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Abstract

During the Fukushima Daichii nuclear accident, seawater was injected into the reac-
tor core to cool the decay heat generated from the nuclear fuel elements. The impact of
dissolved salts in water on the coolability is not well understood, especially on the heat
generating porous debris bed, that is expected to form in severe accident scenarios. Under
the boiling conditions with seawater, the presence of dissolved salts is expected to impact
the heat transfer and hydrodynamic characteristics of the cooling process. The focus of this
experimental work is to measure the differences in the cooling performance between seawa-
ter and pure water in two geometries - an annulus and an emulated debris bed. Insights
from experiments on the annular test section inform the heat transfer degradation of using
seawater under different scenarios. The contribution of the boiling mechanism to the total
heat removal rate is quantified through high speed image analysis. The experimental setup
designed to study debris bed coolability through high spatial resolution temperature mea-
surements and novel void fraction measurements is discussed. The sustainable cooling of the
porous debris bed using emergency cooling water requires the continuous supply of coolant
to all regions within the bed to prevent a dryout. This dryout is measured using Distributed
Temperature Sensing (DTS) and pressure drop measurements and the heat flux at which
dryout occurs is quantified at various parameters and salt concentrations. An increase in
coolability was observed to occur with an increase in the dissolved salt concentration. First
of a kind, non-intrusive void fraction measurements were performed inside the debris bed by
utilizing thermal neutrons of the KSU Triga Mark II nuclear reactor. The classical models
for estimating the void fraction inside the boiling debris bed were validated for the first time
ever. This study gives modelers high fidelity temperature and void fraction data for model

validation. From a reactor safety point of view, this work suggests that using seawater has



short term cooling benefits by enhancing the dryout heat flux, but longterm cooling can be

limited due to the plugging of pores, which can cause further progression of an accident.
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Chapter 1

Introduction



1.1 Background

Guidelines for Nuclear Reactor safety during an accident require the shutdown of the reactor,
to ensure termination of the nuclear ssion reaction. However, a signi cant amount of decay
heat is generated continuously within the reactor core even after its shutdown. Removing this
decay heat through proper cooling is important to prevent local temperature excursion that
can cause a meltdown of the reactor core. In the Fukushima Daichii nuclear accident following
the Loss of Coolant from the core, seawater was injected into the reactor to cool the decay
heat generated by the nuclear fuel elements as an emergency meastife However, very
little is known of the e cacy of the cooling process of seawater and to what extent seawater
injection contributed to the progression of the accident. Understanding the coolability e ects
of seawater or raw water in nuclear reactors is important because many nuclear power plants
are located close to large water bodies, which presents the option to use raw water as an
emergency coolant, in extreme accident scenarios.

During a Loss of Coolant Accident (LOCA) in a Nuclear Reactor, various stages of the
accident are anticipated. In the early stages, the loss of coolant causes the intact fuel rods
in the reactor to heat up due to their self generated decay heat. This decay heakis5% of
the heat generation density in the core during nominal operation and decays exponentially
with time. If this heat is not removed, the fuel rods overheat reaching temperatures greater
than 1500C. The resulting molten mass of fuel rods combines with the surrounding support
structures and forms a molten mass referred to aorium. Many reactors have an emer-
gency containment pool below the Reactor Vessel for containing the molten Corium during
accidents. This molten Corium combines with the coolant and forms a granular structure
containing particles of various sizes, referred to as2ebris Bed This debris bed continues
to generate decay heat due to the presence of the ssile material and needs to be cooled
continuously to prevent further progression towards melt concrete interaction. Insu cient
cooling of the debris bed can lead to a breach of the containment and the nuclear material in
the debris bed can contaminate the underlying soil and any underlying water bodies, leading

to catastrophic scenario$16,



Therefore knowing the cooling limit of a debris bed is extremely important. With the
use of seawater as a coolant, many negative impacts on coolability are anticipated over the
long and short term. The dissolved salts in seawater can precipitate out and deposit on the
heat transfer surfaces creating a thermal resistance caused by the low thermal conductivity
of the deposited salts. This process is usually referred to &esuling'’. The presence of
the dissolved salts also creates unique two phase ow characteristics which would alter the
hydrodynamic behavior of the ow, which may lead to deterioration of the coolability of the
reactor!®. These cooling characteristics of seawater need to be assessed, and the limiting
conditions speci ed, if seawater has to be considered as an emergency coolant during nuclear
accidents.

