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Abstract

A thermalhydraulics experiment was constructed at McMaster University that is
capable of measuring heat transfer data for test sections up to 1 m long at pressures
up to 10.0 MPa. The test section was powered by a 96 kW DC power supply
with digital control. Inlet temperature was controlled using a 40 kW RMS AC
welding power supply. The experiment was pressurized using a 3.79 L bladder-
type accumulator charged by a 13.8 MPa nitrogen cylinder and controlled using
Swagelok pressure-reducing and back-pressure regulators. Up to 870 kPa of pump

head was supplied using a Micropump GC-M25 pump.

Commissioning data was gathered using a 93.2 cm long by 4.6 mm inside diam-
eter Inconel 600 test section at 2.0 MPa with inlet temperatures from 126-180°C,
representing inlet qualities of -0.2 to -0.08, and mass fluxes of 1500 and 2000 kg
m~2 s~!, Maximum outlet quality was 0.07. Heat transfer was measured using elec-
trically isolated thermocouples 2, 4, 9, 14, 24, 34, and 44 cm from the test section
outlet. Using the most reliable thermocouple 4 cm from the test section outlet, and
including only data that had a heat balance error of less than +2%, the Petukhov-
Popov and Gnielinski correlations for single phase heat transfer overpredicted ex-

perimental results with mean errors of 10.2% and 19.1% and standard deviations
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of £3.0% and +3.3% respectively. Several subcooled boiling correlations showed
good predictive capability for the present results. The Thom correlation predicted
subcooled boiling heat transfer 4 cm from the test section outlet particularly well
with a mean error of 0.5% and a standard deviation of +14.1%. Low mass quality
saturated boiling data was predicted with a mean error of 15.3% and a standard de-
viation of 18.0% by the modified Chen correlation. Overall the preliminary results
show good quantitative agreement with existing correlations. More data will be
gathered in the near future to corroborate these results and verify the experimental
capabilities at a wider range of pressures and flow rates.

The experiment will be used in the future to gather transient critical heat flux
data. The experimental measurement accuracy, measurement speed, maximum in-
let temperature, and flow control will be improved. This will be achieved by im-
proving the thermocouple shielding and isolation, modifying and adding new data
acquisition instrumentation, adding a heat exchanger at the test section outlet for
inlet preheating, and adding an electronically controlled variac to control the pump

voltage.
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Chapter 1

Introduction

Thermo- and fluid dynamics have been important to human beings for as long as
they have existed. Animals demonstrate a primal understanding of thermodynam-
ics when they leave the hot sun to cool off in a lake. People have been applying
heuristic knowledge of thermal and fluid dynamics for as long as they have cooked
with fire and travelled on waterways. The formal study of these phenomena began
with the Greek philosophers and they remain open fields of inquiry whose further
understanding will continue to benefit civilization [1]. Modern applications of ther-
mal and fluid dynamics are becoming more and more specialized but are based
on essential discoveries and theories formulated by scientists like Newton, Fourier,
Reynolds, and Prandtl [2, 3].

Knowledge of heat transfer—heating and cooling—is essential in nearly every
aspect of industrial processes. Raw materials must be heated to make steel. Tooling
and workpieces must be cooled during milling and manufacturing. High-powered
electronics must be cooled to prevent melting and to operate efficiently. Energy is

transported from fuel to generator as heat in thermal power plants. The environ-
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ments inside of buildings are controlled by heating ventilation and air conditioning
(HVAC) systems. Research in thermal and fluid dynamic systems has developed in
parallel with all of these and many other technologies that improve the quality of

human life on Earth.

Heat transfer is especially important in nuclear power plants. Nuclear fission
releases heat energy in ceramic fuel. This energy must then be transported to the
turbine which drives a generator to produce electricity. The process of heat transfer
in the fuel, from fuel to coolant, and from the coolant to the ‘heat sink’ must be
understood in order to design and operate the reactor safely and efficiently. During
accidents heat transfer processes are even more important. The fuel temperature
must be limited to prevent the release of fission products and prevent damage to the
reactor. Heat transfer processes place limits for the safe operation of nuclear power

plants.

