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ABSTRACT
Different modes of experimental data are reported for water boiling at sub-atmospheric
pressure. These experimental modes were pool boiling on an isolated tube and flow
boiling over a tube bundle and on a vertical wall. As part of this study, a low-pressure
evaporation rig was designed, constructed, commissioned and operated in the school of
Engineering and Physical Science at Heriot-Watt University to investigate the effect of
pressure on the thermal performance of isolated tubes, a tube bundle and a heated wall.
The experimental study on an isolated tube was undertaken at sub-atmospheric
pressures in the range 50-850 mbar for heat fluxes of 5-80 kW/m² using two different
tube material; brass and stainless steel. The experimental study of water flow over a
heated tube bundle was undertaken at the same sub-atmospheric pressures of 50-850
mbar but using flow rates of 20-70 l/min with heat fluxes of 10-65 kW/m². Boiling tests
for flow on a heated vertical wall were undertaken at sub-atmospheric pressures of 50850 mbar for heat fluxes of 20-70 kW/m² and flow rates of 20-40 l/min.
The experimental results show that the boiling characteristic changes significantly as the
pressure is reduced. At lower pressure, a higher wall superheat was required to cause
nucleation. The shape and size of bubbles varied, with multiple small bubbles observed
at 850 mbar and single large bubbles observed at pressure of 50 mbar. The wall
superheat changed considerably at sub-atmospheric pressure as the material of the
heater changed.
Different correlations were used to predict nucleate boiling at reduced pressures. The
comparisons of the correlations with the experimental data showed that the predicted
wall superheats for the brass tube by the Gorenflo correlation was most accurately
predicted for pressures of 120 mbar and higher. The Churchill and Chu correlation
predicted wall temperatures reasonably for the stainless steel tube boiling data
indicating that natural convection dominated the regime, even at high heat fluxes where
it was in the fully developed boiling region. The tube bundle operated in the natural
convection regime, even at high flow rates. The Gorenflo - Churchill and Chu
combination model showed a reasonable prediction of the measured data from the subatmospheric boiling tests. The data obtained for flow boiling on a heated vertical
stainless steel wall indicated that the heat transfer regime was natural convection. The
Churchill and Chu correlation gave well predictions to the measured data at singlephase and sub-cooled boiling conditions for pressures of 50 and 850 mbar.
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Chapter 1

INTRODUCTION

At the Sellafield nuclear waste processing facility site in Cumbria, there were three
evaporators A, B & C. A & B were built in the 1960s and C in the 1980s. These
evaporators were used to concentrate the highly active effluents referred to as Highly
Active Aqueous Raffinates from reprocessing nuclear fuel from Magnox reactors and
oxide fuel from pressurised water reactors and boiling water reactors. The evaporators
concentrate the raffinate to produce Highly Active Liquor, HAL, so that at a later date
the HAL can be vitrified and stored for the long term [1].
Corrosion mechanisms challenge the integrity of the evaporators’ components. The base
and coils of the evaporator that provide primary containment of the highly active
material being processed. The process liquors contact the inner surface of the vessel and
outer surface of the coils, corroding these components, causing them to thin.
In the late 2000’s, Sellafield Ltd recognised that it would face a shortage of Highly
Active evaporative capacity as Evaporators A, B and C were approaching their end of
life corrosion limits. Due to uncertainty in the capability of Evaporators A & B to meet
the Magnox Operating Plan (MOP) requirements, Sellafield Ltd decided to reserve
sufficient evaporative capacity to process all the remaining Magnox fuel and as much
THORP fuel as possible in Evaporator C, whilst ensuring completion of the MOP by
2020. At the time, this made Evaporator C strategically important to the UK, as it is the
only evaporator capable of processing the nuclear waste that comes from the
reprocessing operations [1].
An assessment of the remnant life of Evaporator C was needed to ensure that sufficient
corrosion allowance, i.e. metal thickness, was available to complete the MOP, as
Magnox fuel degrades during pond storage and there is currently no other option
available to provide long-term safe storage [1].
The limited evaporative capacity at Sellafield Ltd constricted the reprocessing and
decommissioning operations. Therefore, Sellafield Ltd decided to construct a new
evaporator, Evaporator D, to provide the needed evaporative capacity to ensure the
completion of these operations. The construction of Evaporator D started in 2009 as an
extension of the High Level Waste Plants complex, which also contains the other
previously mentioned evaporators [2].
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Evaporator D, Figure 1.1, has been commissioned and is now operational. It was one of
the biggest industrial projects recently undertaken in the UK. The cost of the new
evaporator was £750 million [2].

Figure 1.1: New evaporator during manufacturing [3]

The corrosion mechanisms that challenge the integrity of the evaporators are
temperature dependent, with the corrosion rate increasing with increasing temperature.
Thus, operating at a reduced vessel pressure, which reduces the saturation and metal
surface temperatures, will reduce the corrosion rate. Sellafield Ltd have to ensure that
the evaporators have sufficient wall thickness to support operating at vacuum pressure.
In order to support the assessment of the surface temperature of Evaporator C, and to
provide information that will maximise the life of the new evaporator, Evaporator D,
National Nuclear Laboratory, NNL, is building a Computational Fluid Dynamics (CFD)
model of Evaporator C. The effects of heat transfer on the surface metal temperatures
will then be predicted with improved confidence. This innovative solution would need
validation. One important step towards this is using experimental results from the onequarter scale, thin-slice model of Evaporator C located at Heriot-Watt University,
Figure 1.2.
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Figure 1.2: The quarter-scale evaporator model at Heriot-Watt University

The quarter-scale, thin-slice model at Heriot-Watt University produced some very
interesting results. These results suggested that both convection and sub-cooled boiling
could be present. This was caused by the increase in the sub-cooling that occurs at the
low pressure, a sub-cooling that is even larger when the pool height is increased. The
increase in sub-cooling is produced by liquid recirculating within the pool. However,
the results were difficult to interpret because the heat transfer and flow conditions were
generated by the process and were therefore not controllable [4]. Therefore, more
detailed knowledge was required to deduce which correlations for convective and
3
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nucleate boiling heat-transfer coefficients and pressure drop were recommended. This
knowledge could be gained from complementary controlled experiments that allowed
the amount of boiling and convection to be determined. This study was initiated to
provide that knowledge and to provide information that will help maximise the life of
the new evaporator. Several additional low-pressure evaporation rigs were designed,
constructed, commissioned and operated in the school of Engineering and Physical
Science at Heriot-Watt University to allow the controlled experiments to be undertaken.
This study gives a literature review of fundamental boiling and other relevant research
on boiling at sub-atmospheric pressure. This information was used to supplement the
study of the effect of pressure on thermal performance. Various correlations are
evaluated against the experimental data obtained in a series of experimental tests that
were carried out on the group of low-pressure evaporation rigs.
One of the key features of the new rigs were their ability to be operated at subatmospheric pressures, as low as 50 mbar. The rigs were constructed to enable the
simple switching, by means of re-routing the fluid flow path, between different
experimental rigs. These experimental modes were pool boiling of water on an isolated
tube, flow boiling of water over a tube bundle and flow boiling of water on a vertical
wall. The experimental study on an isolated tube was undertaken at sub-atmospheric
pressures in the range 50-850 mbar for heat fluxes of 5-80 kW/m² on two different tube
materials; brass and stainless steel. The experimental study of flow over a heated tube
bundle, was undertaken at sub-atmospheric pressures of 50-850 mbar, using flow rates
of 20-70 l/min with heat fluxes of 10-65 kW/m². Boiling tests for flow on a heated
vertical wall were undertaken at sub-atmospheric pressures of 50-850 mbar for heat
fluxes of 20-70 kW/m² and flow rates of 20 and 40 l/min.
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2.1

Introduction

In some applications the boiling surface temperature needs to be low to reduce the
corrosion rate such as in evaporators used to process nuclear waste. Decreasing the
saturation pressure can be an effective solution, because any decrease in the saturation
pressure leads to a reduction in the boiling or saturation temperature. This temperature
reduction is translated to the boiling surface. This is especially true when water is used
as the boiling liquid, as it has a high thermal conductivity and large heat of vaporization.
Boiling in vessels is a typical application of low pressure boiling. Thermo-syphons, heat
pipes and some other thermodynamic cycles rely on boiling at sub-atmospheric
pressures. This chapter reviews the literature related to research on fundamental boiling
and other relevant research works on boiling at sub-atmospheric pressure. In addition,
the correlations that are used in prediction of the heat transfer coefficient are reviewed.
2.2

Fundamentals of boiling

As early as the 1920’s, Nukiyama [5], Jacob and Fritz [6] and other scientists
worldwide started to investigate heat transfer under different boiling conditions because
of its high performance and capability to transfer heat at very low wall superheat
temperatures. The earliest studies of boiling heat transfer concentrated on understanding
the phenomenon of boiling and on the derivation of the empirical correlations needed to
predict the nucleate boiling mechanism. Over the past 100 years, boiling heat transfer
has been widely used in the power industries and it has been applied to many industrial
applications such as kettle re-boilers. Correlating equations of such systems were
developed in order to predict the heat transfer coefficient.
In heat transfer books, boiling is known as the process of phase change from liquid to
vapour (gas) by heating it above its saturation temperature. Several types of boiling
have been defined, based on the mechanism that existed in different geometric
configurations. Two main types of boiling have been defined; pool and flow (forced
convective) boiling. In pool boiling the heat is transferred to a static fluid in a pool. In
flow boiling the fluid has a velocity relative to the heating surface.
There are two different types of pool boiling heat transfer mechanisms, nucleate boiling
and film boiling. In the first mechanism, nucleate boiling, heat is transferred mainly by
vapour bubbles nucleating, growing and eventually separating from the surface. In the
5
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second mechanism, film boiling, the heat is transferred by radiation and conduction
through a film of vapour that covers most of the heated surface and the liquid
evaporates at the vapour-liquid interface.
2.3

Pool boiling

Pool boiling is the process of heating a surface to a temperature higher than the
surrounding liquid’s saturation temperature. It is similar to natural convection in its
mechanism of no external force that causes fluid motion. However, the difference
between the surrounding liquid density and density of vapour that is created by the
evaporation process causes active fluid motion during pool boiling.
2.3.1 Pool boiling curve
In the early thirties, a famous experiment was done by Nukiyama [5], platinum wire
submerged in a pool of saturated liquid water at ambient pressure was subjected to a
heat flux,

at the wire surface. The heat flux was found to be a function of the excess

temperature, Δ

, defined as difference between the wire surface temperature,

the fluid saturation temperature,

, and

. The result of the experiment is illustrated in

Figure 2.1. The relationship between the wall superheat, Δ

=

flux is known as the Nukiyama curve, or the pool boiling curve [5].

Figure 2.1: Boiling curve for pool boiling [7]
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As the heat flux is increased, the first region O-A has no bubble formation, and the heat
is transferred between the hot surface and the liquid by the single-phase natural
convection mechanism. As the surface heat flux increases, at a specific value of wall
superheat (point A), bubble nucleation appears on cavities that exist on the heater
surface. This point is known as the onset of nucleate boiling, ONB. If the liquid wets the
surface well, the onset of nucleation boiling is likely to be delayed (point A´). As result
of sudden activation of a great number of cavities, the temperature of the surface
reduces, while the heat flux remains constant (region A´-A´´). As the surface heat flux
increases more, nucleate boiling begins at the onset of nucleate boiling, and the slope of
the curve increases sharply.
Initially, detached bubbles rise due to gravity from randomly distributed local active
sites (region A-B). As the heat flux increases further, the density of active sites and the
frequency of bubble release increases. The transition to fully developed nucleate boiling
from separated bubbles (region B-C) exists when bubbles at a given site start to
integrate in the vertical direction as well as with other bubbles from the neighbouring
sites. As the heat flux increases further, intensive evaporation near the bubble site leads
to recurrent dry sites on the surfaces that are re-wetted by the surrounding liquid (region
C-D). Eventually, vapour is generated at a level that is so high that it interferes with the
capability of the liquid to re-wet the surface, causing an increase in the surface
temperature because the surface is completely covered with vapour. Heat transfer is
therefore by radiation and conduction through the poorly conductiving vapour layer
(region D-E). This behaviour results in a dramatic decrease in the curve slope. The heat
flux that initiates this phenomenon (point D) is recognized as the critical heat flux,
CHF, and represents the maximum extent of the developed nucleate boiling region. The
heat flux at point E is known as the minimum heat flux. The region between nucleate
and film boiling (region D-E) is called the transition boiling region. This region is
highly unstable and completely unreachable with constant heat flux boundary situation.
In the film boiling (region E-F) the thin film of vapour covered entire wall, the heat
transferred by radiation and conduction at the interface between the liquid and the film
[5].
2.3.2 Natural convection.
Natural convection is fluid flow which is caused by a spatially nonuniform fluid density
distribution [5]. The nonuniformity in density is a consequence of inhomogeneous
7
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distribution of temperature. The thickness of the boundary layer on a tube is a function
of the angle . The angle at the bottom of the tube is zero

as shown in Figure

2.2. Therefore, the solution that worked for the natural convection over vertical plate
does not work for the horizontal tube case.

Figure 2.2: Boundary layer for natural convection over horizontal cylinder [7]

2.3.2.1 Natural convection on horizontal tube.
There are large amounts of literature for natural convection from horizontal tubes, more
than for all other orientations. This is likely because of the symmetric nature of
horizontal tubes. One of the all-encompassing reviews of natural convection of
horizontal tubes was that of Boetcher [8]. In the manuscript, the authors separated the
literature into two categories; early investigators focused on analytical methods and
modern investigators focused on using computational fluid dynamics.
The heat transfer from a horizontal tube at small Rayleigh numbers of
forms a laminar boundary layer around the tube [9]. It is expected to be turbulent at
higher Rayleigh numbers.
Churchill and Chu [10] recommended correlations on natural convection for laminar
and turbulent flows on a horizontal tube. For laminar flow, they used the limiting
expressions of Nusselt number from Saville and Churchill [11] to obtain the following
expression for the average Nusselt number. For Prandtl numbers in the range of
the correlation is
(2.1)

where the Grashof number

is
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(2.2)

Where

is the thermal expansion coefficient and

the dynamic viscosity. However,

Churchill and Chu used experimental data from Collis and Williams [12] in order to
obtain
(2.3)

where

recommended as lower limit of reliability.

2.3.2.2 Natural convection on a vertical plate.
There are many studies of natural convection on vertical plates. One of the allencompassing reviews of natural convection of an enclosure was that of Akhil [13]. In
this paper, the studies of natural convection heat transfer in an enclosure reviewed
heated plates at different positions with different boundary conditions.
Churchill and Chu [14] recommended correlations for the Nusselt number including
correlations for laminar and turbulent convective heat transfer from a vertical plate.
These equations provide a good representation of free convection heat transfer from an
isothermal vertical plate and a uniformly heated vertical plate over a full range of
Rayleigh numbers and Prandtl numbers, 0 to

.
(2.4)

2.3.2.3 Nucleate pool boiling heat transfer
Accurate heat transfer correlations are required to design heat transfer equipment, such
as heat exchangers. The coefficient of boiling heat transfer is defined as [15]
(2.5)

The heat transfer from nucleate pool boiling is strongly linked with the bubble activities
resulting from a combination of three interacting mechanisms:
1- Transient heat conduction; the conduction in the liquid creates a thermal boundary
layer in the neighbourhood of the heated surface that is cyclically removed during
growth and departure due to the hydrodynamic drag by bubbles.
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2- Enhanced heat convection; the growing and departing bubbles generate liquid
movements and create convective streams that contribute to heat transfer.
3- Evaporation; heat is removed from the heating surface in the microlayer by the
vaporization process.
In general, the coefficient of heat transfer can be predicted by knowing the density of
active nucleation sites, the heat transfer in every bubble cycle and the frequency of the
bubbles [16]. However, the contribution by these mechanisms have not been sufficiently
obtained nor are analytical treatments sufficiently developed. Therefore, there are many
experimental correlations that exist in the literature.
One of the earliest correlations was that of Rohsenow [17].

The correlation was

formulated as a single phase forced convection correlation based on the bubble
commotion mechanism, and is given by
(2.6)

where

is the specific heat of the liquid,

respectively,

is the surface tension and

transfer coefficient,

&

are gas and liquid density

is the liquid Prandtl number. The heat

, is obtained from
(2.7)

The exponent values for all fluids are

= 0.7 and

Rohsenow [17] recommended setting m =0,

= 0.33 except for water where

is a surface coefficient with different

values for various surface-fluid combinations. Rohsenow [17] proposed some values
with additional values proposed by R.I.Vachon [18].
Montinski in his correlation [19] applied the corresponding states principle to the
nucleate pool boiling heat transfer, neglecting the surface effects, and correlating the
data as a function of the fluid reduced pressure,
Montinskis correlation calculates

, and its critical pressure,

.

in W/m²K via
(2.8)

where q and

must be in W/ m² and kPa respectively.

is a non-dimensional

factor of pressure correction, calculated from
(2.9)
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where
(2.10)

Equation (2.8) is applicable for q ≤ 0.9

,where the critical heat flux,

is found

from
(2.11)

Montinski examined his correlation with a huge bank of experimental data and found
that the accuracy of his correlation for predicting the heat transfer coefficient was
±30%.
A study by Rice and Calus [20] on pool boiling at atmospheric pressure for boiled
water, methanol, toluene and water-isopropanol azeotrope on a heated nickel-aluminium
alloy wire. Their data was correlated by
(2.12)

where

is a factor depending on the ratio between liquid and surface conditions and

is the water absolute boiling temperature at the system pressure. The growth
diameter of the bubble was characterised by

. A modified version of

Borishanskii V. M. [21] was used for the Nusselt number,

,
(2.13)

The Peclet number,

, and absolute pressure function

were calculated from:
(2.14)

and
(2.15)

Stephan and Abdelsalam [22] analysed over 5,000 data points from over 70 published
sources that included different types of fluids, e.g. refrigerants, water, cryogenics and
hydrocarbons. Based on the fluid and thermal properties combined in different
dimensionless groups, the following correlation was proposed for water
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(2.16)

where
in

is the liquid thermal diffusivity ,

and

is the saturation temperature of the fluid

is the diameter of a bubble at departure in m, given by
(2.17)

with = 45° as the contact angle [9].
Nishikawa [23] found a correlation from a curve fitting of experimental data
(2.18)

where

is the molar mass,

critical temperature,

is the critical pressure,

is the reduced pressure and

is the evaporating fluid
is the old surface heating

roughness standard found from:
(2.19)

The nucleate boiling heat transfer correlation of Cooper is one of the most widely used
[24]. It covers reduced pressures from 0.001 to 0.9 and molecular weights from 2 to
200. This correlation includes surface roughness, expressed in μm, reduced pressure and
fluid molecular weight, and is given by
(2.20)

Gorenflo and Kenning [25] proposed a correlation, which included the effect of heat
flux and pressure, the effect of the properties of the fluid and the effect of the properties
of the heater. This method expressed the relationships between the heat transfer
coefficient,

and the heat flux,

heat transfer coefficient,
conditions of

=0.1,

at constant reduced pressure and uses a reference

, specified for each fluid at the following fixed reference
=0.4

and

with

used as the

reference wall material because most of the data in the literature were measured with
copper heaters. The nucleate boiling heat transfer coefficient,

, at other conditions of

heat flux, pressure, heat flux, roughness and wall material was then calculated relative
to the reference heat transfer coefficient using the following expression,
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(2.21)

where his pressure correction factor,

is given by
(2.22)

and the heater correction factor,

, by
(2.23)

The effect of reduced pressure on his exponent

of the heat flux term is given by:
(2.24)

The above method was applicable to all fluids except water and helium. The
corresponding equations for water are:
(2.25)

and
(2.26)

This method is applicable over the reduced pressure range
references values of
,

for water of 5000 W/m² at

to 0.95 bar, with
,

=0.1 and

=220.6 bar and M=18.02 for water.

Cornwell and Houston’s [26] correlation to calculate the heat transfer coefficient was
(2.27)

where
(2.28)

and

is as shown in Equation (2.25).