Very few studies exist in literature where the cooling characteristics of seawater are stud-
ied. In particular there are no existing reports in literature where the cooling characteristics
of seawater on a porous debris bed are investigated. This study presents an experimental
study on the cooling performance of seawater in an emulated debris beds. The experimen-
tal ndings from this study present the rst ever experimental report of seawater related
thermal-hydraulic behavior on debris bed coolability that can be used to validate various
models and also identify the limiting phenomena associated with seawater cooling related to

nuclear reactor safety.

1.2 Seawater as a heat transfer uid

Seawater, the most abundant form of water on earth, has multiple dissolved ionic con-
stituents. These dissolved ionic constituents vary slightly in concentration across various lo-
cations on the planet, but can be generalized to have a xed global composition represented
in Figure 1.1%°. The majority of the ions are N& and Cl but the presence of other ionic
constituents can have a signi cant impact for heat transfer applications. These dissolved
constituents can crystallize and form a mixture of positive solubility and inverse solubility
salts, where the former means that the solubility increases with the solution temperature

and latter means that the solubility decreases with the solution temperature. Studies with

3



Figure 1.1 : lonic composition of seawater

drying of seawater with a focus on the crystallization sequence have shown that Calcium
Carbonate and Magnesium Carbonates precipitate out rst in small amounts followed by
Calcium Sulphate and the major constituent, Sodium Chlorid&{?2.

The presence of ionic constituents in water has little e ect on its thermophysical proper-
ties. The thermophysical properties for pure water and seawater at a salinity of 35¢g/L, are
speci ed in Table 1.1. This implies that in the absence of phase change, the single phase
heat transfer performance of seawater should be similar to that of pure water.

The heat transfer in single phase ow is dictated by the thermophysical properties, and
single phase heat transfer can be easily modeled as a pure water system. However, in the
presence of boiling, signi cantly di erent characteristics are observed. During boiling, the
conversion of liquid ionic solution to vapor causes the local concentration of the dissolved
constituents in the microlayer beneath the bubble to increase beyond the solubility limit ,
causing the precipitation of the dissolved constituents from the solutidd. Some of these
precipitates deposit on the heat transfer surface and some get resuspended back into the
solution. This high concentration in the microlayer causes the dissolved ions to di use from
the microlayer to the bulk liquid, simultaneously as the liquid di uses from the bulk liquid

to the microlayer. The di usion of the liquid into the microlayer therefore gets restricted,



Table 1.1 : Thermophysical properties of seawater at 26 and 1 atn.

Property Pure water, C = 0% Seawater, C = 3.5%
Density (kg/m?®) 997 1023.6
Speci ¢ heat capacity (J/kg K) 4184 4000.8
Thermal conductivity (W/m K) 0.60 0.60
Dynamic viscosity 10° (kg/m s) 0.89 0.96
Surface tension 10° (N/m) 72.0 73.1
Boiling point (°C) at 1 atm 100.0 100.3

thereby causing a reduction in heat transfer in salt solutions. This reduction in heat transfer
in electrolyte solutions has been reported in several studég®.