Nuclear energy is capable of providing large quantities of clean, carbon-dioxide
emission free electricity. It currently provides over 50% of the electricity in Ontario
on average. As evidence mounts in support of climate change due to anthropogenic
emissions consumers will turn to electrically powered vehicles and utilities may
opt to close coal-fired generating stations. Continued improvement in the safety
of nuclear power plants is essential to minimize risk to public health and maintain
public and government support for this reliable energy source as existing plants age
and new ones are built. The heat transfer research presented in this thesis is highly

relevant to improving the safety analysis and design of nuclear power plants.

Heat refers to thermal energy being transported through or between different

physical mediums. Thermal energy is the kinetic energy due to the motion of the

2
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molecular constituents of a medium along 1 or more of their degrees of freedom
including translation, vibration, and rotation. Most often heat transfer is studied at
the macroscopic level—a scale which can nominally be seen with the naked eye. In
this case a continuum mechanics approach can be taken and whole, statistical popu-
lations of particles can be observed that have continuum thermodynamic properties

like temperature, pressure, or heat capacity.

Thermal energy can be transported in three fundamental ways: radiation, con-
duction, and convection. These concepts are covered in the introduction to [2]. In
all three cases, in the absence of external drivers, heat moves from mediums with
high temperature to those with low temperature. In convection, the heat transferred
per unit area or heat flux is directly proportional to the difference in temperature and
the heat transfer coefficient (HTC). This is expressed mathematically as ‘Newton’s

Law of Cooling’ shown in Equation 1.1.

§=hTy~Ts) (1.1

The heat transfer coefficient is a complex function of fluid properties—that are
themselves dependent upon pressure and internal energy—and the fluid kinematics
in the vicinity of the heated surface. Except in a few exceptional cases they cannot
be derived from theory and must be calculated using empirical correlations fitted to
experimental data.

This thesis presents new experimental results from a convective heat transfer
experiment that was constructed as part of the author’s Master’s research. Pure
water was pumped through an electrically heated Inconel 600 tube with an internal

diameter of 4.6 mm. The test section was was operated with an outlet pressure of
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2.0 MPa with inlet mass fluxes from 1500 to 2000 n—;;% and inlet flow qualities from -
0.20 to -0.08. Data was collected for single phase heat transfer, subcooled (nucleate)
boiling heat transfer, and saturated boiling heat transfer. Future experiments will

measure critical heat flux (CHF) and post-dryout (PDO) heat transfer.

The experimental facility is being developed to remedy a perceived lack of ex-
perimental heat transfer and CHF data for tubes with diameters less than 8 mm and
CHEF data for all sizes of tubes at intermediate pressures [4, 5, 6, 7]. In some cases
data has been gathered for small tubes but the experiments were performed using
a refrigerant as the working fluid [8, 5]. In order to use these data for applica-
tions using water—or any other fluid—a fluid-to-fluid modeling technique must be

used—which adds an additional level of uncertainty [9].

More robust experimental heat transfer and CHF data for small tubes and low to
medium pressures is important for several reasons. The effect of tube diameter—
while keeping other parameters constant—on CHF is significant [10]. There is
a large amount of CHF data available for pressures of 6.9 MPa (1000 psi) and
above—the nominal operating range of most nuclear power plants. Data for low and
medium pressures are needed because accidents may result in transients to lower

pressures or occur while the reactor is at low pressure during a shut down.

Power, flow, and pressure transients may occur during potential nuclear reactor
accidents; the experimental facility described herein has been designed to capture
transient data. Depending on the type of accident these transients may occur inde-
pendently of one another or simultaneously. Comparing the results of very funda-
mental experiments to the output of the thermalhydraulic system codes used in the

nuclear industry will demonstrate how well they are able to predict the interactions

4
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of these phenomena. Details of the design and construction of the experimental

apparatus are presented in Chapter 3.