Pioro [27] recommended Equation (2.29) to find the boiling heat transfer coefficient,
with

suggested to be 1.0 and

to be 0.016 for water and copper. this is a constant

that depends on the nature of the heating surface-fluid combination. The heat transfer
coefficient is found from

13

Chapter 2- Literature Review
(2.29)

where

is the Prandtl number found from
(2.30)

2.3.3 Summary
Churchill and Chu [10] Equation (2.1) & (2.3) recommended correlations on natural
convection for laminar and turbulent flow on a horizontal tube. The Churchill and Chu
[14] Equation (2.3) provides a good representation of free convection from a vertical
plate.
The nucleate pool-boiling curve is dependent on many parameters. The bubble growth
rate and their frequency mostly related to the characteristics of the heated surface and
the thermophysical properties of the boiling fluid. The material of the heated surface is
another of the characteristics that influences the boiling heat transfer curve. There are
many boiling correlations that exist in the literature. Those correlations generally
indicate that boiling is influenced by the bubble commotion mechanism, fluid and
thermal properties, pressure, material and nature of the heating surface.
2.4

Flow boiling

Most refrigeration and power generation systems require the evaporation of the working
fluid. The fluid flows around a tube or annulus. This type of process is known as flow
boiling. Flow boiling exists in the boiler of a Rankine-type power cycle and in the
evaporator of a vapour compression refrigeration cycle. For instance, in a direct
expansion evaporator of a refrigeration cycle, the fluid enters a heat exchanger as a
saturated two-phase mixture at low quality and exits as a super-heated vapour, due to
the heat transfer from the tube surfaces, supplied from another fluid. Flow boiling
occurs in different types of geometry, e.g. flow boiling in heated channels and flow
boiling on a heated tube bundle.
2.4.1 Flow boiling in a heated channel
A flow boiling curve is show in Figure 2.3 and can be obtained for fluid flows inside a
heated channel. The flow boiling mechanisms are more complicated because the liquidvapour flow characteristics change in the flow direction. Figure 2.3 illustrates the forced
flow boiling process in a circular channel for a uniform heat flux boundary condition.
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As the sub-cooled fluid enters the channel, heat is transferred by single-phase
convection, region A, except for the minor variations that result from changes in fluid
properties as the fluid temperature increases in the flow direction. Boiling in the channel
will only occur when the surface temperature reaches a specific value higher than the
saturation temperature (wall superheat). The first bubbles form at the onset of nucleate
boiling, ONB. Sub-cooled flow boiling exists when the bulk liquid temperature stays
below the saturation value and the surface temperature is high enough to form bubbles.
The occurrence of bubble formation at the wall surface has an impact on the heat
transfer between the wall and the fluid, even though these bubbles will condense as they
travel out of the developing saturation boundary layer. Only a small number of
nucleation sites will be active and a part of the heat will be transferred by single-phase
convection between bubble patches. Further along the tube, nucleation sites will
increase and the contribution from nucleate boiling heat transfer will enhance, while the
single-phase convective contribution decreases.

Figure 2.3: Flow boiling in a heated channel [28]

This region is referred to as partial nucleate boiling. The fully developed region begins,
when the wall surface becomes entirely active for nucleation as the bulk fluid is
continually heated. Eventually the saturated nucleate boiling region will be reached as
15
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result of the saturation boundary layer extending to include the entire channel. Further
downstream, the increase of vapour in the flow causes a transition in the heat transfer
mechanism, with a thin liquid film occurring on the wall, referred to as annular flow.
The high effective thermal conductivity is enough to impede the liquid from being
superheated to the temperature required for nucleate boiling. Forced convection
transfers heat from the wall to the liquid-vapour interface, where evaporation occurs
rather than at the wall surface. Nucleate boiling suppression indicates the beginning of
the convective boiling region. Complete liquid film evaporation will occur at certain
vapour quality. This transition causes an increase in the temperature of the wall and is
known as dry-out. The liquid deficient region is commonly referred to as the transition
area between the point of dry out and dry saturated vapour [29].
2.4.1.1 Flow pattern maps for flow in a channel
Flow pattern maps present the flow patterns by plotting the transition boundary lines on
two-dimensional diagrams. The lack of agreement in the classification and description
of the flow patterns is a major cause of difficulty in identifying flow regimes. In 1954
Baker proposed the first flow pattern map of two-phase, gas-liquid flow. This was based
on condensation of petroleum gases in horizontal tubes. Since then different maps of
flow pattern have been shown. Hewitt and Roberts [29], see an example in Figure 2.4,
and Mandhane et al. [30] are the most widely used for vertical and horizontal channel
flows respectively.
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Figure 2.4: Flow pattern map for vertical flow [29]

As the previous flow pattern maps results from observations of experiments, they are
limited to the conditions close to the experimental conditions used to derive them. A
general prediction model for horizontal and vertical flow patterns, based on momentum
balances, was suggested by Taitel and Dukler 1976 and by Taitel et al. 1980 [31] [32].
In their models, non-dimensional parameters were used to generate transition criterion
to define each flow pattern change. Available experimental data for air-water at low
pressure in different angle of inclination and pipe sizes were used to validate the model.
In 1984, Mishima and Ishii [33] indicated that the criteria used in traditional flow
regime maps, mixture flow superficial velocities, was not enough for flow map
formulation and that void fraction and other geometrical parameters should be taken in
account.
2.4.1.2 Flow boiling heat transfer in a channel
There are many correlations for flow boiling of saturated fluids available in the open
literature. The majority of these take in to account the contribution of two mechanisms
of heat transfer, nucleate and convective boiling. Nucleate boiling is recognized by
vapour bubble formation on the heated surface and convection by having a liquid film
on the heated surface with evaporation at the liquid-vapour interface.
Many investigations [34] have found that nucleate boiling dominates the heat transfer
interface as the heat flux increases. When flow boiling is fully dominated by the
mechanism of nucleate boiling, the heat transfer coefficient will increase as the heat flux
17
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increases. It is also independent of vapour quality and mass flux. On the other hand, in
convective-dominated flow boiling, the heat transfer coefficient increases as vapour
quality and mass flux increase, but it is independent of heat flux. In experimental
studies carried out by, Jung et al. [35] [36], the mechanism of convection dominated
boiling heat transfer in conventional single channels at vapour qualities of more than
0.2.
In 1992, Webb and Gupte [37] classified the available models of heat transfer into three
different categories; superposition, enhancement and asymptotic. In the first model,
superposition, the heat transfer coefficient is considered to be the addition of the
contribution from convective and nucleate boiling, e.g. the correlation of Chen 1966
[38] was based on this model. A suppression factor, S, and the pool boiling correlation
of Forster and Zuber 1955 [39] were used to calculate the nucleate boiling term, while
the Dittus-Boelter [40] correlation with an enhancement factor, E, were used for the
convective term. The correlation of Chen [38] gives reasonable results with data at low
pressure, but with high pressure it yields considerable errors [40].
Bennet and Chen, in 1980, [41] introduced a Prandtl number factor into Chen’s
correlation in order to generalize it to cover all fluids. In 1986 the boiling number and
the enhancement factor were included in Chen’s correlation by Gungor and Winterton
[42]. E and S factors were obtained using data from 28 different studies including
several fluids. The pool boiling correlation of Cooper 1984 was also selected by them
for the nucleate boiling coefficient.
The Asymptotic model assumes either mechanism can be dominant. This can be
achieved mathematically by means of a power-type addition of the two terms:
(2.31)

In 1961 Kutateladze suggested this model [43], later, Steiner and Taborek [44] used it in
their correlations with n = 2 and n = 3 respectively. Also the suppression of nucleate
boiling and the enhancement of single-phase convection were present in their
correlations.
For the nucleate term, the pool boiling correlation of Cooper [24] 1984 was
recommended by Liu and Winterton [45], while a new method for the convective an
impact was proposed by Steiner and Taborek, similar to Gorenflo method [46].
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Shah introduced an enhancement model based on single-phase heat transfer
enhancement resulting from the two-phase flow [47] [48]. The coefficient of boiling
heat transfer was obtained by multiplying the coefficient of single-phase heat transfer
with the highest one of three possible enhancement factors; bubble suppression,
nucleate boiling or convective boiling. Kandlikar’s correlation employed a similar
enhancement approach [49]. For vertical saturated flow boiling in conventional tubes,
the correlation of Steiner and Taborek was recommended by Webb and Gupte [50].
2.4.2 Flow boiling on a tube bundle
There is another important process of flow boiling, boiling on the outside of horizontal
tube bundles. This type of boiling is utilized in several systems such as thermosyphons
and kettle reboilers, waste heat boilers, fire-tube steam generators and flooded
evaporators in refrigeration systems. A simplified layout tube bundle is shown in Figure
2.5, with tube uniform heating for up flow boiling. The figure also shows different flow
patterns encountered from the bottom to the top of the bundle, compared with
corresponding regimes of heat transfer.

Figure 2.5: Boiling on horizontal tube bundle [51].

A sub-cooled liquid flows from the inlet nozzle upwards to the bottom of heated tubes.
The liquid is heated up to the saturation temperature and the temperature of the wall
remains lower than that needed for nucleation, the process of the heat transfer is single
phase convection [51].
As the nucleation conditions are met, vapour is generated and the sub-cooled boiling
regime is entered and remains until the saturated boiling regime begins. This occurs
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when the liquid reaches the saturation temperature, similar to that for pool boiling on a
single tube. Bubbly flow occurs in the lower part of the bundle until transition to bubbly
jet flow between adjacent tubes. A two-phase jet of the bubbly flow forms from the top
of the tubes and affects the tubes above. As the local void fraction increases, more
vapour plugs are formed and pass between adjacent tubes, trapping thin layers of
evaporating liquid on the sides of the tubes. This sliding bubble phenomenon was
explained by Cornwell in 1989 [52]. On the top of the bundle, the vapour becomes the
continuous phase and liquid is vaporised from thin films covering the tubes, creating a
frothy spray type of flow [51]. At some critical amount of quality and heat flux, dry out
of the tube can occur with a substantial decrease in heat transfer performance. The
liquid flow regime on the tube bundle of a kettle reboiler was observed by Cornwell
1989 [52]. The flow contained large bubbles that could be described as slugs
interspersed with other smaller bubbles that could be characterized as plug flow or
chugging. At the same critical conditions, the flow changes into spray flow with large
droplets on the tube forming a liquid film.
2.4.2.1 Flow pattern maps for tube bundles
In 1994 Uibrich and Mewes [53] used statistical methods and visual observation to
propose a classification into bubbly, intermittent and dispersed flows on a flow pattern
map, as illustrated in Figure 2.6. The coordinate axes are the liquid and vapour
superficial velocities [53]. Vertical and horizontal visual observations of flow in tube
bundle were used by Xu et al 1998 to identify bubbly, turbulent, churn and intermittent
flows [54].
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Figure 2.6: Shell side flow pattern map using additional flow pattern indicators [54] [55]

However, in 1999, Noghrehkar et al. [55] pointed out that using visual observations as
the only indicator of a flow regime could lead to false conclusions, so the Probability
Density Function (PDF) of void fraction fluctuations was applied as the indicator of the
flow regime, as is shown in Figure 2.7. The use of the PDF method allowed them to
identify flow patterns close to the shell wall. These differed from others in the bundle
core [55].

Figure 2.7: Shell side flow pattern map from visual observations [54]

Bubbly flow is described as discrete vapour bubbles in the continuous liquid phase, as
shown in Figure 2.8(a). The bubbles are generated from nucleation sites on the tube
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walls. In 1980, Kondo and Nakajima [56] noted that the bubble size had to be smaller
than the inter-tube space otherwise annular-dispersed flow occurred, defined by Aprin et
al. [57] as a continuous gas phase with liquid droplets Figure 2.8(b). The vapour phase,
gathered in the channels between the tubes of the bundle, occupy a larger flow fraction
area than the tube spacing. The liquid phase remains in the zone of the recirculation
between the tubes, displaying an irregular motion with waves on the surface around the
tube walls. Intermittent flow is comprised of bubbly and annular-dispersed flows.

Figure 2.8: Flow pattern in bundles for (a) bubbly and (b) annular regimes [57].

2.4.2.2 Heat transfer on tube bundles
Flow boiling across tube bundles is similar to in-tube flow boiling, with models for tube
bundles requiring a correlation for the single-phase contribution through convective heat
transfer. The flow velocity, bundle geometry and fluid properties govern the heat
transfer of forced convective flow across a tube bundle. Experimental results for singlephase flows are correlated by expressions of the form
(2.32)

where

is an empirical constant,

Reynolds number and

and

are dependent on the tube geometry and

is Prandtl number at wall temperature.

Models for boiling on tube bundles are available in the open literature, but most of them
have been developed with a limited database. In 1983, Pale presented a simple method
to estimate the coefficients for bundle boiling,

. It was obtained by superposition of

the natural convection and boiling contributions [58],
(2.33)
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where

is the nucleate pool boiling coefficient,

,

mixture boiling correction factors respectively and

are the bundle boiling and the
is the heat transfer coefficient

for single-phase natural convection on the tube bundle.
It is desirable to calculate the local heat transfer coefficients within a tube bundle, either
as a function of local vapour quality or by position. Applying the corrections to tube
boiling directly for the tube bundles obtains poor results; therefore different adaptions
have been done. For instance, 1986 Hawang and Yao [59] modified the Chen 1966
correlation [38]
(2.34)

Applying a new empirical expression for
boiling suppression factor

and the Bennett et al. 1980 expression for

[60]
(2.35)

where

is a dimensionless variable.

Nucleate and convective boiling contributions were assumed to be additive without a
boiling suppression factor by Cornwell et al.1986 [61]
(2.36)

The Zukauskas and Ulinskas 1985 [62] parameters were applied for ,

and n. The

Nusselt number of local bundle in this expression is the standard single-phase definition
(2.37)

and the Reynolds number of the bundle is calculated based on the velocity of the liquid
as
(2.38)

The coefficient of bundle boiling was proposed by Nakajima 1978 [63] as the
summation of nucleate boiling and thin-film evaporation [63]. The general correlation
for the coefficient of local heat transfer on N the tube row from the bottom of the bundle
is expressed as
(2.39)
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where the void fraction , is used to weight the two contributions. Therefore nucleate
boiling will be dominated at low void fraction while at higher void fraction, thin-film
evaporation becomes controlling. The coefficient of the thin film heat transfer is found
from the dimensional equation
(2.40)

The unit of

is

/ ² and

is the superficial vapour velocity in

/ , calculated

from the energy input of the lower tube rows as
(2.41)

where

is the transverse tube pitch and

is the latent heat of vaporization.

2.4.3 Summary
There are many different correlations for flow boiling in the open literature. The
majority of these take in account the contribution of two mechanisms of heat transfer,
nucleate and convective boiling. Flow boiling across tube bundles is similar to that in a
channel with models for tube bundles requiring a correlation for bundle geometry.
There are two different approachs for predicting boiling on tube bundles; mean bundle
boiling models and local bundle boiling models.
2.5

Boiling at sub-atmospheric pressures

Boiling characteristics at sub-atmospheric pressure are very different from those at
atmospheric pressure. This section reviews the literature related to research on boiling at
sub-atmospheric pressure.
2.5.1 Pool boiling at sub-atmospheric pressures
In 1937 Cryder and Finalborgo reported experimental measurements for a several
liquids boiling at sub-atmospheric pressures, investigating the effect of low pressure on
heat transfer [64].
In 1956 Van Stralen [65] investigated boiling of methyl-ethyl ketone mixture and water
on a electrically heated platinum wire with a pressure range of 0.13-1.0 bar. A reduction
in heat transfer coefficient, delayed onset of nucleate boiling and increased bubble size
during boiling at sub-atmospheric pressures was observed. Twenty years later, Raben
et.al [66] studied nucleate pool boiling of water on a 38.1mm diameter horizontal heated
surface at sub-atmospheric pressures ranging from 1.3 to 101 mbar. The studies
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included the bubble numbers on the surface, bubble departure frequency and the
departure diameter of the bubble. The reason behind their investigation was to identify
and build a better understanding of how pressure affects the mechanisms of heat transfer
in nucleate boiling. They provided a theoretical analysis of nucleate boiling by using the
energy equation to model heat transfer. The convection, vapour-liquid exchange and the
latent heat of vaporization were postulated as the methods of heat transfer during
saturated nucleate boiling.
At very low pressures, the latent heat contribution was found to be insignificant
compared to the exchange of vapor-liquid, for heat fluxes of 80 and 190 kW/m² at
pressures of 1.3 and 101 mbar respectively. Heat fluxes were not extended to give the
vapor slugs or columns regimes or critical heat fluxes. Several other studies have
investigated the vapour bubble departure and uncovered many substantial features for
water at low pressure [67]. In 1967 Cole and Shulman measured and correlated the
pressure effect on departing bubble diameters [68]. Miyauchi [69] tried to explain the
mechanism of nucleate boiling and the suppressed bubble growth rates at subatmospheric pressures. In 1975, Van Stralen et. al., studied nucleate boiling at different
sub-atmospheric pressures in a wide liquid pool of water, rates of bubble growth,
frequencies and diameters at departure were investigated [70].
Joudi and James [71] noted fluctuations in the surface temperature during bubble
incipience. Also, decreasing pressure initiated a decrease in the onset superheat during
their studies of the effect of boiling at sub-atmospheric pressure range of 0.25-1.013 bar
for water, methanol and R-113. Fath and Judd [72] studied evaporation of the microlayer. They observed that a decrease in operating pressure led to higher wall superheats,
and the density of bubble sites increased as heat flux increased.
Tewari et. al. [73] studied nucleate boiling of water and NaCl solution on a horizontal
tube in the pressure range of 0.6-1 bar. They found that the heat transfer coefficient
decreased as the pressure decreased in the nucleate boiling regime.
Experimental and analytical results of the boiling mechanisms of water and acetone in a
closed two-phase thermosiphon at low pressure were used to examine the regime
between intermittent and fully-developed boiling by Niro and Beretta in 1990 [74].
They measured the departure frequencies of the bubble as a function of power and
pressure. In 1991, McGill is et.al. [75] did a similar study on boiling water in a small
horizontal thermosiphon at low pressures. Particularly, the surface temperature
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oscillations caused by the departing, large bubbles are described. In the study, some
effects of micro and macroscopic surface enhancements for pool boiling of water at 40
and 90 mbar were reported [75]. In 2002, K.N. Rainey [76] studied the effects of subcooling, and dissolved gas on the pool nucleate boiling heat transfer performance of
microporous enhanced finned surfaces. The experimental study conditions included an
absolute pressure range of 0.3–1.50 bar. In general, the results showed that the effects of
pressure on both nucleate boiling and CHF were consistent in all tested results.
In 2005, Choon et al. [77] studied pool boiling of water in an evaporator at a subatmospheric pressure of 180 mbar and a heat flux range of 10-50 kW/m². The reduced
pressure correlation of Gorenflo [25] was tested on their experimental data and the
experimental data of McGillis et. al. [75]. At the sub-atmospheric pressures, the reduced
pressure correlation of Gorenflo [25] did not agree with their experimental data or the
measured data of McGillis et. al. [75].
In 2006, A. Pal and Y. Joshi [78] investigated the effects of boiling enhancement
structures at sub-atmospheric pressures of 97, 150 and 210 mbar for the boiling of water
for electronics cooling applications. Liu and Liao [79] investigated, experimentally, the
boiling heat transfer enhancement effects of the restricted space in compact in-line tube
bundles with smooth tubes at sub-atmospheric pressures of 200 and 500 mbar. The test
pressures had a marked influence on the boiling heat transfer enhancement in the
compact bundles, with the heat transfer enhancement effect decreasing with decreasing
test pressure.
H. Feldmann and A. Luke, 2008 [80] presented and compared the most common
calculation methods for nucleate boiling at reduced pressures. The calculation method
of Gorenflo (1984) [81] turned out to be the most accurate one. In 2009, M. Chan et.al.
[82] presented a study of boiling water heat transfer from longitudinal rectangularfinned surfaces at sub-atmospheric pressure of 20, 40, and 90 mbar. Finned surfaces
with assorted fin spacing, fin thicknesses, and fin heights on a copper based surface
were investigated. They found Cooper’s correlation [24] illustrated good agreement
with the pool boiling experimental results.
In 2012, M Shahzad et al. [83] studied boiling seawater, salinity of 15,000 to 90,000
mg/L, on horizontal tubes at sub atmospheric pressures of 93 and 36 mbar. They
proposed a new correlation, which showed good agreement with their experimental
data.
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In 2014, V Kumar [84] studied boiling heat a transfer from horizontal surface to the
pool of distilled water under atmospheric and sub-atmospheric pressures of