Several studies exist in literature where single electrolyte solutions were used to study the
boiling performance®®, but very few studies exist where seawater was taken into consider-
ation. Single electrolyte solutions have di ering heat transfer performance depending on the
kind of electrolyte used*, but with a complex combination of these electrolytes, the cooling
performance in not well understood. Studies on seawater cooling have reported the steady
state heat transfer coe cients for varying parameters’*®>. These studies were performed
under high pressure, high mass ux scenarios, which are not representative of Nuclear ac-
cident scenario. Alongside the heat transfer coe cient measurements, dissecting the total
heat transfer rate into the evaporative and convective component helps in gaining a deeper
understanding of the cooling mechanism. This can be achieved by quantifying the bubble
nucleation parameters through techniques like high speed imaging and image procesSitg
The work presented Chapter 2 in this thesis focuses on quantifying the heat transfer and two
phase ow characteristics during ow boiling in a vertical annulus. The insights from these
experiments inform the expected heat transfer behavior of seawater during nucleate boiling.
Results from these experiments in a simple geometry provide insights into the boiling process

associated with the complex geometry of a porous debris bed.



1.3 Boiling in a porous debris bed

To gain an understanding of the e ects of seawater cooling in a porous debris bed, the cooling
mechanisms and the limiting conditions without the dissolved salts needs to be understood.
The cooling in a debris bed is a complex phenomena due to the complex interaction between
the liquid, vapor and solid phase within the system.

A stable and coolable condition can be achieved only if the evaporated liquid in the
bed is continuously replaced by additional cooling water percolates into the bed from the
overlying pooF®. During stable conditions, a steady liquid and vapor counter-current ow
is established in the bed where the liquid percolation downwards into the bed and the
vapor travels upwards out of the bed. To maintain steady cooling, it is necessary that the
vapor generated is able to ex ltrate the bed and the liquid is able to penetrate the bed.
Failure to reach a steady counter-current ow can cause a lack of cooling in some regions
of the bed where the liquid fails to percolate. This lack of liquid penetration can cause
local temperatures to increase rapidly in the bed, and this can cause remelting of the core
and progresses the accident further. This process is usually referred to as dryout, and the
maximum heat that can be removed from the debris bed in stable boiling conditions is called
the dryout heat ux 3849,

For heat uxes higher than the critical dryout heat ux, the higher amount of vapor
generation in the pores of the debris bed causes the void fraction and mass ux of vapor to
increase. This causes an increase in ow resistance to the percolating liquid in the bed, which
causes the mass ux of cooling water penetrating the bed to decrease. This reduced mass of
water penetrating the bed boils o before wetting all parts of the bed, which leads to certain
regions of the bed becoming dry. The only dominant mode of heat transfer in these dry
zones is through conduction heat transfer into the nearby structures and through convection
heat transfer into the vapor phase. These modes of heat transfer, not being as e ective as
boiling heat transfer, cause the local temperature in the bed to rapidly rise, which has the
potential to further progress the meltdown of the reactot*2, This process is illustrated in

Figure 1.2. Several experiments in literature have characterized the dryout heat ux of a



Figure 1.2 : (a) A steady counter current ow is established in a boiling debris bed for heat
ux (Q) lower than the critical dryout heat ux (Q 4). (b) Liquid percolation is restricted due
to high amount of vapor generation causing dryout (@ Qg) (c) Salt deposits in the pores
with seawater?

debris bed as a function of various system parameters. However, there is still uncertainty in
the measurement of dryout heat ux and di erent experimental facilities present di erent
dryout heat ux. One of the reasons for this uncertainty is the low spatial resolution of the
temperature measurement. Low spatial resolution leads to over prediction of the dryout heat
ux 3.

With the addition of salts, the changes in heat transfer and hydrodynamic characteristics
can have an impact on the short term cooling behavior of a debris bed with seawater,
especially the dryout heat ux. The fouling or the deposition mechanism of salts over time
can cause the geometric and thermal characteristics of the porous medium to change over
time. This deposition of salts on the heat transfer surface can degrade the heat transfer
over time and can lead to plugging of the pores, leading to additional complexities in the

cooling of a debris bed. This is schematically represented in Figure 1.2. To date, no study
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exists in literature where the performance of seawater in a boiling packed bed of spheres is
studied. This is one of the rst experimental works with a focus on providing debris bed
experimental data with a high spatial resolution along side the rst ever work to quantify

the void fraction within a boiling debris bed.