1.1 Background

1.1.1 Modes of Convection Heat Transfer

Forced convection means that the fluid heat transfer medium is being driven through
the heated channel by a mechanical force. The mechanical force is often a pressure
gradient along the longitudinal axis of the channel that is generated by a pump. For
a given fluid, geometry, and set of thermal boundary conditions steeper pressure
gradients will generally result in higher average fluid velocities and more rapid
transport of thermal energy from the channel. In contrast, fluid motion is generated
by buoyancy forces during free or natural convection. Cooler, denser fluid is drawn
downward by gravity. This results in a flow pattern as fluid is heated, rises, then
cools and sinks. Free and forced convection heat transfer are covered in detail in
[2].

Single phase flow means simply that only one phase—gas or liquid but not
both—of one type of fluid is present. In boiling fluids the heated surface tempera-
ture is sufficiently high that vapour is generated. Boiling can occur even if the mean
or ‘bulk’ fluid temperature is not yet at the boiling point or ‘saturation temperature’
for a given pressure. To extend this definition a multiphase flow could refer to any-
thing from the gas and liquid phases of a single fluid flowing together, boiling or
not, to the flow of multiple different gases, liquids, and solids together. For the re-

mainder of this thesis ‘boiling’ will refer to flows where vapour is being generated
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from a single species of fluid. Two-phase flow refers to the flow of the liquid and
gas phases of a single species flowing together regardless of whether or not vapour
is being generated. Collier has written a definitive reference on forced convection
boiling and condensation in channels [11]. The physics of liquid-vapour interfaces

and phase change is covered in detail in Carey [12].

Heat transfer in single and multiphase flows is often estimated using correlations
of experimental data based on dimensionless parameters. These are usually in the
form of an expression that relates fluid properties and other system parameters to
the dimensionless temperature gradient at the interface between the heated surface
and the fluid called the Nusselt number, Nu. The Nusselt number is defined in
Equation 1.2. The thermal conductivity is evaluated at the bulk fluid temperature at

a given axial position.

(1.2)

Convection is a complex phenomena that involves both fluid properties like
thermal conductivity that vary non-linearly with presure and temperature and fluid
kinematics that are nearly infinitely variable. In two- and multi-phase flows this is
further complicated by interphase thermodynamic disequilibrium, discontinuities
in fluid properties, and discontinuities in momentum forces between the different
phases. As a result heat transfer coefficients cannot, in most caes, be easily or accu-

rately predicted without using empirical correlations based on experimental results.
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1.1.2 Momentum and Thermal Boundary Layers

In forced convection heat is transported into the fluid from a heating surface and
then convected away with the fluid as it travels through and leaves the channel. At
the heating surface there is friction between the solid wall and the fluid. In the
vast majority of cases a ‘no-slip’ boundary condition is used at the wall whereby
u(y) = 0 when y = 0 where u is the velocity as a function of distance from the
wall, y.

Single-phase flows are nominally separated into two regimes: laminar and tur-
bulent with a transition region in between. In the former case the momentum forces
are relatively ‘small’ and the viscous forces are sufficient to damp out small scale
velocity fluctuations. The Reynolds number Re, shown in Equation 1.3, is a di-
mensionless ratio of momentum forces to viscous forces that is used to characterize
flows as either laminar or turbulent, or in the transition regime. Single phase flow

regime transition criteria are shown in Table 1.1.