to 976-

mbar and a heat flux range of 10 kW/m² to 35.7 kW/m². Their observation was that the
surface liquid combination factor played an important role on the boiling of pure liquids
under sub-atmospheric conditions.
In 2015, F. Giraud et al. [85] studied boiling water on a vertical or horizontal heated
copper disk at sub-atmospheric pressure between 12 and 18 mbar. They observed that
any increase in the liquid height leads to an increase in the minimum wall superheat
required to maintain nucleation and to a decrease in heat transfer. Bubbles grew in a
very inhomogeneous environment, were centimetres in size and presented a particular
shape and a flattening on their base.
L Yu et al. [86] studied the effect of 2-ethylhexanol on water boiling heat transfer at
sub-atmospheric pressures in the range of 18 mbar to 33 mbar on a horizontal copper
rod surface. In this experiment, 2-ethylhexanol was used as the surfactant. They
observed that the boiling heat transfer was enhanced from 22% to 60% as the
concentration of 2-ethylhexanol increased from 500 mg/L to 1000 mg/L and that boiling
heat transfer diminished by 60% when the concentration increased to 2000 gm/L. F.
Menhart et al. [87] investigated the influence of surface properties and pressure on
nucleate boiling. They found that the heat transfer coefficient was enhanced by around
20%, comparing a structured plate with a smooth plate at a sub-atmospheric pressure of
70 mbar.
McNeil et al. [4] examined the boiling regimes of water in the shell side of a model
industrial boiler slice at sub-atmospheric pressures of 850 and 50 mbar absolute see
Figure 2.1. The heat flux was varied within the range 10–70 kW/m². In their experiment
they found that the temperature of the liquid was reasonably uniform and controlled by
the pressure at the free surface. This led to a significant amount of sub-cooling at a
pressure of 50 mbar, up to 31 °C for the larger pool height, and up to 16 °C for the
smaller pool height, and a small amount of sub-cooling at a pressure of 850 mbar. They
also found that boiling occurred at all heat fluxes at a pressure of 850 mbar, while at a
pressure of 50 mbar, boiling occurred only at the higher heat fluxes, with interactive
natural convection being the dominant heat-transfer mechanism a low level. At the high
level convective heat transfer with little interaction between the tubes dominated. Their
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analysis shows that Cooper-based approach and the Gorenflo-based approach predicted
their experimental data equally well.
B. Zajaczkowski et. al. [88] compared sixteen correlations for pool boiling to the
experimental data within pressure range of 0.10-1 mbar for heat flux of 10-45 kW/m².
The experiments were taken in an isolated glass cylinder with water boiling above the
heated copper plate. The results showed that the most accurate correlations for
predicting the heat transfer coefficient were Montinski [19] and the Stephan and
Abdelsalam [9] correlations.
L. Yu et al. [89] studied the characteristics of water boiling heat transfer on a horizontal
copper rod surface at sub-atmospheric pressures lower than 30 mbar. They observed
that when the heat flux is constant, the boiling heat transfer coefficient of water
increased as the pressure increased. The Cooper [24] correlation was not suitable for
predicting their experiment data.
In 2016, F Girauda et al. [90] investigated the specific characteristics of water pool
boiling in narrow channel at sub-atmospheric pressures from 50 to 12 mbar on a vertical
heated copper disk. They found two different trends depending on the pressures : for
pressures of 50 and 30 mbar the heat transfer was generally degraded and for pressures
of 18 and 1.2 mbar the heat transfer was generally enhanced.
In 2017, McNeil et al. [91] reported experimental measurements and investigated
boiling of water and a glycerol-water mixtures at a free surface pressure of 50 mbar
absolute on the shell-side of a thin slice model of an industrial boiler. They observed
that boiling occurs in the mixture at a lower heat flux than in water, 10–25 kW/m²
compared to 25–40 kW/ m². The boiling onset heat fluxes and the natural convection
heat-transfer coefficient shown to be reasonably accurately predicted by correlations
that available in the open literature. At pressure of 50 mbar, the water data were
reasonably well described by Gorenflo [81] whereas glycerol-water mixture data were
reasonably well described when the pure fluid method of Gorenflo et al. [81] was used.
Elsaye et al. [92] reported experimental measurements and investigated the effect of
solids on the heated base of an evaporator vessel boiling water at a sub-atmospheric
pressure of 50 mbar absolute. They used the same as test section as McNeil et al. [4].
The variation in solids bed depth of 0-32 mm was made using glass particles 500600μm in diameter. The tube heat flux was kept at 65kW/m² and the base heat flux was
varied within the range 0-45 kW/m². They found that fluid recirculation was taking
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place as the liquid temperature was constant and close to the free surface saturation
temperature. Where some small solid particles were introduced the liquid temperature
within the solids bed was greater than that in the pool and decreased with increasing
base heat flux. Without solids the temperature of the base was sub-cooled. They found
that the bed presence motivated boiling and, that the bubbles increase in size as the bed
depth and heat flux increased. With increasing base heat flux the temperatures beneath
the bed decreased. Michaie [93] studied the specific features of bubble dynamics in
water pool boiling at sub-atmospheric pressures in the range 42 to 1000 mbar. They
observed increases in bubble size and detachment frequency as the pressure decreases
with the bubbles changing to a mushroom shape from spherical.
In 2018, B. Shen et al. [94] investigated the bubble dynamics on a single hydrophobic
spot in boiling at sub-atmospheric pressure and revisited the theories of bubble
departure for reduced-pressure boiling. They found that the bubble departure exhibited
fundamentally different characteristics than can be captured by classical force-balance
theories. T. Halon et al. [95] studied the enhanced tunneled surfaces for water pool
boiling heat transfer under sub-atmospheric pressures of 7.5–40 mbar. They observed
that the tunnel structures considerably enhance the heat transfer at sub-atmospheric
pressures; even as high as an order of magnitude in comparison to the plain surface.
2.5.2 Flow boiling at sub-atmospheric pressures
In 2007, Barbosa Jr et. al. [96] studied upward flow boiling of water in a vertical tube at
sub-atmospheric pressures of 250, 500 and 1000 mbar. They observed an improvement
in local heat transfer at low quality which they thought resulted from the formation of a
large Taylor bubbles at the onset of nucleate boiling.
2.5.3 Summary
Most of the research done on pool boiling at sub-atmospheric pressure focuses on the
behaviour of bubbles, heat transfer enhancement and on the agreement of some
correlation to the experimental results. The main characterises of boiling at subatmospheric pressure can be summarised as:
 Decreased pressure to sub atmospheric conditions led to a reduction in the heat
transfer coefficient, a delayed onset to nucleate boiling and an increased bubble
size during boiling [65].
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 Decreased pressure to sub atmospheric pressure led to a significantly decrease in
boiling performance [75].
 The proposed correlations Cooper [24], Gorenflo [81] and Stephan and
Abdelsalam [22] produced reasonable agreement with sub atmospheric pressure
pool boiling data.
 Boiling at sub atmospheric pressure produced centimetre size bubbles that
present a particular mushroom-like shape, while spherical bubbles of millimetre
size were produced at atmospheric pressure [85].
 Decrease in pressure produced a ‘new’ boiling regime. This regime is specific to
the sub atmospheric pool boiling and can be referred to as the ‘‘cyclic boiling
regime’’ [85]
 Any increase in the liquid pool height at sub atmospheric pressure increases the
hydraulic pressure which leads to an increase in the minimum wall superheat
required to maintain nucleation and to a decrease in heat transfer [85].
 Boiling at sub-atmospheric pressures results in a lowering of the saturation
temperature, which leads to lower wall temperatures [78].
 Despite many experimental studies on boiling, there are a lack of boiling studies
at sub-atmospheric pressure with even fewer on flow boiling, and none of the
studies concerned the influence of surface material on nucleate pool boiling heat
transfer at sub-atmospheric pressure.
2.6

Conclusion

Over the past 100 years, scientists worldwide have investigated heat transfer under
different boiling conditions. Therefore, many heat transfer correlations exist in the
literature. Churchill and Chu [8] [13] provide a good representation of free convection
from a horizontal tube and a vertical plate.
The nucleate pool-boiling curve is dependent on many parameters. The material of the
heated surface is one of the characteristics that influences the nucleation boiling heat
transfer curve. Boiling characteristics at sub-atmospheric pressure are much different
from that at atmospheric pressure, the Cooper [24], Gorenflo and Kenning [25] and
Stephan-Abdelsalam [22] correlations had been identified as having some success for
predicating nucleate boiling at reduced pressures.
Despite many experimental and numerical studies on boiling, there are a lack of boiling
studies at sub-atmospheric pressure with even fewer on flow boiling, and none of the
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studies concerned the influence of surface material on nucleate pool boiling heat
transfer at sub-atmospheric pressure. Therefore, the objective of the present study is to
investigate the effects of reduced pressure on nucleate pool boiling, flow boiling on a
tube bundle and flow boiling on a vertical wall, including the surface material effects on
nucleate pool boiling.
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Chapter 3 EXPERIMENTAL APPARATUS
3.1

Introduction

As part of this study, a low-pressure evaporation rig was designed, constructed,
commissioned and operated in the school of Engineering and Physical Science at
Heriot-Watt University. One of the key features of the rig is its ability to be operated at
very low sub-atmospheric pressures, as low as 50 mbar. It was also constructed to
enable the simple switching, by means of re-routing the fluid flow path, between
different modes of experiments. These experimental modes were pool boiling on an
isolated tube and flow boiling over a tube bundle and flow boiling on vertical walls. The
layout of the test facility is shown in Figure 3.1.
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Figure 3.1: Layout of the test facility.
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3.1.1 Experimental Apparatus for pool boiling on an isolated tube
Pool boiling on an isolated tube at sub-atmospheric pressures was obtained by closing
valves number 8 and 10 to prevent liquor flow and opening valves number 9 and 11
(Figure 3.1). The experimental set up used to characterize pool boiling is shown in
Figure 3.2, and consisted of a horizontal glass vessel, 160 mm in diameter and 300 mm
long, connected to a vacuum pump through a condenser. The sides of the vessel were
manufactured from brass plates that were insulated with fiberglass sheet. The design of
the test section ensured that the electrically heated tube was submerged in a liquid pool.
The tube was 28.5 mm in diameter and 98 mm long and contained a wall thermocouple
and an electrical heater, that was connected to a power controller as shown in Figure
3.5.

Figure 3.2: Boiler shell of pool boiling on a single tube.

3.1.2 Experimental Apparatus for flow boiling over a tube bundle and on vertical
walls
Flow boiling at sub-atmospheric pressures was obtained by closing the 8, 9 valves as
shown in Figure 3.1. Sub-cooled water was pumped from the primary tank to the
bottom of the test section via a control valve, a calibrated flow meter and an electric
pre-heater, that were used to control the mass flux and pre-heat the fluid to the desired
inlet conditions. It was then distributed uniformly through a porous sintered tube and
subjected to a uniform heat flux that was supplied by Joule heating as it flowed through
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the test section. The test section could be either a tube bundle or a vertical wall, see
Figures 3.4 & 3.8. The two phase steam-water mixture discharge was separated at the
top of the test section in a glass separator, Figure 3.1. Vapour and water from the
separator were condensed and sub-cooled to approximately 12 °C in the condenser and
heat exchanger respectively, before being returned to the primary tank, thus completing
the circuit. The pressure of the test section was controlled by a vacuum pump that was
connected to the top tank.
3.1.2.1 Test Sections
There were two test sections used in the flow boiling experiments, a test section for
flow boiling over a tube bundle of horizontal tubes and a test section for flow boiling on
a heated vertical wall.
Boiler shell for flow boiling over a tube bundle
The test section was designed and manufactured to represent one side of the tube bundle
from the one-quarter scale, thin slice model of Sellafield evaporator C, Figure 3.3, the
test section was manufactured from stainless steel and is shown in Figure 3.4. The main
vessel was 0.863 m high, 0.318 m wide and 0.10 m deep. The exit port area was
(70*90) mm² and was situated in the top of the vessel. The water feed was introduced
through two inlet ports; located on the shell bottom sides, as shown in Figure 3.4, and
were connected to the primary tank via the preheater. The flow fluid was distributed
equally over the tube bundle via a porous sintered tube located at the base. The drain
port was situated in the bottom of the main test section; all ports had a diameter of 10
mm. The vessel was fitted with a viewing window. This window was made from
toughened glass, 25 mm thick. The glass was compressed against a 3 mm rubber seal by
a stainless steel flange. The wall thickness and material properties of the test section
ensured that the heat flux generated through Joule heating along the test section was
effectively uniform.
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Figure 3.3: Tube bundle of the one-quarter scale, thin slice model of the actual evaporator.

Figure 3.4: Boiler shell for flow boiling over a tube bundle.

The tube bundle contained 18 tubes, located 80 mm above the distribution pipe. There
were six rows and three columns of tubes with a horizontal tube pitch of 69 mm and a
vertical tube pitch of 62.5 mm, as shown in Figure 3.4. The heater tubes were made of
brass, had a length of 98 mm, an outside diameter of 28.5 mm, were 5 mm thick and
were electrically heated. The tubes contained an electrical rod heater and were fitted
with a thermocouple, as shown in Figures 3.5. The rod heater had a diameter of 15 mm,
and was 90 mm in length as shown in Figure 3.6. The tube heater arrangement is shown
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in Figures 3.4 & 3.7. The tube bank is divided into three sectors, 1-3, each with 6 tubes,
dividing the bundle volume into three blocks, representing the six coils in the onequarter scale, thin-slice model of Evaporator C.

Figure 3.5: Brass heater pocket.

Figure 3.6: The rod heater.

Figure 3.7: Heaters arrangement.

Boiler shell for flow boiling on a vertical wall
The test section was designed and manufactured to represent the vertical heated wall of
the evaporator. The test section was manufactured from stainless steel and is shown in
Figure 3.8. The main vessel was 0.863 m high, 0.318 m wide and 0.10 m deep. The feed
was introduced through four inlet ports to enable the simple switching, by means of rerouting the fluid flow path, between two different modes of experiments; with and
without flow disruption by heated tubes.
The effective heated length, the wall thickness and material properties of the test section
ensured that the heat flux generated through Joule effect along the test section was
effectively uniform. To prevent heat losses, the wall of the test section was thermally
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insulated by trcnpolypropylene, 20 mm thick with thermal conductivity of 0.1 W/mK.
Two drain ports were situated in the bottom of the main test section; all ports had a
diameter of 10 mm. The vessel in Figure 3.8 was fitted with a viewing window. This
window was made from toughened glass, 25 mm thick. The glass was compressed
against a 3 mm rubber seal by a stainless steel flange.

Figure 3.8: Boiler shell of flow boiling on a vertical wall.

The heater pockets, is shown in Figure 3.9, were manufactured in stainless steel, were
400mm long and 10 mm in diameter to accommodate the 9.5mm diameter and 400 mm
electrical cartridge heaters. The section was fitted with 18 thermocouples. In order to
minimise heat condition losses, an insulating layer, 20mm thick, was attached to the
outside of the water wall, as shown in Figure 3.10.
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Figure 3.9: Wall heater pocket.

Figure 3.10: Insulating layer on side of the rig.

3.1.2.2 Separator
The separator was installed downstream of the shell boiler. The separator was made
from glass, with one inlet and two outlets. The top outlet was connected to the
condenser and the lower outlet to the heat exchanger, as shown in Figure 3.11.
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Figure 3.11: Glass separator.

3.1.2.3 Condenser
The condenser used with the flow boiling tests was an Alfa Laval T5 plate heat
exchanger, shown in Figure 3.12. The plate heat exchanger consisted of a pack of
corrugated metal plates with portholes for the passage of two fluids between which heat
transfer can take place.

Figure 3.12: A condenser.

3.1.2.4 Heat exchanger
The heat exchanger was a brazed plate heat exchanger, shown in Figure 3.13. The plates
were manufactured in AISI 316 stainless steel. The maximum design pressure was 30
bar and maximum operating temperature 200°C.
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Figure 3.13: A heat exchanger.

3.1.2.5 Circulating pump
The circulating pump used was a GRUNDFOS MAGNA1, shown in Figure 3.14. This
pump is designed for circulating liquids in heating systems with variable flows, where it
is desirable to optimise the setting of the pump duty point. The sizing range of the
pump’s system was a maximum pressure of 10 bar and -10 to 110 °C in liquid
temperature range.

Figure 3.14: Circulating pump.

3.1.2.6 Vacuum pump
The rig operates at pressures between 50 and 850 mbar absolute. Inevitably for a
vacuum system, air leaked in and had to be removed to allow the operating pressure to
be maintained. To avoid removal of excessive amounts of vapour from the rig while
removing the air, the method chosen was to reduce the temperature of the condensate to
a level where the vapour partial pressure was low and hence the vapour air mixture was
predominantly air. Removal of the air was accomplished by pumping away only a small
amount of vapour. The problem in this study was that the flowrate of condensate was
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very low, a maximum of 0.0143 kg/s. Therefore a CVC 3000 vacuum pump was used
for this purpose, shown in Figure 3.15. The CVC 3000 vacuum pump manages the
vacuum by working to a set point and altering the pump speed to maintain it.

Figure 3.15: CVC 3000 vacuum pump.

3.1.2.7 Preheater
In order to raise the temperature from the condensed water to the required value at the
inlet, it was necessary to use preheating. This was accomplished by passing the feed
vertically upwards over a vertical 3 kW electrical heater contained in a cylindrical tank
300 mm long and 120 mm in diameter as shown in Figure 3.16. The heating supply was
controlled by an electronic controller. Thermocouples were installed in the discharge
from the preheater to measure the temperature entering the test section and allow the
controller to switch the power on or off if the temperature moved from the pre-set value.
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Figure 3.16: Preheater.

3.1.2.8 Distribution tube
The porous sintered tube shown in Figure 3.17 was used as distribute a uniform supply
of fluid to a specified area at a set velocity.

Figure 3.17: The porous sintered tube.

3.2

Power Supply

There were different power supply systems used in different experimental modes.
3.2.1 Power supply for a pool boiling
The power supply system used during pool boiling on isolate tubes tests was taken from
a 240V 50 Hz supply controlled using a variable transformer, as shown in Figure 3.18.
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Figure 3.18: Variable transformer used in pool boiling.

3.2.2 The power supply system used for flow boiling
The power supply system used for flow boiling over the tube bundle and the vertical
wall was taken from 440 V, 3 phase, 50 HZ 100A supply. During flow boiling over the
tube bundle, power to the heaters was controlled using three variable transformers, one
per phase. Each variac supplied two banks of rod heaters, each containing 6 heaters
contacted in parallel, giving a total of 18 heater bank circuits. During the vertical well
tests, each variac supplied two banks of rod heaters, each containing 2 heaters
connected in parallel, giving a total of 6 heater bank circuits. The variacs used are
shown in Figures 3.19.
Dial gauge meters, one per phase, were mounted on boxes, that housed fuses and on/off
switches, that allowed indication of the voltage and current in each circuit and switches
allowed any particular tube bank to be isolated. All of the measurement and control
circuitry was located in the main laboratory. Since it is only possible to control the
voltage across a group of heaters, it was necessary to ensure that the heater resistances
in each group had similar resistances. Clearance between the wall and heaters was
limited to 0.02mm.
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Figure 3.19: Variable transformer used in flow boiling.

