was verified using Prandtl and Rayleigh numbers not
used in the determination of its solution.

0.456 0.285
tonsetcy = (9.525e7° - sec - w791 ,K70.830) ) <PT Ra ) ™)

0791, ;0830
QB

The solution for the onset of natural convection from the thin ver-
tical disk given by Eq. (7) was found to match the data used for
its calculation to within an average of 5.3%, with higher deviation
at lower Prandtl numbers. Thus, Eq. (7) is found to be accurate to
within 5.3% of the data for the range of Rayleigh and Prandtl num-
bers used to represent laminar flow in this study.

In order to verify the accuracy of Eq. (7), an experiment was
done to determine the onset of natural convection at different tem-
peratures using deionized water and matched to the solution of Eq.

(7). Deionized water was chosen as the fluid for illustrative conve-
nience: fluid’s with low Pr were found to have rapid transitions
from the point at which convection begins until steady-state con-
vection is reached, which shortens the period over which mixed
conduction/convection occurs. This helps to clearly distinguish be-
tween conduction and convection and thus serves to best illustrate
the capabilities of Eq. (7). Additionally, as deionized water most of-
ten serves as the base fluid for nanofluids, it is of critical impor-
tance to maintain a diffusive regime during testing for many
research groups, particularly because it is also a low Pr fluid (even
in the presence of nanostructures). The results are shown in Fig. 9.

In Fig. 9, the transient temperature rise of the vertical disk sur-
rounded by deionized water was obtained experimentally at a
power loading level of 0.15 W and is plotted for five different fluid
temperatures (293-333 K in 10K increments). In this case, the
fluid used was deionized water. The fluid was contained in the
cylindrical copper vessel shown in Fig. 3 and its temperature was
controlled by a thermal bath. For each fluid temperature, the time
to the onset of convection was calculated using Eq. (7). In Fig. 9,
steady-state convection begins when dT/dt = 0. It should be noted
that there is a region of the solution where conduction and convec-
tion exist simultaneously. This is evident in Fig. 8, where the distri-
bution representing p=0.0031/K clearly departs from the
conduction solution near t = 5 s, but does not reach a constant tem-
perature difference (i.e. steady-state convection) until t ~ 17 s. The
resulting solution from Eq. (7)represents the time to the onset of
convection, and thus avoids the mixed conduction/convection re-
gime altogether.

Given the high accuracy with which Eq. (7) predicts the onset of
natural convection, users can now predict the thermal conductivity
of liquids with confidence that natural convection does not influ-
ence the calculation. It should be noted that Eq. (7) is valid for Ray-
leigh numbers in the laminar flow regime. Thus, the disk size can
be changed and the equation will remain valid so long as there ex-
ists laminar flow over the disk face. Additionally, the equation is
valid for disk types that abide by the following constraint: the ther-
mal settling time across the disk (t?/a, where t is the disk thickness
and o is the thermal diffusivity of the insulating layer around the
double-spiral nickel foil wire) must be at least an order of magni-
tude lower than the total test time, as determined in [56]. Knowl-
edge of this parameter is critically important for the measurement
of the thermal properties of fluids using the hot disk sensor, which
calculates their thermal conductivities by assuming a semi-infinite,
conduction dominated boundary condition at both of its interfaces
[39]. In this system, tonsetcy represents the maximum allowable run
time for the experiment.

4.3. Effect of sensor temperature rise

In order to determine the sensitivity of the measurement tech-
nique to the temperature rise of the sensor, an experimental ap-
proach was used. For this aspect of the study, the hot disk sensor
was immersed in Glycerol, whose thermal conductivity and diffu-
sivity are well known [54]. The volumetric heat capacity, which
can be obtained by dividing the thermal diffusivity by the thermal
conductivity, was used in the solution for determining the thermal
conductivity of the fluid using the hot disk sensor provided in [39]
in order to avoid complex iteration. In order to evaluate the effect
of temperature rise on the determination of the thermal conductiv-
ity using the hot disk sensor and the solution provided in [39], the
sensor’'s power load was altered between runs (from 0.05 to
0.25 W). For this part of the study, the measurement times corre-
sponded to ~0.2 s prior to the onset of natural convection obtained
using Eq. (7). The results are shown in Fig. 10.

In Fig. 10, the vertical error bars represent the uncertainty in the
system measurement when using the criteria for the onset of
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natural convection as the stopping point for the measurement of
the thermal conductivity of Glycerol. In all cases, the uncertainty
was within 0.5% of the reported thermal conductivity of Glycerol.
The horizontal error bars in Fig. 10 represent the temperature rise
of the sensor during measurement. It is clear from these results
that as the temperature rise of the sensor increases (in correspon-
dence with the sensor power load), the obtained thermal conduc-
tivity approaches that which has been reported in the literature
for the sensor’s upper temperature limit. For instance, when the
thermal conductivity of Glycerol is measured at 280 K at low sen-
sor power levels (0.05,0.1 W), the thermal conductivity is nearly
identical to that which is reported in the literature. However, when
the power level is increased (for instance, to 0.25 W), the calcu-
lated thermal conductivity is closer to the reported thermal con-
ductivity at the upper limit of the sensor’s temperature rise
(287 K), with a notable exception being the case when the power
loading level is 0.15 W. This observation was found to be consis-
tent amongst all of the measurements. In accordance with the data,
it is recommended that in order to obtain an accurate measure-
ment of the thermal conductivity of a fluid at a given temperature
(to within 2% of its actual value), a temperature rise of 5 K or less
should be maintained during testing when measuring the thermal
conductivity of fluids in increments of 10 K (or ¥4 of the measure-
ment increment), else the user risk obtaining an artificially high
thermal conductivity in much the same way that it is obtained
when the user exceeds the time at which convection begins during
measurement.

5. Conclusions

In this study, numerical simulations were used to determine the
time to the onset of natural convection across the hot disk thermal
constants analyzer sensor when oriented vertically and immersed
in a fluid by varying pertinent system parameters (the fluid’s Pra-
ndtl number, the Rayleigh number, the sensor power level and the
fluid’s thermal expansion coefficient). A non-linear regression
technique was used to produce a correlation from the data in order
to find the onset of natural convection across the hot disk sensor as
a function of the aforementioned parameters. Experimental results
agree to within 5.3% of the values produced by the equation used
to calculate the onset of natural convection. Additionally, a sensi-
tivity analysis was completed to determine the effect of the sensor
temperature rise during testing on the calculation of the thermal
conductivity of the surrounding fluid. It was found that the thermal
conductivity of Glycerol showed statistically significant deviation
from its reported value when a temperature rise greater than 5 K
occurred during measurement. It was recommended that in order
to accurately measure the thermal conductivity of a fluid at precise
intervals over a range of temperatures, the sensor temperature
should not exceed ¥2 of the intervals between fluid temperatures.
These results are critically important for accurately determining
the thermal conductivity of fluids using the transient hot disk sys-
tem, which is experimentally illustrated in the second part of this
study.
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