Re — (”“D ) (13)
L

0 < Re <2300 Laminar Flow
2300 < Re < 10° Transition Region
10° < Re Turbulent Flow

Table 1.1: Nominal single phase internal flow laminar-turbulent transition criteria

Turbulent flows are formed when viscous forces are unable to damp perturba-
tions to laminar flow. Turbulent flows are characterized by ‘random’ 3-dimensional
velocity fluctuations at the macroscopic level and very strong ‘mixing’ of the fluid

in the bulk flow. In turbulent flow there is a small region near the wall where the
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fluid velocity is small. This region near the wall in turbulent flow is a laminar ‘sub-
region’ of what is called the ‘boundary layer’ that must be treated separately from

the bulk turbulent flow.

The boundary layer mentioned above is called the ‘momentum’ boundary layer
where the fluid velocity develops near the wall. The fluid velocity as a function of
distance from the wall can be related to the viscous shear stress by Newton’s law of
viscosity shown in Equation 1.4. The shear stress can be thought of as the ‘friction’
between infinitely thin concentric layers of fluid.

T = ,ug—; (1.4)
There is also a ‘thermal’ boundary layer where the temperature as a function of
distance from the heated wall changes rapidly. The fluid has a near-uniform tem-
perature outside the thermal boundary layer and, for turbulent flow, a near-uniform
velocity outside the momentum boundary layer. The Prandtl number, shown in
Equation 1.5, is a dimensionless ratio of the effectiveness of momentum to thermal
transport properties, represented by the dynamic viscosity and thermal conductivity
respectively. The Prandtl number, Pr, is an indicator of the relative ‘thicknesses’

of the momentum and thermal boundary layers.

Pr= (i’ﬂ) (1.5)

In turbulent flow the boundary layer is crucial to the understanding of convective
heat transfer. Heat is ‘conducted’ through the laminar sublayer and transported

away by the bulk turbulent flow. The fluid velocity profile becomes flattened in
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the centre. This is shown in Figure 1.1. As Re increases and the velocity profile
flattens the boundary layer becomes thinner. The thermal resistance of the smaller
boundary layer is reduced and heat is more quickly transported to the turbulent
bulk flow. As a result, heat transfer from the wall is increased. Schetz provides a

thorough introduction to boundary layer theory in [3].

Laminar Velocity
Profile

osvom -

5 N Turbulent Velocity
/ \ Profile

u(y)

Figure 1.1: Laminar and Turbulent velocity profiles for pipe flow

1.1.3 Boiling in Convection

In order for boiling to occur on a heated surface several conditions must be met:
the wall temperature must exceed the saturation temperature of the fluid at the lo-

cal pressure. If the heat flux—the heat energy per unit area normal to the heated
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surface—is sufficiently high boiling will occur near the heated wall even if the bulk

temperature of the fluid is lower than the saturation temperature—or ‘subcooled.’

Second, there must be small ‘pores’ in the heated surface called ‘nucleation
sites’ where vapour ‘seeds’ can form vapour bubbles. Nucleation at a heated sur-
face at these sites is called ‘heterogeneous’ nucleation. This can occur at relatively
low wall superheats—when the wall temperature exceeds the saturation tempera-
ture by a small amount. Otherwise boiling will not occur until ‘homogeneous’
nucleation—spontaneous generation of vapour bubbles in the midst of the fluid—is
initiated which is unlikely until the bulk fluid temperature far exceeds the saturation

temperature.

Boiling in convection is associated with heat transfer rates up to double or triple
those of single phase turbulent convection heat transfer. Several properties of boil-
ing flow contribute to these high heat transfer rates. Nucleating bubbles leave a
turbulent wake behind them when they detach from the surface. This turbulent
mixing in the near-wall boundary layer enhances heat transfer—see [13] for more
on single phase turbulent mixing and [14] on boiling enhancement of near-wall tur-
bulent mixing. Secondly, a significant amount of energy, called the latent heat of
vapourisation (hpy) is required for a liquid to change phase into vapour. The en-
ergy content of vapour is much higher than that of liquid despite the fact that at the
saturation point they have the same temperature. Latent heat allows for very high

quality energy to be transported efficiently away from the heated surface.