3.3

Instrumentation

There were many instruments used in this study in order to control, monitor, evaluate
and record the behaviour during the pool and flow boiling experiments.
3.3.1 Pressure
The pool pressure and pressure drop were measured by Rosemount 1151 differential
pressure transmitters during the pool and flow boiling experiments.
3.3.1.1 For pool boiling
The tapping point for pool boiling was located 300 mm below the centre of the heated
tube, as shown in Figure 3.2.
3.3.1.2 For flow boiling tests
For the flow boiling tests, the top pressure tapping points were located 6.5mm from the
top of row 6. The bottom tapping was located 6.5mm below row 1, see Figures 3.20 &
3.21. The differential pressure transmitters were based on a variable capacitance
between a sensing diaphragm and fixed capacitance plates. This capacitance was
converted electronically to a two-wire 4-20mA dc current. To simplify the data
acquisition process, a method of monitoring the voltage drop, Vr, and storing it
automatically was developed. The accuracy of the pressure transducers was of ± 0.25%
of the range. The range was set by a HART communicator.
3.3.2 Temperature
All of the thermocouples used were TC Direct type K. These were positioned in the
shells to measure the liquid and wall temperatures. All of the thermocouples were
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connected to the data logger system and had been calibrated in a calibration bath
(Appendix A-E).
3.3.2.1 For pool boiling tests
Three thermocouples were used in the pool boiling test. One was contained in the tube
to measure the wall temperature, one was located within the liquid pool and one above
the free surface, as shown in Figure 3.2.
3.3.2.2 For flow boiling tests
For the flow boiling over tube bundle tests, the thermocouples were classified into two
different groups. The first group were six thermocouples, referred to as the liquid
thermocouples, TB. Their locations in the test section are shown in Figure 3.20. The
second group was referred to as the wall thermocouples. These thermocouples were
positioned on the pocket holes in each heated tube and are shown in Figure 3.20.
For the flow boiling on vertical heated wall tests, the thermocouples were classified into
two different groups. The first group were six thermocouples, referred to as the liquid
thermocouples, Tf. Their locations in the test section are shown in Figure 3.21. The
second group was 15 thermocouples referred, to as the wall thermocouples, Tw, with
three of them positioned in five horizontal lines as shown in the Figure 3.21, these were
used to obtain the correct wall temperature.
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Figure 3.20: Thermocouples locations flow in flow boiling over tube bundle.

Figure 3.21: Thermocouples locations flow in flow boiling on vertical wall.

3.3.3 Data logger
The National Instrument data acquisition system (NI-DAQ) was linked to a computer to
measure temperatures, pressures and flow rate. The NI-DAQ system consists of sensors,
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DAQ measurement hardware, and a computer with programmable software
(LABVIEW). The LABVIEW software allowed monitoring of the instruments during
operation and logging of the data when required.
3.3.4 Convertor
During the pool boiling tests, the power was converted to voltage electronically to
simplify the data acquisition process. The method involved monitoring the power via
voltage-voltage convertor and currant-voltage convertor.
3.3.5 Power meter
The power in flow boiling experiments was measured by the power meter with an
accuracy of ±1% of reading. The switches in Figure 3.4 allowed any particular tube
bank to be isolated. All the measurement and control circuitry were located in the same
laboratory; the data was entered into a computer file manually.
3.3.6 Flow rate
The flow rate was set by adjusting the pump control valves until a steady level was
obtained. The flow rate was measured by a Pelton wheel turbine meter, accurate to ±1%
of reading. The frequency was converted to a voltage by a frequency-voltage convertor.
3.3.7 Cameras
A high-speed and a high-resolution camera were used to monitor the test sections. The
high-resolution camera used was the SLR EOS 7D CANON. This was used to monitor
the test section to get more detailed pictures and videos. This camera had a resolution of
5184 x 3456 pixels. Another camera, GigE Vision, the high-speed camera. It was
controlled through Matlab Image Acquisition Toolbox software. Recordings of each test
condition were made to monitor the boiling and bubble behaviour.
3.4

Operation Procedure

The rig has ability to be operated using different operation procedure; pool boiling on
an isolated tube and flow boiling over a tube bundle and on vertical walls.
3.4.1 Operation procedure for a pool boiling on an isolated tube
The primary tank was filled with deionised water to an appropriate level. The single
tube section needed to be isolated by closing valves 1, 7, 8 and 10; and opening valve
9, Figure 3.1. The vacuum pump was switched on until the vessel pressure was reduced
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to 500 mbar. Valve 8 was opened, allowing water to flow from the primary tank in to
the test section. Valve 8 was closed when the desired water level was achieved in the
vessel.
To operate the rig, the vacuum pump was switched on and adjusted until the required
test section pressure was achieved. Heat was supplied to the vessel by Joule heating of
the rod heater contained within the tube. Initially, the tube heater was switched on at
90% of full power. After some time, steam was generated. This pushed any remaining
air to the atmosphere via the vacuum pump. Steady conditions were initially achieved in
about an hour, whence the power controller was set to produce the required heat flux for
the test. Subsequently, test equilibrium conditions were typically achieved in a further
30 minutes. To obtain data set A, each instrument was read once per second over a 2
minute period. The readings were obtained a second time, ten minutes later, to obtain
data set B. Thereafter, the power controller was set to the next heat flux and the
procedure repeated until the necessary heat-flux range had been achieved.
3.4.2 Operation procedure for the flow boiling experiments
The primary tank was filing with deionised water. The single tube section was isolated
by closing the valves 8 and 9, Figure 3.1, and closing the drain valve. The rest of valves
were fully open. The vacuum pump was switched on until the primary tank pressure
was reduced to 500 mbar. The drain valve of the test section was opened, allowing
water to flow from the storage tank to the primary tank. The drain valve was closed
when the desired water level was achieved in the primary tank.
The circulating pump was switched on, allowing water to flow from the primary tank to
all parts of the system, purging any air in the system to the top tank before being
expelled to the atmosphere by the vacuum pump. The vacuum pump was adjusted to the
required test section pressure. Heat was supplied to the evaporator by Joule heating of
rod heaters contained within the tubes. Initially, the tube heaters were switched on at
90% of full power. After some time, boiling began and steam was generated. Control
valve 3, Figure 3.1, was adjusted to force the vapour from the vessel. The vapour was
then condensed and subcooled in the condenser before being returned to the primary
tank. This pushed any remaining air into the primary tank before it was expelled to the
atmosphere.
Water from the primary tank was pumped by the circulating pump into the test section
via the pre-heater. The flow rate was set by adjusting the pump and control valve 3 until
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the required flow was obtained, the inlet temperature was set by adjustment of the preheater.
Vapour and the condensed water were cooled in the condenser and heat exchanger,
before being returned to the primary tank. Steady conditions were achieved in about 3
hours, whence the power controllers were set to produce the required heat flux for the
test. Test conditions were achieved in a further 30 minutes. To obtain data set A, each
instrument was read once per second over a 2 minute period. The readings were
obtained a second time, ten minutes later, to obtain data set B. Thereafter, the power
controllers were set to the next heat flux and the procedure repeated until the necessary
heat-flux and flow rate range had been achieved.
3.5

Data processing.

The raw data obtained from the experiments needed to be processed in order to give
engineering meaning.
3.5.1 Data processing for pool boiling on an isolated tube.
The tube outside surface area was taken as the heat transfer area, A, and found from,
(3.1)

where

was the tube outside diameter and

the tube length.

The flow heat to the tube, , was measured. This allowed the tube heat flux, , too be
calculated from
(3.2)

The tube surface temperature,

was calculated from
(3.3)

where

was the measured wall temperature,

the thermal conductivity of the tube,

109 W/m.K for brass and 16 W/m.K for stainless steel,

was the depth of the

thermocouple from the tube surface, i.e. 2.5 mm. The thermocouple holes were located
at better than ±0.5 mm on their pitch circle radius. The saturation temperature was
evaluated from the pressure at the centre of the tube,

calculated from
(3.4)
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where

is the measured pressure,

constant and

is the density of liquid,

is the gravitational

the height of the pool surface from the tube centre.

3.5.2 Data processing for the tube bundle test
The heat flow,

, to the six tubes was measured. The tube heat flux, , was therefore

calculated from

. For the tube heat transfer coefficients, the heat transfer area is

the outside surface area of the six tubes in each two rows. The power to each two rows
was measured. The surface temperature of each tube surface has be calculated from
(3.5)

The saturation temperature and fluid properties were evaluated from the local
pressure,

calculated from
(3.6)

where

was the measured pressure at the bottom of the rig,

the gravitational constant and

the density of liquid,

the height of the pool surface from the row centre.

The pressure drop was the measured pressure difference between the pressure at top
tapping point and the bottom tapping point.
(3.6)

where

was the height from the top tapping point to the bottom tapping point, and

was the void fraction.
The fluid temperatures,
The mass flux area,

, were measured throughout the test section.

, was the area of the test section base. The flow rate,

test section was measured. The mass flux,

to the

was therefore calculated from
(3.7)

3.5.3 Data processing for the wall boiling tests
For the wall, the heat transfer area,

, is the full width of the wall, 0.1m, and the total

length of the rod heaters, 0.4m. The heat flow,
average wall heat flux,

to the wall was measured. The

therefore calculated from
(3.8)
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The fluid temperatures,

, were measured through the test section.

The temperature at different wall locations was found from:
(3.9)

where

was the thermal conductivity of stainless steel, 16 W/m.K. The wall

temperatures were obtained by a ‘best fit’ line that was found between the measured
temperatures at different depth of the thermocouples from the wall surface,
and

,

, which were at depths of 12.5, 7.5 and 2.5 mm respectively, as is shown in

Figure 3.22. A typical result is shown in figure 3.23. The ‘best fit’ line was of the form
(3.10)

where

is the slope and

is the surface wall temperature, using Excel's LINEST

function to estimate the error analysis for the wall temperature and heat flux. This gave
the wall heat flux from
(3.11)

and the wall temperature from

.
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Figure 3.22: Wall thermocouple locations of flow boiling on vertical wall test section.

Figure 3.23: Best fit linear agreement between the measured temperatures at different depth
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of the thermocouples.

3.6

Uncertainty

The calculation of uncertainty in all measurements was based on information provided
by the manufacturers of the measuring instruments or direct calibrations. The
propagation of uncertainty was calculated

using Moffat’s root-sum-square method

described by Moffat 1988 [97].
(3.12)

Where δ is uncertainty in precision, x, y, z are any measured quantities such as
temperature, pressure, flow rate, etc. and w= f (x, y, z).
3.6.1 Uncertainty in temperature measurements
All of the thermocouples were calibrated in a water bath. The water bath contained a
thermometer accurate to ±0.1 °C. The thermocouples uncertainties are attached in
(Appendix A-D). The uncertainty in the wall temperature therefore varied from ±0.1 °C
to ±0.8 °C as the heat flux increased from 5 to 80 kW/m².
3.6.2 Uncertainty in pressure measurements
The pressure in three test-sections were measured by an absolute pressure transducer,
accurate to 0.25% of range. With this uncertainty in the pool pressure, the uncertainty in
the corresponding calculated saturation temperature is ±0.45 °C for the 50 mbar tests
and ±0.07 °C for the 850 mbar tests. A second, similar pressure transducer measured the
pressure drop in flow boiling test sections. The uncertainties in the pressure drop are
0.25% of range.
3.6.3 Uncertainty in mass flux measurements
The flow rate was measured by an industrial tube turbine flowmeter, accurate to 1% of
reading. The uncertainty in the corresponding calculated mass flux therefore varied
from ±0.01 to ±0.05 kg/m².sec as the flow rate increased from 20 to 70 l/min for flow
boiling over the tube bundle, and ±0.01 to ±0.02 kg/m².sec as the flow rate increased
from 20 to 70 l/min for flow boiling over the vertical wall.

54

Chapter 3- Experimental Apparatus.
3.6.4 Uncertainty in heat flux measurements
The power was measured by a power meter accurate to ±1% of reading. The uncertainty
in the corresponding calculated heat flux was ±0.14 and ±0.2 kW/m² for experimental
data of flow boiling over the tube bundle and the vertical wall respectively.
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Chapter 4 EXPERIMENTAL RESULTS
4.1

Experimental Thermal Results

The test rig described in Chapter 3 was used to investigate the effect of pressure on the
thermal performance of isolated tubes, the tube bundle and the heated wall. These tests
were carried out at sub-atmospheric pressure and used deionised water as the working
fluid. The data sets A and B are referred to the definition in page 49.

4.2 Heating on an isolated tube.
Tests were carried out on two isolated tubes, one manufactured from brass and the
other from stainless steel.
4.2.1 Wall and fluid temperatures measurements for the isolated brass tube.
Variation of fluid and wall temperatures were measured at pressures of 850, 500, 150,
120 and 50 mbar for heat fluxes in the range 5-80 kW/m² on a heated isolated brass
tube. These are shown in Figure 4.1. The figure includes the saturation temperature and
the boiling onset temperature at various heat fluxes. The boiling onset temperatures
were calculated by application of heat flux equation (4.1) [98], natural convection took
place with increasing heat flux until the onset of nucleate boiling, these characterise the
ONB temperature state of A-A' in Figure 2.1. This occurred when the wall superheat
from natural convection is balanced with the onset condition, Eq. (2.1), i.e.
(4.1)

with nucleate boiling continuing thereafter. The correlations considered for the boiling
heat-transfer coefficient,

, were of the form
(4.2)

where

is calculated by correlations proposed by Cooper [24] Eq. (2.20), Gorenflo and

Kenning [25] Eq. (2.21) and Stephan-Abdelsalam [22] Eq. (2.16) boiling correlations.
Figure 4.1(a) shows the temperatures of the tube wall and the fluid at a pressure of 50
mbar. The tube wall temperature is below the saturation temperature for a heat flux of 5
kW/m². Therefore, the tube was in the single-phase regime. However, at a heat flux of
10 kW/m², nucleation sites occurred. For heat fluxes up to 45 kW/m², the temperatures
of the tube wall were above the onset boiling temperature, while the water temperatures
remained below the saturation temperature, which indicates that boiling occurred on the
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tube in the sub-cooled boiling regime. At higher heat fluxes, the fluid reached the
saturation temperature and therefore the tube was in the saturated boiling regime, with
degree of superheat of around 12 °C.
Figure 4.1(b) & 4.1(c) show the temperatures for pressures of 120 and 150 mbar. The
tube wall temperatures for heat fluxes above 10 kW/m² are higher than the saturation
temperature and the boiling onset temperatures. The fluid temperatures are at the
saturation temperature, indicating that boiling was in the saturated boiling regime. The
degree of superheat was 20 K for high heat fluxes.
Figure 4.1(d) shows the temperatures for a pressure of 500 mbar.

The tube wall

temperature is below the saturation temperature and the onset boiling temperature for
heat fluxes up to 10 kW/m². The sub-cooled boiling regime occurred on the tube at heat
flux of 15-25 kW/m². At higher heat fluxes, the liquid attains the saturation temperature
and the tube is in the saturated boiling regime with a degree of superheat of around 12
°C for heat fluxes above 60 kW/m².
Figure 4.1(e) shows the temperatures for a pressure of 850 mbar. The nucleation sites
appeared at a heat flux of 15 kW/m². The fluid temperatures are above the saturation
temperature at heat flux above 30 kW/m², which indicated that the boiling developed on
the tube is in the saturated boiling regime with a degree of superheat of around 10 K.
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Figure 4.1: Variation of measured fluid and tube temperatures for the brass tube.

4.2.2 Wall and fluid temperatures measurements for the isolated stainless steel tube.
The variation of measured liquid and tube wall temperatures for pressures of 120, 150
and 850 mbar, and heat fluxes in the range 5-80 kW/m² on the heated isolated stainless
steel tube are shown in Figure 4.2.
Figure 4.2(a) shows the temperatures of the tube wall and the fluid for a pressure of 120
mbar. All of the fluid temperatures at heat fluxes above 10 kW/m² are saturated and the
tube wall temperatures are above the boiling onset temperatures. This indicates that the
data are in the saturated boiling regime with the degree of super heat rising as the heat
flux rises, reaching around 35 K at a high heat flux of 80 kW/m².
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Figure 4.2(b) shows the temperatures for a pressure of 500 mbar. The tube wall
temperatures are below the saturation temperature and the onset boiling temperature for
heat fluxes up to 10 kW/m². Therefore, the tube is in the single-phase regime for this
heat flux range. Nucleation sites developed at heat fluxes above 10 kW/ m², and for heat
fluxes of 15-30 kW/m² the temperatures of the tube wall are above the onset boiling
points and the fluid temperatures are below the saturation temperature, indicating that
boiling occurred in the sub-cooled boiling regime. At higher heat fluxes, the liquid is at
the saturation temperature, with the tube in the saturated boiling regime with a degree of
superheat similar to the 120 and 150-mbar level at high heat fluxes, around 35 K.
Figure 4.2(c) shows the temperatures for a pressure of 850 mbar. The tube wall
temperature is below the saturation temperature and the onset boiling temperature at
heat fluxes below 15 kW/m². Therefore, the tube is in the single-phase regime. At heat
flux of 15-45 kW/m², the temperatures of the tube wall are above the onset boiling
temperature and the fluid temperatures are below the saturation temperature, indicating
that boiling occurred on the tube in the sub-cooled boiling regime. At higher heat
fluxes, the liquid is at the saturation temperature and the tube is in the saturated boiling
regime with degree of superheat following the same trend as in the lower pressure cases.
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Figure 4.2: Variation of measured fluid and tube temperatures for the isolated stainless steel
tube.

4.2.3 Summary
The nucleation sites occurred on the heated brass tube at a heat flux above 10, 5, 5, 15
and 15 kW/m² for a pressure of 50, 120, 150, 500 and 850 mbar respectively. While for
the stainless steel tube, the nucleation sites occurred at a heat flux above 5, 10 and 15
kW/m² for a pressures of 120, 500 and 850 mbar respectively. The data does not show
any hysteresis as shown in (Appendix F)
The wall temperatures of the tubes, brass and stainless steel, were at the same degree of
sub-cooling in the single-phase regime. Once boiling occurred, the degree of superheat
of the wall changed considerably at sub-atmospheric pressure as the material of the
heater changed. The stainless steel tube superheat became higher than that for the brass
tube, as shown in Figure 4.3. The wall material thermal conductivity influences the pool
boiling heat transfer curve Figure 2.1 since the mechanisms of growth rate and
frequency of the bubbles are affected by the thermal conductivity. this becomes more
notable in the case of a limit number of nucleation sites [99]. Therefore, the results
show a significant influence of material on nucleate pool boiling heat transfer at subatmospheric pressure as limited numbers of nucleation sites are active. Similar
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behaviour was recorded for higher pressure by M.C Paz et.al [100] for a pressure of 1.5
bar, and Cristiano and Chiara [99] for a pressure of 0.985 bar.

Figure 4.3: Variation of measured brass and stainless steel tubes temperatures.

4.3

Flow heating of the tube bundle

An experimental study of heat transfer from the tube bundle was undertaken to
investigate the effect of pressure and flow rates on its thermal performance. Two
different series of experiments were carried out, convection and boiling.
4.3.1 Tube and liquid temperatures for convection tests
The convection tests were carried out at a pressure of 500 mbar, a flow rate range of 2070 l/min and a heat flux range of 10-40 kW/m². The variation of fluid and wall
temperatures with row number are shown in Figures 4.5 & 4.6. The tube rows run from
bottom to top and the column number from left to right as shown in Figure 4.4. The
figures include the saturation temperature, found from the local pressure equation (3.6).
All tube wall temperatures in all figures are below the saturation temperature showing
that single-phase convective heat transfer occurred.
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Figure 4.4: Number of rows and columns.

Figure 4.5: Variation of measured fluid and tubes temperatures with row number at a flow
rate of 20 l/min and pressure of 500 mbar.
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Figure 4.6: Variation of measured fluid and tube temperatures with row number at a flow rate
of 70 l/min and pressure of 500 mbar.

4.3.2 Nusselt number for convection tests
The variation of measured Nusselt number with row number for heat fluxes 10-40
kW/m² and a flow rate of range of 20-70 l/min for the bundle rows are shown in Figure
4.7. The figure shows that the Nusselt number increases as the heat flux increases. The
mass flux does not have a big effect on the Nusselt number. Therefore, the results
obtained indicate that the heat transfer regime of the tube bundle is more likely to be
natural convection, as the Nusselt number has a heat flux dependence.
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Figure 4.7: Variation of measured Nusselt number with row number for heat fluxes 10-40
kW/m² and flow rate of range 20-70 l/min.

4.3.3 Boiling tests on the tube bundle
Boiling tests on the tube bundle were carried out at two different pressures, 50 mbar and
850 mbar.
4.3.3.1 Tube and fluid temperatures at a pressure of 50 mbar
Tube and fluid temperatures at a pressure of 50 mbar from boiling tests were obtained
for a heat flux range of 25-65 kW/m² at flow rates of 10, 20, 30, 40, 50, 60 and 70 l/min.
Flow rate of 20 l/min

The variation of fluid and tube wall temperatures with row number at a pressure of 50
mbar are shown for a flow rate of 20 l/min, at heat fluxes of 25-65 kW/m², in Figure
4.8. Included in the figure are the saturation and boiling onset temperatures. The
saturation temperature were found from the local pressures and the boiling onset
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temperature were calculated from the applied heat flux equation 4.1, this characterised
the maximum temperatures that could occur without boiling happening.
The temperatures of the tubes and the fluid at a heat flux of 25 kW/m² are shown in
Figure 4.8(a). The saturation and boiling onset temperatures decrease with the local
pressure. All tube temperatures are above the saturation temperature and in the singlephase convective heat transfer regime, except tubes in rows 4 of column 2 and row 6 of
column 1. Their tube temperatures are above the onset boiling temperatures, which
indicates that nucleation was likely to appear on these tubes.
Figure 4.8(b) shows the temperatures of the tubes and the fluid for a heat flux of 30
kW/m². All tube temperatures are above the saturation and the onset boiling
temperatures. The fluid temperatures are below the saturation temperature with an inlet
sub-cooling of about 17 K, and a sub-cooling of 3°C on the last row. Therefore, boiling
occurred on the tubes in the sub-cooled boiling regime. Figure 4.8(c) shows the
temperatures for a heat flux of 40 kW/m². Boiling occurred on the tubes in the subcooled boiling regime, as the fluid temperatures are below the saturation temperature
with a sub-cooling varying from 8.5°C in the first row to 1.5 K in the last one. Figure
4.8(d) shows the temperatures for a heat flux of 55 kW/m². The fluid temperatures are
less than the saturation temperature. All the tube temperatures are above the onset
boiling temperature, except tubes in rows 1 of column 3. Therefore, most tubes are in in
the sub-cooled boiling regime, with the tube in rows 1 of column 3 in the single-phase
regime. Figure 4.8(e) shows the temperatures for a heat flux of 65 kW/m². The liquid
temperatures are less than the saturation temperature, again indicating the sub-cooled
boiling regime, except for row 6 where the fluid temperatures are saturated. Therefore,
these tubes are in the saturated boiling regime with a degree of super heat of 18 K.
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Figure 4.8: Variation of measured liquid and tube temperatures with row number at a
pressure of 50 mbar and a flow rate of 20 l/min.

Flow rate of 30 l/min

Figure 4.9 shows the variation of measured fluid and wall temperatures at a pressure of
50 mbar, flow rate of 30 l/min and heat fluxes in the range 25-65 kW/m².
The temperatures of the tubes and the fluid at a heat flux of 25 kW/m² are shown in
Figure 4.9(a). All tube temperatures are in the single-phase convective heat transfer
regime, except tubes in rows 4 of column 2 and row 6 of column 1 and 2; they are
above the onset boiling temperature, which indicates that nucleation is likely to have
started on these tubes. Figures 4.9(b) & 4.9(c) contain the temperatures for heat fluxes
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of 30 and 40 kW/m² respectively. All of the tubes are in the sub-cooled boiling regime,
with inlet sub-cooling of about 20 K, and outlet sub cooling of 12 K for a heat flux of
30 kW/m² and 6 °C for a heat flux of 40 kW/m².
Figures 4.9(d) & 4.9(e) show the temperatures for heat fluxes of 55 and 65 kW/m². The
local fluid temperatures are less than the saturation temperatures and are in the subcooled boiling regime with degrees of sub-cooling of around 2.5 K.

Figure 4.9: Variation of measured liquid and tube temperatures with row number at a
pressure of 50 mbar and a flow rate of 30 l/min.
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Flow rate of 40 l/min

Figure 4.10 shows the variation of the tube and the fluid temperatures at a pressure of
50 mbar, and flow rate of 40 l/min for heat fluxes of 25-65 kW/m².
The temperatures of the tubes and the fluid at a heat flux of 25 kW/m² are shown in
Figure 4.10(a). All tube temperatures are less than the onset boiling temperature.
Therefore, all tube temperatures are in the single-phase regime. Figure 4.10(b) shows
the tube and fluid temperatures for a heat flux of 30 kW/m². The tubes in the first three
rows are in the single-phase regime. The tube temperatures of row 4 column 2 and row
5 and 6 of column 1 and 2 are above the onset boiling temperatures, indicating that
nucleation is likely on these tubes. Figures 4.10(c) & 4.10(d) show the tube and fluid
temperatures for heat fluxes of 40 and 55 kW/m² respectively. All the tubes are in the
sub-cooled boiling regime, with an inlet sub-cooling of about 18 K, outlet sub cooling
of 7.7 K for a heat flux of 40 kW/m² and 6.4 K for a heat flux of 55 kW/m². Figure
4.10(e) shows the tube and fluid temperatures for a heat flux of 65 kW/m². The liquid
temperatures are less than the saturation temperatures and are in the sub-cooled boiling
regime. The degree of sub-cooling is around 2 K at the exit.
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Figure 4.10: Variation of measured liquid and tube temperatures with row number at a
pressure of 50 mbar and a flow rate of 40 l/min.

Flow rate of 50 l/min

Figure 4.11 shows the variation of temperatures for the tubes and fluid for a pressure of
50-mbar and a flow rate of 50 l/min at heat fluxes of 25-65 kW/m².
Figures 4.11(a) & 4.11(b) show the temperatures of the tubes and the fluid at a heat flux
of 25 kW/m² and 30 kW/m² respectively. All tube temperatures are less than the onset
boiling temperature and are in the single-phase convective heat transfer regime, except
tubes in rows 4 of column 2 and row 6 of column 1 and 2 of Figure 4.11.(b), which are
69

Chapter 4- Experimental Results.
above onset boiling temperature, which indicates that boiling is likely occurring on
these tubes. Figures 4.11(c), 4.11(d) & 4.11(e) show the temperatures for heat fluxes of
40, 55 and 65 kW/m². All the tubes are in the subcooled boiling regime, with outlet subcooling of 15.9, 11, and 8.5 K respectively.

Figure 4.11: Variation of measured liquid and tube temperatures with row number at a
pressure of 50 mbar and a flow rate of 50 l/min.

Flow rate of 60 l/min

Figure 4.12 shows the variation of the tube and fluid temperatures at a pressure of 50
mbar and a flow rate of 60 l/min for heat fluxes of 25-65 kW/m².
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The temperatures of the tubes and fluid at a heat flux of 25 kW/m² are shown in Figure
4.12(a). All tube temperatures are less than the onset boiling temperature. Therefore, all
tube temperatures are in single-phase regime. In the figure 4.12(b), for a heat flux of 30
kW/m², the tube temperatures in the first 2 rows and column 1 of row 3 are in the
single-phase regime. The rest of tube temperatures are above the onset boiling
temperatures, which indicate that nucleation has likely started to on these tubes.
In the figures 4.12(c), 4.12(d) & 4.12(e) for heat fluxes of 40, 55 and 65 kW/m², all the
tube temperatures are above the onset boiling temperatures and the liquid temperatures
are less than the saturation temperatures. Therefore, there are in the sub-cooled boiling
regime.

71

Chapter 4- Experimental Results.

Figure 4.12: Variation of measured liquid and tube temperatures with row number at a
pressure of 50 mbar and a flow rate of 60 l/min.

Flow rate of 70 l/min

Figure 4.13 shows the variation of the tube and the fluid temperatures at a pressure of
50 mbar and a flow rate of 70 l/min for heat fluxes of 25-65 kW/m². The temperatures
of the tubes and the fluid for a heat flux of 25 kW/m² are shown in Figure 4.11(a). All
tube temperatures are in the convective heat transfer regime, except tubes in row 4 of
column 2, row 5 of column 1 and row 6 of column 1 and 2, which are above the onset
boiling temperature, which indicates that nucleation likely started on these tubes. In the
Figure 4.13(b), at a heat flux of 30 kW/m², the tube temperatures in the first two rows
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and column 1 of row 3 are in the single-phase regime. The rest of tube temperatures are
above the onset boiling temperatures, which indicate that the nucleation is likely started
on these tubes. In the figures 4.13(c), 4.13(d) & 4.13(e), at heat fluxes of 40, 55 and 65
kW/m² respectively, all the tube temperatures are above the onset boiling temperatures
and the liquid temperatures are less than the saturation temperatures. Therefore, they are
in the sub-cooled boiling regime.
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Figure 4.13: Variation of measured liquid and tubes temperatures with row number at a
pressure of 50 mbar and a flow rate of 70 l/min.

4.3.3.2 Tube and Liquid Temperatures at a pressure of 850 mbar
Flow boiling tests were carried out for a heat flux range of 25-65 kW/m² at flow rate of
20, 30, 40, 50, 60 and 70 l/min.
Flow rate of 20 l/min

The temperatures of the tubes and the fluid for each row at heat fluxes of 25, 30 and 40
kW/m² are shown in figure 4.14(a), 4.14(b) & 4.14(c). Included in the figures are the
saturation and the boiling onset temperatures for each row. In general, the inlet sub74
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cooling temperature is 12°C, all tube temperatures are above the onset boiling
temperature and the fluid temperatures are below the saturation temperature, with a subcooling of about 6.5°C for 25 kW/m², 4.5 K for 30 kW/m² and 2°C for 40 kW/m² at the
outlet. Therefore, the boiling occurring on the tubes is in the sub-cooled boiling regime.
Figure 4.14(d) shows the temperatures for a heat flux of 55 kW/m². The inlet subcooling is around 10°C. All tube temperatures are above the saturation temperature and
are higher than the onset boiling temperature. The tubes on the first four rows are in the
sub-cooled boiling regime, as the fluid temperatures are below the saturation
temperature. The fluid temperatures for the rest of the rows are saturated. Therefore, the
boiling occurring on these tubes is saturated boiling and the degree of wall superheat is
around 15.3 °C for column 1 and 3, and 16.8 K for column 2.
Figure 4.14(e) shows the temperatures for a heat flux of 65 kW/m². The inlet subcooling temperature is around 10°C. The tubes in the first three rows are in the subcooled boiling regime. The boiling occurring on the rest of the tubes is in the saturated
boiling regime and the degree of super heat is around 13.6 K for column 1 and 3, and
20.6 K for column 2 of row 3, 13.6 K of row 4 and 17.6 K for column 3 and 20.7 K for
column 1 and 2 of row 6.
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Figure 4.14: Variation of measured liquid and tube temperatures with row number at a
pressure of 850 mbar and a flow rate of 20 l/min.

Flow rate of 30 l/min

The temperatures of the tubes and the fluid for a pressure of 850-mbar and flow rate of
30 l/min for heat fluxes of 25-65 kW/m² are shown in the Figure 4.15. In general, for all
heat fluxes, the inlet sub-cooling is 12 K. All tube temperatures are above the onset
boiling temperature. The flow temperatures are below the saturation temperature, so that
all tubes are in the sub-cooled boiling regime, with a sub-cooling of about 7 K at 25
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kW/m², decreasing as the heat flux increases to be 0.5 K at 65 kW/m² at the exit as is
shown in Figures 4.15(a) & 4.15(e).

Figure 4.15: Variation of measured liquid and tube temperatures with row number at a
pressure of 850 mbar and a flow rate of 30 l/min.

Flow rate 40 l/min

The temperatures of the tubes and the fluid for a pressure of 850 mbar and a flow rate of
40 l/min at heat fluxes of 25-65 kW/m² for each row were shown in Figure 4.16.
Generally, for all heat fluxes, all tube temperatures are above the onset boiling
temperature. The fluid temperatures are below the saturation temperature, so that all
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tubes are in the sub-cooled boiling regime with a sub-cooling of about 7.5 K for 25
kW/m², decreasing as the heat flux increases, to 1.3 K at 65 kW/m² at the exit as shown
in Figures 4.16(a) & 4.16(e).

Figure 4.16: Variation of measured liquid and tube temperatures with row number at a
pressure of 850 mbar and a flow rate of 40 l/min.

Flow rate 50 l/min

The temperatures of the tubes and fluid for a pressure of 850 mbar, a flow rate of 50
l/min and heat fluxes of 25-65 kW/m², for each row are shown in the Figure 4.17.
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Generally, for all heat fluxes, the tube temperatures are above the onset temperature,
except the tube in row 3 of column 1 for a heat flux 25 kW/m², which is in the singlephase regime. The fluid temperatures are below the saturation temperature so that the
other tubes are in the sub-cooled boiling regime with a sub-cooling of about 12.5 K for
25 kW/m², decreasing as the heat flux increases, to 1 K at 65 kW/m² at the exit as
shown in Figures 4.17(a) & 4.17(e).

Figure 4.17: Variation of measured liquid and tube temperatures with row number at a
pressure of 850 mbar and a flow rate of 50 l/min.
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Flow rate of 60 l/min

The temperatures of the tubes and fluid for a pressure of 850-mbar and a flow rate of 60
l/min at heat fluxes of 25-65 kW/m² for each row are shown in Figure 4.18.
The temperatures of the tubes and the fluid at a heat flux 25 kW/m² are shown in figure
4.18(a). All tube temperatures of data set B have 12 K of inlet sub-cooling and are in
the sub-cooled boiling regime. However, with higher inlet sub-cooling temperature of
20 °C, data set A tube temperatures are below the boiling onset temperatures and there
are in the single-phase regime. The different sub-cooling temperature of data set A & B
of 25 kW/m² test was caused by failure in the preheater to respond to the controller.
However, this issue was tackled for the rest of the tests.
Generally, for all other heat fluxes, the tube temperatures are above the onset boiling
temperature and they are in the sub-cooled boiling regime, except the tube in row 3 of
column 1 at a heat flux of 30 kW/m², it is in the single-phase regime. The sub-cooling is
about 13 K for 30 kW/ m², decreasing as the heat flux increases to 2 K at 65 kW/m² at
the exit, as shown in Figures 4.18(c) & 4.18(e).
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Figure 4.18: Variation of measured liquid and tube temperatures with row number at a
pressure of 850 mbar and a flow rate of 60 l/min.

Flow rate 70 l/min

The temperatures of the tubes and fluid for a pressure of 850 mbar, a flow rate of 70
l/min and heat fluxes in the range 25-65 kW/m² for each row are shown in the Figure
4.19. In the main, for all heat fluxes, the tube temperatures are above the onset boiling
temperature, except for the tube in row 3 of column 1 at a heat flux of 25 kW/m², which
it is in the single-phase regime. The fluid temperatures are below the saturation
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temperature so that other tubes are in the sub-cooled boiling regime with a sub-cooling
of about 13.5 K for 25 kW/m², decreasing as the heat flux increases, to 3 K at 65 kW/m²
at the exit as shown in Figures 4.19(a) & 4.19(e).

Figure 4.19: Variation of measured liquid and tube temperatures with row number at a
pressure of 850 mbar and a flow rate of 70 l/min.
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4.3.3.3 Pressure drop for 50 mbar tests
The variation of measured pressure drop with static pressure drop for heat fluxes 25-65
kW/m² and a flow rate of range of 20-70 l/min for the tube bundle are shown in Figure
4.20. The figures conclude that the void fraction is very low and does not have any
effect on pressure drop therefore the only drop on pressure was caused by height of
water as it show in Figure 4.20.

Figure 4.20: Variation of pressure drop with heat flux for 50 mbar tests.

4.3.3.4 Pressure drop for 850 mbar tests
The variation of measured pressure drop with static pressure drop for heat fluxes 25-65
kW/m² and a flow rate of range of 20-70 l/min for the tube bundle are shown in Figure
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4.21. The figures conclude that the void fraction is low and does not have any effect on
pressure drop therefore the only drop on pressure was caused by height of water as it
show in Figure 4.21.

Figure 4.21: Variation of pressure drop with heat flux for 850 mbar tests.

4.3.4 Summary
The results obtained from the convection tests show that the mass flux does not have a
big effect on the Nusselt number. This indicates that, the heat transfer regime of the tube
bundle is more likely to be natural convection, as the Nusselt number has a heat flux
and hence wall temperature dependence.
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The results obtained from boiling tests show that, for a pressure of 50 mbar, the
saturation and boiling onset temperatures decrease with the local pressure, sub-cooled
boiling started on the top rows at a heat flux of 25 kW/m² for flow rates of 20 and 30
l/min, and 30 kW/m² for 40 l/min. While boiling started at heat flux of 40 kW/m² for
flow rates of 50, 60 and 70 l/min.
For a pressure of 850 mbar a sub-cooled boiling occurred on all tubes at all heat fluxes
for all flow rates.
However, data column 1 row 3 was excluded from all analysis because there was fault
with its thermocouple.
The results from the boiling tests on the tube bundle show that the void fraction is very
low and does not have any effect on pressure drop therefore the only drop on pressure
was caused by height of water differences.
4.4