Finally, when there is bulk vapour generation and total mass flux is constant—
vapour does not condense in the bulk liquid because it is saturated—vapour may

be accelerated to very high velocities. The degree of vapour acceleration depends
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on many factors including but not limited to the local void fraction and the ratio
of the liquid and vapour densities. The high vapour velocities increase turbulent
mixing and the mean velocity of the of the two-phase mixture significantly. These

phenomenon enhance saturated forced convective heat transfer.

1.1.4 Two-Phase Flow Regimes

As mentioned above two-phase flows are complex because of the presence not only
of two phases with different properties but also the interfaces between them. De-
pending on the relative amount of each phase and the relative values of their ther-
modynamic properties the size and distribution of the interface(s) between phases
can change drastically.

The vapour quality or mass fraction is a measure of the fraction of the total mass
flow made up by vapour. Its definition, at thermodynamic equilibrium, is shown in
J

Equation 1.6 where £ represents the fluid enthalpy in ]Z_g'

. hy —hp,
h’LV

(1.6)

Although thermodynamically 0 < 2 < 1 it is often extended to negative values
to indicate the level of subcooling below the liquid saturation enthalpy. In addition,
even though the bulk fluid may be subcooled there may be vapour present due to
nucleation in this case the thermodynamic or ‘equilibrium’ quality is still negative
but the flow quality, z,, at some points in the flow field may be positive [15].

Similarly, the void fraction refers to the area fraction of vapour at the local
cross section of a channel. The void fraction can only be estimated ‘analytically’

for homogeneous flow—where the liquid and vapour phases flow with the same
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velocity and temperature—at thermodynamic equilibrium. Thermodynamic equi-
librium rarely exists in flows that are being heated or cooled and liquid-vapour
phase homogeneity is a stylized approximation that is only valid for a narrow range
of parameters. Void fraction is, like heat transfer, a very complex phenomenon in
two-phase flows that is related to many thermo- and fluid dynamic properties. It is

usually estimated using empirical correlations based on experimental data.

As liquid and vapour velocities within two-phase flows change, the liquid-
vapour interfaces take on characteristic structures called flow regimes. For vertical
upward flow the flow regimes include: bubbly flow, slug flow, churn flow, annular
flow and drop flow [16]. In diabatic flow the flow regime can vary in the axial di-
rection as the void fraction increases so that two or more of these flow regimes may
be observed in a single channel. Each of the flow regimes that may be present in

vertical upward co-current flow is described below and shown in Figure 1.2.

Bubbly flow: Bubbly flow contains many small uniformly distributed vapour bub-
bles that travel at a higher velocity than the bulk liquid. In subcooled boiling
vapour bubbles are distributed mostly near to the wall before they condense

in the bulk liquid.

Slug flow: In slug flow vapour bubbles coalesce and create large ‘slugs’ of vapour.
The ‘slugs’ travel at high velocity through the centre of the channel at regular
intervals leaving a layer of liquid on the surface as they pass. A turbulent
wake of bubbly flow may follow each slug before the next one passes. Flow
reversal may take place in the liquid film as the slug passes before it is drawn

into the slug bubble’s wake.
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Bubbly Flow Slug Flow Churn Flow Annular-Mist Drop Flow
Flow

Figure 1.2: Two Phase Flow Regimes

Churn flow: Churn flow is similar to slug flow in some ways. In churn flow the
bubbles may be significantly elongated and irregularly sized. The liquid-
vapour interface betweeen the fluid on the wall and the vapour in the centre
is very violent and contains many disturbance waves. The vapour core may

contain many entrained droplets and liquid film flow may be reversed.

Annular flow: In the annular flow regime there is a ‘core’ of vapour flowing at
high velocity in the centre of the channel surrounded by a liquid film on the
channel surface. The liquid-vapour interface is relatively smooth. The lig-
uid film flow direction is uniformly in the positive axial direction. Irregular
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