Flow boiling on a heated vertical stainless steel wall

The experimental study of flow boiling on a heated vertical wall, shown in Figure 3.4,
was undertaken to investigate the effect of different flow rates on the thermal
performance at two pressures of 50 and 850 mbar. Each test series was carried out at
flow rates of 20 and 40 l/min and at wall heat flux in the range 10-70 kW/m².
4.4.1 Wall and fluid temperatures at a pressure of 50 mbar and flow rate of 20 l/min
The variation of measured fluid and wall temperatures at various wall locations, see
Figure 3.22, for a pressure of 50 mbar and a flow rate of 20 l/min at heat fluxes of 10-70
kW/m² over the heated vertical stainless steel wall are shown in Figure 4.22. The
measured wall temperatures run from bottom to top. The measured wall temperatures
were measured at three thermocouple locations running from left to right, TL, TM and
TR, as shown in Figure 3.22.
Figure 4.22 also includes the saturation and the boiling onset temperatures. The
saturation temperatures were found from the local pressures and the boiling onset
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temperatures were calculated from the applied heat fluxes equation (4.1), which
characterises the maximum temperatures that can occur without boiling happening.
The temperatures of the wall and the fluid for heat fluxes of 10 and 20 kW/m² are
shown in Figure 4.22(a) & 4.22(b). The saturation temperatures and boiling onset points
decrease with the local pressure. All wall temperatures are below the saturation
temperature and are therefore in the single-phase convective heat transfer regime.
Figure 4.22(c) shows the temperatures of the wall and the fluid for a heat flux at 30
kW/m². The wall temperatures at location 3, 4 and 5 are at the saturation temperature
but lower than the onset boiling temperature. Therefore, the heat transfer regime is
single-phase convection.
Figure 4.22(d) shows the temperatures of the wall and the fluid for a heat flux of 40
kW/m². The wall temperatures are above the saturation temperature and the onset
boiling temperature of location 2 to 5, indicating that nucleation has likely started at
these locations.
Figure 4.22(e) shows the temperatures of the wall and the fluid for a heat flux of 50
kW/m². All wall temperatures are above the saturation temperature and higher than the
onset boiling temperature. The fluid temperatures are less than the saturation
temperature. Therefore, the wall is in the sub-cooled boiling regime.
Figure 4.22(f) & 4.22(g) show the temperatures of the wall and the fluid for heat fluxes
of 60 and 70 kW/m². All wall temperatures are above the saturation temperature and
higher the onset boiling temperature. The fluid temperatures are less than the saturation
temperature. Therefore, the wall is in the sub-cooled boiling regime.
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Figure 4.22: Variation of measured wall and fluid temperatures with wall height locations at a
pressure of 50 mbar and a flow rate of 20 l/min.
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4.4.2 Wall and fluid temperatures at a pressure of 50 mbar and flow rate of 40 l/min
The variation of measured wall and fluid temperatures at various wall height locations
for a pressure of 50-mbar and flow rate of 40 l/min at heat fluxes of 10-70 kW/m² over
the heated vertical stainless steel wall are shown in Figure 4.23. The figure also includes
the saturation temperature and the boiling onset temperature.
The temperatures of the wall and the fluid for heat fluxes of 10 and 20 kW/m² are
shown in Figures 4.23(a) & 4.23(b). All wall temperatures are below the boiling onset
temperature, therefore, the wall is in the single-phase convective heat transfer regime.
Figures 4.23(c) & 4.23(d) show the temperatures of the wall and fluid for heat fluxes of
30 and 40 kW/m². The wall temperatures are above the saturation temperature and the
onset boiling temperature at location 2 to 5, indicating that nucleation is likely at these
locations.
Figure 4.23(e) shows the temperatures of the wall and fluid for a heat flux of 50 kW/m².
All wall temperatures are above the saturation temperature and higher than the onset
boiling temperature. The fluid temperatures are less than the saturation temperature.
Therefore, the wall is in the sub-cooled boiling regime.
Figure 4.23(f) & 4.23(g) show the temperatures of the wall and fluid for heat fluxes of
60 and 70 kW/m². All wall temperatures are above the saturation temperature and
higher than the onset boiling temperature. The fluid temperatures are less than the
saturation temperature. Therefore, the wall is in the sub-cooled boiling regime.
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Figure 4.23: Variation of measured wall and fluid temperatures with wall height locations at a
pressure of 50 mbar and a flow rate of 40 l/min.
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4.4.3 Wall and fluid Temperatures at a pressure of 850 mbar and flow rate of 20
l/min
The variation of measured fluid and wall temperatures at various wall height locations
at a pressure of 850 mbar and a flow rate 20 l/min at heat fluxes of 10-70 kW/m² over
the heated vertical stainless steel wall are shown in Figure 4.24. Included are the
saturation and the boiling onset temperatures.
The temperatures of the wall and the fluid for heat fluxes of 10 and 20 kW/m² are
shown in the Figures 4.24(a) & 4.24(b). All wall temperatures are below the boiling
onset temperature. Therefore, the wall in the single-phase convective heat transfer
regime.
Figure 4.24(c) shows the temperatures of the wall and fluid for a heat flux of 30 kW/m².
The wall temperatures are above the saturation temperature and the onset boiling
temperature at location 2 to 5, indicating that nucleation is likely at these locations
Figures 4.24(d) & 4.24(e) show the temperatures of the wall and fluid for heat fluxes of
40 and 50 kW/m². All wall temperatures are above the saturation temperature and the
onset boiling temperature, indicating that nucleation is likely at all locations. The wall is
in the sub-cooled boiling regime.
Figures 4.24(f) & 4.24(g) show the temperatures of the wall and fluid for heat fluxes of
60 and 70 kW/m². All wall temperatures are above the saturation temperature and
higher than the onset boiling temperature. The fluid temperatures are less than the
saturation temperature. Therefore, the wall is in the sub-cooled boiling regime.
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Figure 4.24: Variation of measured wall and fluid temperatures with wall height locations at a
pressure of 850 mbar and a flow rate of 20 l/min.
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4.4.4 Wall and fluid Temperatures at a pressure of 850 mbar and flow rate of 40
l/min
The variation of fluid and wall measured temperatures at various wall height locations
for a pressure of 850-mbar and flow rate of 40 l/min at heat fluxes of 10-70 kW/m² over
the heated vertical stainless steel wall are shown in Figure 4.25. Figure 4.25 also
includes the saturation and the boiling onset temperatures.
The temperatures of the wall and the fluid for heat flux up to 40 kW/m² are shown in
Figures 4.25(a), 4-25(b) & 4.25(c). All wall temperatures are below the boiling onset
temperature. Therefore, the wall is in the single-phase convective heat transfer regime.
In Figures 4.25(d), 4.25(e), 4.25(f) & 4.25(g) most temperatures of the wall are above
the boiling onset temperature at most locations, indicating that nucleation is likely at
these locations.
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Figure 4.25: Variation of measured wall and fluid temperatures with wall height locations at a
pressure of 850 mbar and a flow rate of 40 l/min.
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4.4.5 Pressure drop for 50 mbar tests
The variation of measured Pressure drop with static pressure drop for heat fluxes 10-70
kW/m² and a flow rate of range of 20 and 40 l/min for the heated vertical stainless steel
wall are shown in Figure 4.26. The figures include that the void fraction is very low and
does not have any effect on pressure drop therefore the only drop on pressure was
caused by height of water as is shown in Figure 4.26.

Figure 4.26: Variation of measured pressure drop with head pressure for 50 mbar tests.

4.4.6 Pressure drop for 850 mbar tests
The variation of measured Pressure drop with static pressure drop for heat fluxes 10-70
kW/m² and a flow rate of range of 20 and 40 l/min for the heated vertical stainless steel
wall are shown in Figure 4.27. The figures include that the void fraction is very low and
does not have any effect on pressure drop therefore the only drop on pressure was
caused by height of water as is shown in Figure 4.27.

Figure 4.27: Variation of measured pressure with wall height locations for 850 mbar tests.
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4.4.7 Summary
The result obtained from flow boiling on a heated vertical stainless steel wall show that,
for a pressure of 50 mbar the saturation and boiling onset temperatures decrease with
the local pressure. The wall was in the single-phase convective heat transfer regime at
heat flux below 30 and 40 kW/m² for pressures of 850 and 50 mbar respectively and
mass flux of 20 and 40 l/min. The void fraction is very low and does not have any effect
on pressure drop therefore the only drop in pressure was caused by the height of water
in the rig.
4.5

Visual observations

A selection of photographs from each experimental study are presented.
4.5.1 Visual observations on an isolated tube.
A selection of photographs of the isolated brass and stainless steel tubes taken at some
of the test conditions are shown.
4.5.1.1 The isolated brass tube
As shown in Figures 4.28, 4.29, 4.30 & 4.31, bubbles obtained at different pressures for
given heat fluxes are different. The photographs show the shape and size of bubbles
varied, with multiple small bubbles observed at 850 mbar and single large bubbles with
a diameter longer than the tube length observed at pressure of 50 mbar. The bubbles
departure diameter as function of pressure are shown in Figure 4.32. The departure
diameter and growth time of the bubbles increased as the pressure decreased as shown
in Figure 4.33, which is in agreement with the experimental studies of [85]. The
difference between sub-atmospheric and high pressure pool boiling not only lies in the
bubbles size but also in the bubbles shape. Liquid jets were observed below the
departing bubbles at a pressure of 50 and 120 mbar as shown in Figures 4.28 and 4.29,
giving it a mushroom shape while the spherical bubbles obtained at a pressure of 850
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mbar are shown in Figure 4.31. The photographs also indicate that the departure
diameter and growth time of the bubbles increased as the pressure decreased. Bubbles
were first evident towards the bottom of the isolated brass tube at heat flux 15 kW/m²
for pressures of 120, 500 and 850 mbar, as can be seen in Figures 4.29, 4.30 & 4.31 at
heat flux 20 kW/m² for pressures of 50 mbar, as can be seen in Figures 4.28.

Figure 4.28: Boiling on an isolated brass tube for a pressure of 50 mbar.

Figure 4.29: Boiling on an isolated brass tube for a pressure of 120 mbar.

Figure 4.30: Boiling on an isolated brass tube for a pressure of 500 mbar.
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Figure 4.31: Boiling on an isolated brass tube for a pressure of 850 mbar.
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Figure 4.32: The bubbles departure diameter as function of pressure

Figure 4.33: The bubbles growth time as function of pressure and heat flux
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4.5.1.2 The isolated stainless steel tube
Bubbles were first evident towards the bottom of the stainless steel tube at heat flux 15
kW/m² for pressures of 120, 500 and 850 mbar as can be seen in Figures 4.34, 4.35 &
4.36.
The photographs show the shape and size of bubbles varied, with multiple small
bubbles observed at 850 mbar as shown in Figure 4.36 and few large bubbles observed
at pressure of 120 mbar as shown in Figure 4.34. Liquid jets were observed below the
departing bubbles at a pressure of 120 mbar giving it a mushroom shape as shown in
Figure 4.34 while spherical bubbles at a pressure of 850 mbar as shown in Figure 4.36.
The photographs also indicate that the departure diameter and growth time of the
bubbles increased as the pressure decreased.

Figure 4.34: Boiling on an isolated stainless steel tube for a pressure of 120 mbar.

Figure 4.35: Boiling on an isolated stainless steel tube for a pressure of 500 mbar.
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Figure 4.36: Boiling an isolated stainless steel tube for a pressure of 850 mbar.

4.5.2 Flow boiling over tube bundle
A selection of photographs of the tube bundle at a pressure of 50 mbar for different flow
rates and heat fluxes of 25-65 kW/m² are shown in Figures 4.37-4.41. For a 30 l/min
flow rate, bubbles were not evident at a heat flux of 25kw/m². Bubbles are evident at the
top tubes at 30 kW/m², Figure 4.36. As the heat flux increased a more frequent
appearance of the bubbles on the rest of tubes occurred, indicating that sub-cooled
boiling began at heat fluxes greater than 30 kW/m². For 40, 50, 60 and 70 l/min flow
rates, shown in Figures 4.38, 4.39, 4.40 & 4.41, they looked similar to the 30 l/min test.
However, bubbles were not observed until a heat flux of 40 kW/m² for 40 and 50 l/min
flow rate, a 55 kW/m² for the other tests.

Figure 4.37: Flow boiling over tube bundle for a pressure of 50 mbar series of 30 l/min flow
rate.
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Figure 4.38: Flow boiling over tube bundle for a pressure of 50 mbar series of 40 l/min flow
rate.

Figure 4.39: Flow boiling over tube bundle for a pressure of 50 mbar series of 50 l/min flow
rate.
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Figure 4.40: Flow boiling over tube bundle for a pressure of 50 mbar series of 60 l/min flow
rate.

Figure 4.41: Flow boiling over tube bundle for a pressure of 50 mbar series of 70 l/min flow
rate.

4.5.3 Flow boiling on the heated vertical wall
A selection of photographs of the heated wall taken at some of the test conditions are
shown in Figures 4.42, 4.43 & 4.44. At a pressure of 50 mbar, 20 l/min flow rate, for
heat flux lower than 40 kW/m², bubbles were not evident so the photograph is excluded.
Bubbles are evident at heat flux of 40 kW/m². However, the bubbles are relatively large
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and attached to the wall. Higher heat fluxes led to a more frequent appearance of the
bubbles, as can be seen in Figure 4.41.
The test at flow rate of 40 l/min, shown in Figure 4.43, looked similar to the 20 l/min
test. Bubbles were observed at heat flux of 40 kW/m².
Figure 4.44 shows a selection of photographs of the wall at a pressure of 850 mbar
during 40 l/min flow rates test. Small bubbles attached to the wall were first evident at a
heat flux of 30 kW/m². As the heat fluxes increased, the density of the bubbles
increased.

Figure 4.42: Flow boiling on a heated vertical stainless steel wall for a pressure of 50 mbar
series of 20 l/min flow rate.

Figure 4.43: Flow boiling on a heated vertical stainless steel wall for a pressure of 50 mbar
series of 40 l/min flow rate.
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Figure 4.44: Flow boiling on a heated vertical stainless steel wall for a pressure of 850 mbar
series of 40 l/min flow rate.

4.5.4 Summary
The photographs of isolated tube studies suggested that boiling occurred on brass tube
at heat flux greater than 10 kW/m² for pressures of 850 mbar, and at heat flux greater
than of 15 kW/m² for pressures of 120 and 500 mbar. While the boiling occurred on
stainless steel tube at heat flux greater than 10 kW/m² for pressures of 850 and 500
mbar, and at heat flux of 20 kW/m² for pressure of 50 mbar. The photographs of the
tubes also show that the shape and size of bubbles varied, with multiple small bubbles
observed at 850 mbar and mushroom shape large bubbles with a centimetres diameter at
pressure of 50 and 120 mbar.
The photographs of flow boiling of tube bundle for pressures of 50 mbar suggested that
boiling occurred on top rows at heat flux greater than 25, 30 and 40 kW/m² for flow
rates of 30, 40 and 50 l/min respectively. Larger heat fluxes led to a more frequent
appearance of the bubbles even further down in to the tube bundle. The bubbles are
relatively large and attached to the tube wall.
The photographs of flow boiling on vertical wall for pressure of 50 mbar indicate that
sub-cooled boiling happens at heat fluxes greater than 40 kW/m² for flow rates of 20
and 40 l/min. However, these photographs can also confirm the presence of convection
as the density of the bubbles are relatively small even at high heat flux of 70 kW/m².
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4.6

Conclusion

The results obtained from the isolated tubes tests conclude that the boiling characteristic
changes significantly as the pressure is reduced, at lower pressure, a higher wall
superheat was required to cause nucleation, with fewer number of nucleation sites.
Bubbles of centimetres size and longer departure time were generated. The wall
temperatures of the tubes, brass and stainless steel, have the same degree of sub-cooling
at single-phase regime. Once the boiling occurs the degree of super heat the wall
temperatures changes considerably at sub-atmospheric pressure as the material of the
heater changed. Therefore, the results show the influence of surface material on nucleate
pool boiling heat transfer at sub-atmospheric pressure.
The results obtained from flow boiling on tube bundle and vertical wall series conclude
that the boiling characteristic changes as the pressure and flow rate changes. The lower
pressure and higher mass flux, the higher heat flux require nucleating and larger bubbles
occurred. This generated a partial boiling on the tubes and the wall even at a high heat
flux of 70 kW/m². The results from the flow boiling tests on the tube bundle and vertical
wall show that the void fraction is very low and does not have any effect on pressure
drop.
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Chapter 5 ISOLATED TUBE ANALYSIS
5.1

Introduction

Various correlations are evaluated against the experimental data from heating water on
isolated brass and stainless steel tubes to establish the heat-transfer mechanisms that
occurred on the tube surfaces at different conditions. The Churchill and Chu [10],
correlation was compared with the free convection data while the Cooper [24], Gorenflo
and Kenning [25] and Stephan-Abdelsalam [22] correlations were compared with the
boiling data, all used as having some success at these reduced pressures.
The accuracy of each correction was indicated by two different error methods, the
average and the root mean square errors. The average error was found from.
(5.1)

The root mean square error was found from
(5.2)

where

is the wall temperature difference between the wall and fluid temperatures.

This difference of temperature is used for all of the models for the statistical
comparisons.
5.2

The brass tube analysis.

The onset wall temperatures for pressures of 50, 120, 500, 850 mbar are shown in
Figure 4.1. This translates to the data taken at a heat fluxes below 10, 5, 15 and 5
kW/m² for pressures of 50, 120, 500 and 850 mbar respectively, being in the natural
convection regime, with those at larger heat fluxes in the nucleate boiling regime.
5.2.1 Churchill and Chu correlation predictions.
Churchill and Chu [10] gave the Nusselt number, Nu, as in Equation (2.3). The fluid
properties were evaluated at the film temperature,

, given by
(5.3)

and the heat-transfer coefficient of natural convection,,
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(5.4)

where

is the characteristic length of the heated tube.

The measured natural convection data and the predicted temperature difference between
the wall and the fluid using the Churchill and Chu correlation Equation (2.1), and the
correction of higher and lower limits set at ± 30% are shown in Figures 5.1 & 5.2.
The Churchill and Chu [10] based approach over-predicts the data with an error average
difference of 39% for 500 mbar and under-predicts with an error average difference of 14% for 850 mbar. The corresponding root mean square differences (rms) are 39% and
14% for 500 and 850 mbar respectively. Thus, the Churchill and Chu [10] prediction of
the wall temperatures gives reasonable agreement with the data, though there are
relatively limited data in the single-phase regime obtained from the experiments.

Figure 5.1: The measured and predicted wall temperature difference using the Churchill and
Chu correlation for isolated brass tube at 500 and 850 mbar.
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Figure 5.2: Comparison of Churchill and Chu correlation prediction with measured wall
temperature differences for isolated brass tube at 500 and 850 mbar.

5.2.2 Cooper correlation predictions
A comparison between the measured wall superheats in the boiling regime and the
predicted wall superheats using the Cooper correlation [24] with corresponding higher
and lower limits that set at ± 30%, are shown in Figure 5.3 & 5.4. In colours of black,
red, blue and green for pressures of 50, 120, 500 and 850 mbar respectively. The
Cooper correlation [24] under-predicts the data with an error average difference of
24.4%, 23.8% and 21%, and the corresponding root mean square differences (rms) are
28%, 25% and 22.6% for pressure of 120, 500 and 850 mbar respectively. While it
over-predicts the 50 mbar data with an error average difference of –40% and
corresponding root mean square differences (rms) of 46%. This poor result at 50 mbar
was caused by the boiling process producing a single large bubble that covers all the
tube surface, which, when detached, generated significant disturbance at the free surface
that produced significant wall temperature fluctuations, making boiling heat transfer
difficult to predict for a pressure of 50 mbar.
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Figure 5.3 The measured and predicted wall superheat using the Cooper correlation for
isolated brass tube.

Figure 5.4 : Comparison of measured with predicted wall superheat using the Cooper
correlation for isolated brass tube.
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5.2.3 Gorenflo and Kenning correlation predictions
A comparison between the measured boiling wall superheats and the predicted wall
superheats using the Gorenflo and Kenning correlation [25] with corresponding higher
and lower limits that set at ± 30%, are shown in Figures 5.5 & 5.6. Overall, the Gorenflo
correlation over-predicts the data with average differences of -54 %,-5.9 %, -9.6% and 4.7% for pressures of 50, 120, 500 and 850 mbar respectively. While the corresponding
root mean square differences (rms) are 52.7 %, 8.7%, 12% and 9.8% for pressures of
50, 120, 500 and 850 mbar respectively. Therefore, the Gorenflo correlation [25] gives a
strong agreement at sub-atmospheric pressures of 850, 500 and 120 mbar and it gives
poor agreement at a pressure of 50 mbar.

Figure 5.5: The measured and predicted wall superheat using the Gorenflo correlation for
isolated brass tube.
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Figure 5.6: Comparison of measured with predicted wall superheat using the Gorenflo
correlation for isolated brass tube.

5.2.4 Stephan and Abdelsalam correlation predictions
A comparison between the measured boiling wall superheats and the predicted wall
superheats using the Stephan and Abdelsalam [22]with corresponding higher and lower
limits that set at ± 30%, are shown in Figures 5.7 & 5.8. The figures show the
predictions of wall superheat using the Stephan and Abdelsalam correlation gives poor
agreement at pressures of 850, 500 and 120 mbar in comparison with Gorenflo
predictions.
Overall, the Stephan and Abdelsalam

[22] over-predicts the data with average

differences of -19.5% for 50 mbar and under-predicts the data with average differences
of 47.8%, 31% and 19.5% for pressures 120, 500 and 850 mbar respectively. While the
corresponding root mean square differences (rms) are 22.5 %, 48.4%, 34.2% and 20.9%
for pressures of 50, 120, 500 and 850 mbar respectively.
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Figure 5.7: The measured and predicted wall superheat using the Stephan and Abdelsalam
correlation for isolated brass tube.

Figure 5.8: Comparison of measured with predicted wall superheat using the Stephan and
Abdelsalam correlation for isolated brass tube.
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5.3

The stainless steel tube analysis

The onset wall superheats for a pressure of 120, 500, 850 mbar are shown in Figure 4.2.
This translates to the data taken at a heat fluxes below 5, 10 and 15 kW/m² for pressures
of 120, 500 and 850 mbar respectively, being in the natural convection regime, while
those greater were in the nucleate boiling regime.
5.3.1 Churchill and Chu correlation
The measured free convection and the predicted temperature difference between the
wall and the fluid using the Churchill and Chu correlation [8], and the correction of
higher and lower limits set at ± 30%, are shown in Figures 5.9 & 5.10.
Only a few data points were generated in the single-phase regime and the Churchill and
Chu correlation [10] under-predicts the data with an error average difference of 137%
for 500 and 156% for 850 mbar. The corresponding root mean square differences (rms)
are 137% for 500 and 157% for 850 mbar. Thus, the Churchill and Chu [10] prediction
of the wall temperatures gives poor agreement for low heat flux at natural convection
regime as shown Figure 5.10.

Figure 5.9: The measured and predicted temperature difference between the wall and the
fluid using the Churchill and Chu correlation for isolated stainless steel.
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Figure 5.10: Comparison of Churchill and Chu correlation prediction with measured at 500
and 850 mbar for isolated stainless steel tube.

5.3.2 Cooper correlation predictions.
A comparison between the measured boiling wall superheats and the predicted wall
superheats using the Cooper correlation [24] with corresponding higher and lower limits
that set at ± 30%, are shown in Figures 5.11 & 5.12. In colours of green, blue and red
for pressures of 850, 500 and 120 mbar respectively. Data sets (A & B) ware taken at
the same conditions and ten minutes apart. The figures show the correlation produced
poor agreement with the data at all pressures.
The Cooper [22] based approach under-predicts the data with an error average
difference of 65%, 110% and 98% , and the corresponding root mean square differences
(rms) are 78%, 128% and 120% for pressures of 120, 500 and 850 mbar respectively.
The Cooper [35] based approach correlation gives poor agreement with all of the data.
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Figure 5.11: The measured and predicted wall superheat using the Cooper correlation for
isolated stainless steel tube.

Figure 5.12: Comparison of measured with predicted wall superheat using the Cooper
correlation for isolated Stainless steel tube.
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5.3.3 Gorenflo and Kenning correlation predictions.
A comparison between the measured boiling wall superheats and the predicted wall
superheats using the Gorenflo and Kenning correlation [25] with corresponding higher
and lower limits that set at ± 30%, are shown in Figures 5.13 & 5.14. The figures show
the predicted wall superheat using the Gorenflo and Kenning correlation gives a poor
agreement at pressure of 120 mbar. At pressures of 500 and 850 mbar, the accuracy of
correlation increases as the heat flux increases. Overall predictions of the data occur
with average differences of 30.3%, 30.7% and 11.5%, while the corresponding root
mean square differences (rms) 36.3%, 38.2% and 37.5% for pressures of 850, 500 and
120 mbar respectively. The Gorenflo and Kenning [25] based approach does not give
reasonable agreement with the data, even though it contains a correction factor for the
material properties of the heater wall surface, (2.23).

Figure 5.13: The measured and predicted wall superheat using the Gorenflo and Kenning
correlation for isolated stainless steel tube.

116

Chapter 5- Isolated Tube Analysis.

Figure 5.14: Comparison of measured with predicted wall superheat using the Gorenflo and
Kenning correlation for isolated stainless steel tube.

5.3.4 Stephan and Abdelsalam correlation predictions.
A comparison between the measured boiling superheats and the predicted wall
superheats using the Stephan and Abdelsalam correlation [22], with corresponding
higher and lower limits that set at ± 30%, are shown in Figures 5.15 & 5.16. The
figures gives a poor agreement at all pressures.
Overall predictions of the data occur with average differences of 76.3%, 105% and
88%, while the corresponding root mean square differences (rms) are 89.2%, 122% and
45% for pressures of 120, 500 and 850 mbar respectively. Therefore, the Stephan and
Abdulsalami [22] correlation gives poor agreement at all pressures.
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Figure 5.15: The measured and predicted wall superheat using the Stephan and Abdelsalam
correlation for isolated stainless steel tube.

Figure 5.16: Comparison of measured with predicted wall superheat using the Stephan and
Abdelsalam correlation for isolated stainless steel tube.
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5.4

Discussion and conclusion

The visual evidence presented in the experimental results in Chapter 4, Figures 4.294.34, show changes in the liquid pool behaviour as the pressure is reduced. The shape
and size of bubbles varied, with multiple small bubbles observed at 850 mbar and single
large bubbles observed at pressure of 50 mbar. This single large bubble covers the total
tube surface and causes significant disturbances on the free surface of the pool. This
produces significant wall temperature fluctuations. These processes may be the cause of
the different behaviour (observed at a pressure of 50 mbar), making correlations derived
from higher pressures unreliable at this pressure.
The comparisons between the measured boiling data and the correlations show that the
measured wall superheats for the brass tube are predicted most accurately by the
Gorenflo and Kenning correlation at pressures of 120 mbar and above. Therefore, the
Gorenflo and Kenning correlation is chosen for predicting the boiling heat transfer
element of flow boiling on the brass tube bundle in Chapter 6.
The comparisons between the measured data and the boiling correlations also show that
the wall superheat is changed significantly at sub-atmospheric pressure by changing the
material of the heater from brass to stainless steel due to the change in conductivity k.
Similar behaviour was recorded by M.C Paz etal [100] for a pressure of 1.5 bar, and
Cristiano and Chiara [99] for a pressure of 0.985 bar.
The predicted wall superheats on the stainless steel tube from all used boiling
correlations produced poor agreement with the measured data in both magnitude and
trend. This may indicate that the heat transfer was in the mixed regime of boiling and
natural convection. To test this hypothesis, the Churchill and Chu correlation was
compared to the boiling data for the stainless steel tube. The results are shown in
Figures 5.17 & 5.18. These data all collapse on to a single line at a pressure of 120
mbar. For pressures of 500 and 850 mbar, they collapse onto the same line when the
heat flux is greater than 28 and 38 kW/m2 respectively. This behaviour can be
explained by bubble agitation enhancing natural convection, with lots of bubbles
observed at a pressure 850 mbar and few observed at 120 mbar, Figures 4.31-4.34.
Thus, heat transfer on the stainless steel surface can be described as being in the mixed
boiling regime where the boiling contribution is negligible and the natural convection
element is enhanced and therefore requires a correction factor.
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Figure 5.17: The measured and predicted wall to fluid temperature differences for boiling
data using the Churchill and Chu correlation for the isolated stainless steel tube.

Figure 5.18: Comparison of Churchill and Chu correlation with measured wall to fluid
temperature differences for boiling data for isolated stainless steel tube.

The Churchill and Chu correlation result for the free convection element of mixed
boiling heat transfer on the isolated stainless steel tube are correlated with expressions
of the form
(5.4)

where

is the temperature different between the wall and fluid. The correction factor

was found to be 0.7. The results after applying the correction on the Churchill and
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Chu correlation [10] are shown in Figure 5.19 & 5.20. The figures show that the
Churchill and Chu correlation with C correction gives a strong agreement with data
when the tube is in the mixed boiling regime.

Figure 5.19: The measured and predicted temperature different between the wall and fluid
using the Churchill and Chu correlation with C correction for isolated stainless steel tube on
boiling data.
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Figure 5.20: Comparison of Churchill and Chu correlation with C correction prediction with
measured temperature different between the wall and fluid for isolated Stainless steel tube on
boiling data.
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Chapter 6
6.1

TUBE BUNDLE ANALYSIS.

Introduction

Different analyses were undertaken in an attempt to establish the heat-transfer
mechanisms that occurred on the brass tube surfaces in two different series of
experiments, convection and sub-cooled boiling. Only the forced convection analysis
assumed that the rows interacted. The Gorenflo and Kenning correlation [25] was used
to establish the heat-transfer coefficient for nucleating boiling as it has been shown to be
reliable at these pressures for the brass heater surface in Chapter 5.
The fluid properties were evaluated at the film temperature, , given by
(6.1)

The fluid temperature,

, was predicted from the energy balance across each row of

three tubes, i.e.
(6.2)

where

is the applied heat flux,

the tube diameter,

the length of the tube and

the mass flow rate and i the local tube row number as shown in Figure (3-20).
The accuracy of each analysis was quantified by the same methods used in heating
water on isolated tubes. The methods are the average and the root mean square errors.
6.2

Convection test analyses.

Single-phase convection tests were carried out at a pressure of 500 mbar, a flow rate
range of 20-70 l/min and a heat flux range of 10-40 kW/m². These conditions ensured
that the temperature on the tube surface war always below the saturation temperature to
guarantee single-phase heat transfer. Three correlations were used in an attempt to
establish the heat-transfer mechanism occurring on the tube surfaces in the single-phase
region, the ESDU [101] correlation, derived from data for forced convective flow
through tube bundles and the Churchill and Chu [10] and Kuehn and Goldstein [102]
correlations, derived from data for natural convective heat transfer on tubes.
Note; the process in this case is the mixture processes of forced convective and neutral
convective because of buoyancy during the fluid flow.
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6.2.1 ESDU correlation predictions.
The ESDU [101] correlation predicts the heat transfer coefficient of the tube bundle in
the single phase region from
(6.3)

where

, the row Nusselt number, is found from
(6.4)

where 1 and 4 are correlation parameters , 4 depends on row number and 1 is
defined as
(6.5)

in which

and

are the bulk flow Prandtl number and the wall flow Prandtl

number respectively.
, the reference Nusselt number, is given as
(6.6)

where A and C depend on Reynolds number,
 If 10 <

<300 then A= 0.742 and C = 0.431

 If 300 <
 If 2

,

<2
<

then A= 0.211 and C = 0.651
<2

then A= 0.116 and C = 0.700

where Reynolds number , Re, is found from
(6.7)

where

is the horizontal tube pitch
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Figure 6.1: Tube column from the tube bundle.

The comparison between the measured and predicted Nusselt numbers using the ESDU
[101] correlation for forced convection are shown in Figures 6.2 & 6.3. The upper and
lower limits shown in Figure 6.3 are set at ± 30%. The data for rows 1- 6 are shown in
red, blue, purple, brown, black and green respectively. Two figures show that the ESDU
[101] correlation gives poor agreement with the measured data and that that the
measured data are reasonably independent of mass flux while those from ESDU [100]
correlation are not. This suggests that natural convection dominated the single-phase
regime.
The overall average error differences are 3.69%, 20.51%, 24.36% and 31.39% for heat
fluxes of 10- 40 kW/m² respectively. The corresponding root mean square errors are
24.95%, 35.13%, 37.44% and 42.83%. The average and the root mean square errors are
shown in Table 6.1. The tube rows run from bottom to the top. These errors show a heat
flux dependency that is inconsistent with forced convective heat transfer.
Table 6.1: The average and the root mean square errors.
ROW1

ROW2

ROW3

ROW4

ROW5

ROW6

All

AVE

RMS

AVE

RMS

AVE

RMS

AVE

RMS

AVE

RMS

AVE

RMS

AVE

RMS

kW/m²

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

10

13.4

20.0

5.36

20.9

-3.29

25.1

4.0

29.4

2.99

28.0

-0.43

26.10

3.69

24.95

25

28.4

32.2

26.66

39.08

12.6

31.02

22.86

40.0

18.40

35.72

14.07

32.7

20.51

35.13

30

31.16

34.80

31.79

43.83

16.70

32.31

27.23

42.41

21.74

37.16

17.55

34.15

24.36

37.44

40

40.90

43.25

43.43

53.99

22.03

36.20

34.16

48.20

26.50

39.93

21.33

35.42

31.39

42.83
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Figure 6.2: Variation of Nusselt number with row number for 500mbar using ESDU
correlation.
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Figure 6.3: Comparison of predicted with measured Nusselt number at 500mbar using ESDU
correlation.

6.2.2 Churchill and Chu correlation predictions
A comparison between the measured and predicted temperature difference between the
wall and the fluid using the Churchill and Chu [10] correlation are shown in Figures 6.4
& 6.5 for each row. The upper and lower limits shown in Figure 6.5 are set at ± 30% of
the predicted data. Both figures show that the Churchill and Chu [10] correlation gives
strong agreement with the measured data, which indicates that the natural convection
mechanism dominated the regime.
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The overall average error differences are 0.85 %, -2.8 %, 3.9 %, -7.7 %, -6.1 % and -8.3
% for row 1 to 6 respectively. The root mean square errors are 9.2 %, 4.45 %, 4.2 %, 7.9
%, 6.2% and 8.4 % for row 1 to 6 respectively.

Figure 6.4: Variation of temperature difference between the wall and the fluid using the
Churchill and Chu correlation for 500 mbar data.
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Figure 6.5: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation for 500 mbar data.

6.2.3 Kuehn and Goldstein correlation predictions
The Kuehn and Goldstein [102] correlation predicts the heat transfer coefficient for
natural convection heat transfer from a horizontal cylinder, which is valid at any
Rayleigh and Prandtl number in the single phase region, from
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(6.8)

A comparison between the measured and predicted temperature difference between the
wall and the fluid using the Kuehn and Goldstein [102] correlation are shown in Figures
6.6 & 6.7 for each row. The upper and lower limits shown in Figure 6.5 are set at ± 30%
of the predicted data. Both figures show that the Kuehn and Goldstein [102] correlation
gives reasonable agreement with the measured data, which further indicates that the
natural convection mechanism dominated the heat transfer process.
The overall average error differences are -19.3 %, -19.5 %, -13 %, -23 %, -22 % and -24
% for row 1 to 6 respectively. The root mean square errors are 20 %, 19.7 %, 13.8 %,
22.7 %, 22.27% and 24.1 % for row 1 to 6 respectively.
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Figure 6.6: Variation of temperature difference between the wall and the fluid using the
Kuehn and Goldstein for 500 mbar data.
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Figure 6.7: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Kuehn and Goldstein correlation for 500 mbar data.

6.2.4 Summary
The data were obtained under forced flow conditions. However, the mass flux is low,
allowing the possibility that the flow boundary layer of the tube bundle behaviours as
the layer in the mixed convection regime, being much dominated by the natural
convection than the forced convection this is supported by the data of temperature
difference measured, shown in Figures 6.4 & 6.5
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Natural convection is shown to develop on the tube surfaces and to pass from the top of
one tube to the bottom of the one above. The forced flow has less effect on this flow
pattern. The natural convection correlations of Churchill and Chu [10] and Kuehn and
Goldstein [102] predict the data more accurately in magnitude and trend than the ESDU
[101] correlation. This indicates that the natural convection mechanism dominated the
regime.
6.3

Sub-cooled nucleate boiling tests

The sub-cooled nucleate boiling tests were carried out at pressures of 50 and 850 mbar,
a flow rate range of 20-70 l/min and a heat flux range of 25-65 kW/m². Note that the
pressure was measured at the tube bundle discharge so that the pressure in the tube
bundle was somewhat larger, i.e. 920 mbar and 120 mbar respectively due to hydraulic
pressure. The onset wall temperatures for the tests are shown in Figures 4.6 to 4.17.
This translates to data below the boiling onset temperature being in the natural
convection regime, while those greater were in the nucleate boiling region. Therefore,
all data taken at pressure of 850 mbar were in the nucleate boiling region.
From the analysis of the convection tests, the Churchill and Chu correlation [10] was
chosen to calculate the single-phase heat-transfer coefficient, while the Gorenflo and
Kenning correlation [25] was chosen to calculate the nucleate boiling heat-transfer
coefficient, as deduced at these pressures in Chapter 5.
6.3.1 Churchill and Chu correlation predictions
The measured and predicted temperature difference between the wall and the fluid using
the Churchill and Chu correlation for data taken in the single phase region for a pressure
50 mbar are shown in Figures 6.8 & 6.9 and the correction of higher and lower limits
are set at ± 30% in Figure 6.9. The figures show that, the Churchill and Chu correlation
gives a strong agreement with the measured data for a pressure 50 mbar.
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Figure 6.8: Variation of temperature difference between the wall and the fluid with row number
using the Churchill and Chu for 50 mbar data.
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Figure 6.9: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu for 50 mbar data.

6.3.2 Gorenflo and Kenning correlation predictions for 50 mbar tests
A comparison between the measured boiling data wall superheats and the predicted wall
superheats using the Gorenflo and Kenning correlation [25] are shown in Figures 6.10
& 6.9. The upper and lower limits shown in Figure 6.11 are set at ± 30%. Both figures
show that the Gorenflo and Kenning correlation [25] correlation gives a poor agreement
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with the measured data. This indicates that the tubes are not in pure sub-cooled boiling
but may be subjected to a combination of boiling and convection.
The average differences were –9.58%, -31%, -6%, -21%, -23.5% and -28.6%, while the
corresponding root mean square errors were 21.8%, 33.5%, 16.9%, 24.33%, 26.2% and
30.7% for row of 1 to 6 respectively.

Figure 6.10: Variation of wall superheat temperature with row number using the Gorenflo and
Kenning correlation for 50 mbar data.
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Figure 6.11: Comparison of predicted with measured wall superheat temperature using the
Gorenflo and Kenning correlation for 50 mbar data.

6.3.3 Gorenflo and Kenning correlation predictions for 850 mbar test
A comparison between the measured boiling data wall superheats and the predicted
wall superheats using the Gorenflo and Kenning correlation [25] are shown in Figures
6.12 & 6.13. The upper and lower limits shown in Figure 6.11 are set at ± 30%. Both
figures show that the Gorenflo and Kenning [25] correlation gives a poor agreement
with the measured data of rows 1and 3, while it gives reasonable agreement with the
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measured data of rows 2, 4, 5 and 6. This may indicate that the tubes in rows 1, 2 and 3
may be subjected to a combined of sub-cooled boiling and natural convection with the
tubes on rows 4, 5 and 6 dominated by sub-cooled nucleate boiling.
The average difference were 20.1%, -0.96%, 23%, -2.7%, -8.5% and -3.11%, while the
corresponding root mean square errors were 33.28%, 22.6%, 31.3%, 16.9%, 15.03%
and 10.1% for row of 1 to 6 respectively.

Figure 6.12: Variation of wall superheat temperature with row using the Gorenflo and Kenning
correlation for 850 mbar data.
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Figure 6.13: Comparison of predicted with measured wall superheat temperature using the
Gorenflo and Kenning correlation for 850 mbar data.

6.3.4 Mixed heat transfer analysis
It is possible that natural convection heat transfer and nucleate boiling heat transfer
were occurring simultaneously. Therefore, the Gorenflo and Kenning [25] correlation
was used for the nucleating boiling component, with the Churchill and Chu [10]
correlation used for the natural convection component. The heat flux was assumed to
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partition into a nucleate boiling component,

and natural convection component,

,

thus

(6.9)

The nucleate boiling component,

, was found from
(6.10)
(6.11)

giving
(6.12)

where γ and

was obtained from equation (2.21).

The natural convection component,

, was found from
(6.13)

where

is the liquid sub-cooling and

was obtained from the Churchill and Chu

correlation [10].
The tube wall superheat,

, was therefore found from the solution of
(6.14)

The assumption of the presence of both mechanisms was provided by Rohsenow [17]
for partial boiling and Chen [102] for saturated nucleation boiling.
6.3.4.1 Gorenflo - Churchill and Chu combination for 50 mbar tests
Figures 6.14 & 6.15 show a comparison between the measured boiling data wall
superheats and the predicted wall superheats. The upper and lower limits shown in
Figure 6.15 are set at ± 30%. This combination predicts the data with an average
difference of -1.02%, -8.14%, -0.6%, -11%, -13.19% and -21.3% for row of 1 to 6
respectively. The corresponding root mean square differences (rms) are 14.4%, 18.2%,
16.1%, 19.9%, 23.93% and 29.09%. Thus, the Gorenflo and Kenning -Churchill and
Chu combination [25] [10] combination gives a reasonable agreement with the
measured data.
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Figure 6.14: Variation of wall superheat temperature with row numbers using the Gorenflo and
Kenning - Churchill and Chu combination for 50 mbar data.
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Figure 6.15: Comparison of predicted with measured wall superheat temperature using the
Gorenflo and Kenning - Churchill and Chu combination for 50 mbar data.

6.3.4.2 Gorenflo and Kenning - Churchill and Chu combination for 850 mbar tests
Figures 6.16 & 6.17 show a comparison between the measured boiling wall superheats
and the predicted wall superheats temperature at a pressure of 850 mbar. The upper and
lower limits shown in Figure 6.17 are set at ± 30% for row 1, 2 and 3. This combination
predicts the data with an average difference of 14.49%, -0.68%, and 8.79%. The
corresponding root mean square differences (rms) are 16.6%, 8.12% and 13.55%. Thus,
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the Gorenflo and Kenning - Churchill and Chu combination [25] [10] gives a reasonable
agreement with the measured data.

Figure 6.16: Variation of wall superheat temperature using the Gorenflo and Kenning Churchill and Chu combination for 850 mbar data.
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Figure 6.17: Comparison of predicted with measured wall superheat temperature using the
Gorenflo and Kenning - Churchill and Chu combination for 850 mbar data.

6.4

Conclusion

Analysis of the single-phase convection data, section 6.2, demonstrated that the tube
bundle operated in the natural convection regime. The Churchill and Chu correlation
[10] gives good agreement with data.
Analysis of the sub-cooled boiling data, section 6.3, demonstrated that the tubes were
not in pure sub-cooled boiling but in a mixed regime of boiling and natural convection.
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The Gorenflo and Kenning - Churchill and Chu combination [25] [10] model gave
reasonable agreement with the measured data from the sub-cooled boiling tests.
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Chapter 7 HEATED WALL ANALYSIS
7.1

Introduction

The vertical wall heating tests were carried out at pressures of 50 and 850 mbar, flow
rates of 20 and 40 l/min and a heat flux range of 10- 70 kW/m².
The boiling onset wall temperatures were found from equation 4.1, are typically 4-6 °C
and 1-3 °C for pressures of 50 and 850 mbar data respectively, and are shown in Figures
4.18 to 4.21. The data below the boiling onset temperature are in the single-phase
region, while those above are in the boiling regime.
7.2

Heat-transfer in the single-phase region

The forced convection correlations predict the vertical wall in the single phase region in
laminar flows from [15]
(7.1)

while for turbulent flows [15]
(7.2)

7.2.1 Forced convection correlation predictions at 50 mbar
The measured, single-phase, wall to fluid temperature difference data and those
predicted from the forced convection correlations at a pressure of 50 mbar are compared
in Figures 7.1 & 7.2. The correction of higher and lower limits is set at ± 30% in Figure
7.2. The figures show that the forced convection correlations [15] gives poor agreement
with the measured data and that the measured data are reasonably independent of flow
rate while the forced convection [15] correlation is not. This suggests that natural
convection dominated the single-phase regime in this case.
The overall average errors are 43.8%, 49.6%, 48.5%, 50.8% and 50.3% for heat fluxes
of 10- 50 kW/m² respectively and the corresponding root mean square errors are 45.2%,
51.3%, 50.6%, 52.6% and 52.3%. These errors show a heat flux dependency is
inconsistent with forced convective heat transfer, which supports the conclusion that
natural convection dominated the single-phase regime of this experiment.
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Figure 7.1 Variation of Nusselt number with location numbers for 50mbar using forced
convection correlation.
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Figure 7.2: Comparison of predicted with measured Nusselt number at 50mbar forced
convection correlation.

7.2.2 Forced convection correlation predictions at 850 mbar
The measured, single-phase, wall to fluid temperature difference data and the predicted
temperature difference between the wall and the fluid from the forced convection
correlations at a pressure of 850 mbar are compared in Figures 7.3 & 7.4. The correction
of higher and lower limits is set at ± 30% in Figure 7.4. All figures show that the forced
convection [15] correlation gives poor agreement with the measured data and that the
measured data are reasonably independent of mass flux while the forced convection
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correlation [15] is not. This suggests that natural convection dominated the single-phase
regime.
The overall average error differences are 51.4%, 50.6%, 61% and 64.3% for heat fluxes
of 10- 40 kW/m² respectively and the corresponding root mean square errors are 54.1%,
53.2%, 62.6% and 65.3%. These errors show a heat flux dependency that is inconsistent
with forced convective heat transfer, which supports the conclusion that natural
convection dominated the single-phase regime.

Figure 7.3: Variation of Nusselt number with location numbers for 850mbar using forced
convection correlation.
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Figure 7.4: Comparison of predicted with measured Nusselt number at 850mbar forced
convection correlation.

7.2.3 Churchill and Chu correlation predictions at 50 mbar
From the forced convection correlation predictions and the analysis in Chapter 6, the
Churchill and Chu correlation [15] was chosen to establish the heat-transfer coefficient
in the single-phase region. The measured, single-phase, wall to fluid temperature
difference data and the predicted temperature difference between the wall and the fluid
using the Churchill and Chu [14]correlation at a pressure of 50 mbar are compared in
Figures 7.5 & 7.6. The boundary layer was assumed to grow from the base of the test
section. The correction of higher and lower limits is set at ± 30% in Figure 7.6. The
figures show that the Churchill and Chu correlation [14] gives reasonable agreement
with the measured wall to fluid temperature difference data in both magnitude and
trend. This indicates that the heat transfer coefficient does have a dominant natural
convective element, particularly since a mass flux dependency is not evident in these
data.
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The overall average error differences are 16 %, 18 %, 27 %, 35 % and 14 % for
locations 1 to 5 respectively. The root mean square errors are 13 %, 14 %, 27 %, 35 %
and 11 % for locations 1 to 5 respectively.

Figure 7.5: Variation of temperature difference between the wall and the fluid using the
Churchill and Chu correlation for 50 mbar data.
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Figure 7.6: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation for 50 mbar data.

7.2.4 Churchill and Chu correlation predictions at 850 mbar
The measured wall to fluid temperature differences and the predicted temperature
difference between the wall and the fluid using the Churchill and Chu correlation [14]
for data taken in the single-phase region at a pressure of 850 mbar are shown in Figure
7.7 & 7.8. The correction of higher and lower limits is set at ± 30% in Figure 7.8. The
figures show that the Churchill and Chu correlation [14] gives a good agreement with
the measured data, confirming the observations made at a pressure of 50 mbar.
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The overall average error differences are 19 %, 17 %, 35 %, 44 % and 21 % for
locations 1 to 5 respectively. The root mean square errors are 18 %, 21 %, 36 %, 45 %
and 15 % for locations 1 to 5 respectively.

Figure 7.7: Variation of temperature difference between the wall and the fluid using the
Churchill and Chu correlation for 850 mbar data.
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Figure 7.8: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation for 850 mbar data..

7.2.5 Summary
The Churchill and Chu [103] correlation gives reasonable agreement with the measured
data in the single-phase region, which indicates that the natural convection mechanism
dominated the regime. However, the Churchill and Chu [14] correlation can be
improved by correction for each location. This is necessary since the starting point for
the developing boundary layer is not actually know, but assumed to be the bottom of the
test section. Therefore, the Churchill and Chu [14] correlation prediction for each row
are correlated with expressions of the form
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(7.1)

where

is a correlation parameter depends on location number.

is 0.8, 0.8, 0.7 , 0.6

and 0.85 for location 1 to 5 respectively. The result, after applying the location
correction on the Churchill and Chu correlation [14], are shown in Figures 7.9 & 7.10
for a pressure of 50 mbar and in Figures 7.11 & 7.12 for a pressure of 850 mbar.

Figure 7.9 Variation of wall temperature difference between the wall and the fluid using the
Churchill and Chu correlation with location correction for 50 mbar data.
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Figure 7.10: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation with location corrections for 50 mbar
data.
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Figure 7.11: Variation of wall temperature difference between the wall and the fluid using the
Churchill and Chu correlation with location correction for 850 mbar data.
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Figure 7.12: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation with location correction for 850 mbar
data.

7.3

Heat-transfer in the boiling region

From the analysis in Chapter 5 for a single heated tube, the data and data analysis of the
wall heated experiment show the same dynamics observed from as ingle heated tube, as
discussed in Chapter 5. The key points are listed here for referees, heat transfer on the
stainless steel surface was found to be in the mixed heat transfer region where boiling
and natural convection were present, with the natural convection element being
dominant. Since the growth rate and frequency of the bubbles are mechanisms affected
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by the thermal conductivity. The wall material thermal conductivity has a noticeable
effect on the boiling curve especially in the case of a limited number of nucleation sites.
Thus, a corrected form of the Churchill and Chu correlation [14] was more accurate.
Therefore, the Churchill and Chu correlation [14] was chosen to establish the heattransfer coefficient for the boiling regime.
7.3.1 Churchill and Chu correlation with the

correction predictions at 50 mbar

The measured wall to fluid temperature differences and the predicted using the
Churchill and Chu correlation [14], for data taken in the boiling region at a pressure of
50 mbar are shown in Figures 7.9 & 7.10. The correction factors used were those
established in Section 7.2.3. The higher and lower limits are set at ± 30% in Figure 7.10.
The figures show that the correlation gives a good agreement with the measured data.
This indicates that the natural convection mechanism does dominate the regime.
The overall average error differences are 17.7 %, 6.11 %, 26 %, 14.1 % and 4.4 % for
locations 1 to 5 respectively. The root mean square errors are 19 %, 7.5 %, 27 %, 15.4
% and 9 % for locations 1 to 5 respectively.
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Figure 7.13: Variation of wall temperature difference between the wall and the fluid using the
Churchill and Chu correlation with location correction for 50 mbar boiling data.
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Figure 7.14: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation with location correction for 50 mbar
boiling data.

7.3.2 Churchill and Chu correlation with the

correction predictions at 850 mbar

The measured wall to fluid temperature difference and the predicted temperature
difference between the wall and the fluid using the corrected Churchill and Chu
correlation [14] for data taken in the boiling region at a pressure of 850 mbar are shown
in Figures 7.11 & 7.12, and the correction of higher and lower limits set at ± 30% in
Figure 7.12. The correction factors used were those established in Section 3.2.3. The
figures show that the correlation gives good agreement with the measured data.
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The overall average error differences are 2.6 %, -5.7 %, 3.2 %, 12.5 % and 13.5 % for
locations 1 to 5 respectively. The root mean square errors are 8.3 %, 9 %, 7 %, 17 %
and 16 % for locations 1 to 5 respectively.

Figure 7.15: Variation of wall temperature difference between the wall and the fluid using the
Churchill and Chu correlation with location correction for 850 mbar boiling data.
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Figure 7.16: Comparison of predicted with measured temperature difference between the wall
and the fluid using the Churchill and Chu correlation with location correction for 850 mbar
boiling data.

7.4

Conclusion

The analyses of the data obtained for heating a vertical wall concluded that the singlephase region is in natural convection. The Churchill and Chu correlation [14] modified
with correction for each location in order to address the effect of the development of the
flow. The correlation parameter is 0.8, 0.8, 0.7, 0.6 and 0.85 for location 1 to 5
respectively.
The data in the sub-cooled boiling region remain dominated by natural convection for
pressures of 50 and 850 mbar, Churchill and Chu [14] with the location correction,
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showed a reasonable agreement with the measured data in the sub-boiling region for
pressures of 50 and 850 mbar.
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Chapter 8 CONCLUSION
8.1

Summary

The motivation for the current research study was to understand and interpret the results
previously obtained from the quarter-scale, thin-slice model of Evaporator C at HeriotWatt University, used to support the National Nuclear Laboratory’s (NNL) assessment
for evaporators used to process nuclear waste at the Sellafield site in Cumbria.
The quarter-scale, thin-slice model results suggested that natural convection and subcooled boiling were both present. The results were difficult to interpret without knowing
which heat-transfer mechanism was dominant. To aid this analysis, a test facility was
constructed with three test sections, an isolated tube, a tube bundle and a vertical wall.
These allowed controlled experiments to be undertaken, analysed and discussed in this
study, with boiling curves and convective coefficients for water at controlled flow rates,
pressures and temperatures across electrically heated tubes and walls obtained.
8.1.1 Isolated tubes tests
The experimental results obtained from the isolated tube tests concluded that the boiling
characteristic changes significantly as the pressure was reduced. At lower pressures, a
higher wall superheat was required to cause nucleation. The shape and size of the
bubbles varied, with multiple small bubbles observed at 850 mbar and single large
bubbles observed at a pressure of 50 mbar. These single large bubbles covered all of the
tube surface, causing major disturbances on the liquid surface when released. These
created significant metal wall temperature fluctuations during the bubble’s life.
The wall temperatures of the tubes, for both brass and stainless steel, have the same
degree of sub-cooling in the single-phase convection regime. Once boiling is initiated,
the degree of superheat the tube experiences changes considerably, with that for
stainless steel being significantly larger than that for brass. This was true at atmospheric
and sub-atmospheric pressures. Similar behaviour was recorded by M.C Paz et.al. [100]
for a pressure of 1.5 bar and Cristiano and Chiara [99] for a pressure of 0.985-bar.
Three correlations were used in the analysis of the experimental data. The Cooper [24],
Gorenflo and Kenning [25] and Stephan-Abdelsalam [22] correlations had been
identified as having some success for predicting nucleate boiling at low pressures. The
comparisons of the correlations with the experimental data showed that the predicted
wall superheats of the brass tube by the Gorenflo and Kenning correlation [25] were the
165

Chapter 8- Conclusion.
most accurate for pressures of 120 mbar and above. Therefore, the Gorenflo and
Kenning correlation was used to predict heat transfer in the analysis of the data obtained
during flow boiling on the tube bundle, as the brass tubes of the bundle operated at
pressures of 150 to 850 mbar.
The predicted wall superheats on the stainless steel tube from all three boiling
correlations produced poor agreement with the data. One possible explanation was that
the heat transfer regime was a combination of boiling and natural convection. Applying
the Churchill and Chu correlation [10] to the stainless steel data showed that natural
convection dominated the regime, even at the higher heat fluxes, where fully developed
boiling would have been expected to dominate. The data indicated that natural
convection, enhanced by flow agitation from the bubbles, was the dominant mechanism.
8.1.2 Heat transfer on the tube bundle
Convection test data were obtained at conditions that ensured the wall temperature
remained below the saturation temperature. The analyses of these data showed that the
brass tube bundle was in the natural convection regime. This may have been caused by
the large horizontal pitch to diameter ratio of the tubes. The tube bundle horizontal pitch
was 2.42 times the tube diameter i.e a clearance of 1.42 times the tube diameter. The
Churchill and Chu correlation [8] predicted the data accurately without correction.
Analysis of the data obtained from flow boiling on the tube bundle concluded that the
boiling characteristic changed as the pressure and flow rate changed. Lower pressures
and higher mass fluxes required higher heat fluxes for nucleation, with larger bubbles
generating partial boiling on the tubes, even at a heat flux of 70 kW/m². The videos
obtained of flow boiling on the tube bundle for pressures of 50 mbar suggested that
boiling occurred on the top rows at heat flux greater than 25, 30 and 40 kW/m² for flow
rates of 30, 40 and 50 l/min respectively. Larger heat fluxes led to a more frequent
appearance of the bubbles further down the tube bundle. The bubbles were relatively
large and attached to the tube wall.
The sub-cooled boiling test analyses concluded that the tubes were in the sub-cooled
boiling regime, with significant natural convection occurring. A combined, Gorenflo
and Kenning-Churchill and Chu [25] [10] model produced reasonable predictions of the
measured data for the sub-cooled boiling tests. The assumption of the presence of both
mechanisms was explained by Rohsenow [17] for partial boiling and Chen [102] for
saturated nucleation boiling.
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8.1.3 Heat transfer on a heated vertical stainless steel wall
The results obtained from the heat transfer tests on the heated vertical stainless steel
wall showed that, for a pressure of 50 mbar, the saturation and boiling onset
temperatures decrease with the local pressure. The wall was in the single-phase
convective heat transfer regime at heat fluxes below 30 and 40 kW/m² for pressures of
850 and 50 mbar respectively.
The videos of flow boiling on the vertical wall for a pressure of 50 mbar indicate that
sub-cooled boiling happens at heat fluxes greater than 40 kW/m² for flow rates of 20
and 40 l/min. However, these videos also confirmed the presence of natural convection,
as the density of the bubble nucleation sites was relatively small, even at a heat flux of
70 kW/m².
The analyses of the data obtained for heating the vertical wall concluded that the singlephase region is in the natural convection regime. The Churchill and Chu correlation
[103] was modified with corrections for each location in order to address the effect of
flow development. The correction parameter was 0.8, 0.8, 0.7, 0.6 and 0.85 for location
1 to 5 respectively, as shown in Figures 7.5-7.8.
The data obtained in the sub-cooled boiling region was in the mixed mode of boiling
and natural convection at pressures of 50 and 850 mbar. The Churchill and Chu [103]
correlation, as modified for the single-phase experiments, showed a reasonable
prediction of the measured data in the subcoold-boiling region for pressures of 50 and
850 mbar. Moreover, the videos obtained confirmed the presence of convection as the
density of the bubbles was relatively small, even at a heat flux of 70 kW/m².
8.1.4 Summary of findings


The Gorenflo and Kenning correlation [23] is the most accurate boiling
correlation for predicting wall superheats at low pressures of 120 mbar and
above for a heated brass tube.



The wall temperatures are considerably different at sub-atmospheric pressure
when the material of the heater is changed from brass to stainless steel.



Natural convection dominates the heat transfer regime for boiling on the
stainless steel tube, even at heat fluxes where fully developed boiling is
expected.
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The tube bundle in the single-phase region is in the natural convection regime,
even at the highest flow rates tested.



The single-phase heat transfer regime for the heated vertical wall is natural
convection



The boiling heat transfer regime is a mixture of boiling and natural convection,
dominated by natural convection.

8.1.5 Recommendation for future work
The suggestions of further and extended works are listed below as follows:


Further modification on the test rig should be undertaken to obtain boiling
curves and convective coefficients for water at saturated boiling conditions.



The fluid properties can be modified by the use of additives, e.g. the viscosity
can be changed by adding glycerol to see the difference in the boiling behaviour.



Further study on bubbles is required to fully understand their effect, especially at
pressure lower than 100 mbar.



The modification factor of

needs to be correlated with the heater surface

properties and geometry.


Further work is required to recommend



a new correlation that can address the effect of the heater wall material on the
heat-transfer coefficient during boiling.



Development of a CFD model of the thin slice evaporator should be undertaken
which takes into account the experimental evidence produced by this study. This
model could be further developed to simulate the behaviour of Sellafield’s
Evaporator C [2].

8.1.6 Recommendations for industrial scale models of low-pressure evaporators
The differing convective and boiling behaviour of tubes and vertical plates shows that
great care has to be taken in choosing the correct correlations when modelling the
performance of low-pressure evaporators. Based on the findings and conclusions of this
work, it is recommended that future evaporator models should take into account the
following.


The heat transfer regime in low-pressure evaporators manufactured from
stainless steel is more likely to be dominated by natural convection.

168

Chapter 8- Conclusion.


The effect of the heater the wall material on the heat-transfer coefficient during
boiling.



Development of a new correlation to predict the wall temperature at low
pressure.

8.1.7 Contribution
This study has contributed to a better understanding of the effect of reduced pressure on
nucleate pool boiling, flow boiling on tube bundles and flow boiling over a heated
vertical wall. The surface material has been shown to have a significant effect on
nucleate pool boiling. These findings should be used to explain which heat-transfer
mechanism was dominant in the quarter-scale, thin slice model.
This study is very important for NNL, as it challenges previous assumptions that boiling
was occurring everywhere in Evaporator C. It also provides information which will help
NNL improve Computational Fluid Dynamics (CFD) models for describing low
pressure, highly active evaporator operation of Evaporator D.
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Appendix
Appendix A: Calibration of all thermocouples used for measuring steam, wall and
water temperatures in the single tube test.
The temperatures were calcolated by the folowing form:

Figure 0.1: Calibration of all thermocouples used for Single tube test.
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Appendix B: Calibration of all thermocouples used for measuring wall
temperatures of in flow heating of the tube bundle.

Thermocouples row 1
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Thermocouples row 2
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Thermocouples row 3
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Thermocouples row 4
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Thermocouples row 5
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Thermocouples row 6
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Appendix C: Calibration of all thermocouples used for measuring fluid
temperatures in flow heating of the tube bundle.

Thermocouples used for measuring fluid temperatures.
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Figure 0.2: Thermocouples used for measuring fluid temperatures.
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Appendix D: Calibration of all thermocouples used for measuring wall
temperatures in flow boiling on a heated vertical stainless steel wall.

Thermocouples location 1
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Thermocouples location 2
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Thermocouples location 3
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Thermocouples location 4
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Thermocouples location 5

183

Appendix.

Appendix E : Calibration of all thermocouples used for measuring fluid
temperatures in flow boiling on a heated vertical stainless steel wall.

Thermocouples used for measuring fluid temperatures.
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Thermocouples used for measuring fluid temperatures
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Appendix F: Hysteresis in boiling water on single tube.

Hysteresis in boiling water on single tube.
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