1.4 This work

The prime motive of this work is to understand the cooling performance of seawater in de-
bris beds to inform nuclear reactor safety decisions during a severe accident. There is a long
history of studying the debris bed coolability speci cally with a focus on the dryout heat
ux, but there exists several uncertainties and scatter in data due to the intrusive nature

of the spatially sparse instrumentatiori®*3. There are also no studies focused on evaluating
seawater behavior on cooling a debris bed during accidents. Understanding cooling of sea-
water in a debris bed can de ne the limiting conditions with regards to reactor safety and
present an idea of the feasibility of using seawater in accident scenarios.

The remainder of the thesis is divided up into 4 chapters. Chapter 2 focuses on pre-
senting the experimental studies that were undertaken to understand the boiling behavior
of seawater in a simpli ed geometry, the vertical annulus. The thermal response or the heat
transfer coe cients along with the nucleate boiling bubble characterization are quantita-
tively presented. Chapter 3 focuses on the development of the experimental setup used to
study debris bed cooling. The design criteria to build an emulated debris bed along with
an array of important instrumentation is presented. In chapter 4, the experimental results
showing the cooling performance of the debris bed under a range of heat uxes ranging from
below the critical dryout heat ux, to heat uxes much higher than the dryout heat ux
are presented. A combination of high resolution temperature measurements and state of the
art non-intrusive void fraction measurements using the KSU neutron imaging facility are
leveraged to draw a deeper understanding of the boiling heat transfer and two phase ow
phenomena in a decay heat generating debris bed. The conclusions of this research work

and the future recommendations are given in chapter 5.
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Chapter 2

In uence of dissolved salts on

nucleate boiling



2.1 Introduction and objectives

As mentioned earlier, seawater has its thermophysical properties very similar to that of pure
water. Thus the single phase heat transfer performance is very similar with or without salts.
Single phase experiments performed by Uesawa et*alon a single heated rod in a vertical
annulus have shown that the thermal-hydraulic behavior of seawater is very similar to pure
water at varying heat uxes and mass uxes. However, the formation of vapor during nuclear
boiling has been shown to alter the heat transfer characteristits

Nucleate boiling experiments with single constituent electrolyte solutions have shown
di erent heat transfer limiting mechanisms depending on whether the solute has positive
solubility or inverse solubility. Experiments with positive solubility salts have shown that
the heat transfer is reduced as compared to its pure water counterpart. This reduction in
heat transfer was attributed to the limiting di usion process in the microlayer as described
previously. However, no deposits on the heat transfer surface were observed in presence of
positive solubility salts®3!, For inverse solubility salts, lower heat transfer coe cients were
reported and this reduction in heat transfer coe cient exacerbated with time. This was
attributed to the deposition of the precipitates on the heat transfer surface along with the
mass transfer resistance in the microlayét.

Because seawater is a complex combination of positive and inverse solubility salts, single
constituent studies may not be su cient to study the e ect of multiple dissolved salts on the
heat transfer performance. Although the major constituent of seawater is NaCl, Huang et
al.®* demonstrated that seawater boiling cannot be simulated using NaCl solution of similar
concentration. The primary compounds to deposit on the heater surface have been shown
to be Calcium Sulphate and Calcium Carbonat®. These compounds deposit on the heater
surface and grow, causing a deterioration of heat transfer coe cient over time. A linear
increase of the Fouling factor with time was reported in experiments conducted in a vertical
annulus®. This deterioration in heat transfer has been shown to linearly increase with the
dissolved salt concentration. On shorter time scales, the heat transfer coe cient in seawater

was reported to be lower than pure watef, similar to single electrolyte studies.
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This chapter presents the results from an experimental study performed in an annular
experimental loop built to emulate the nuclear fuel rods. Experimental results are presented
that characterize the hydrodynamic and heat transfer characteristics of seawater from ow
boiling experiments under steady ow conditions. These experiments were conducted using
Arti cial Seawater and comparisons of the thermal hydraulic behavior were drawn with pure

water.

2.2 Experimental setup

The schematic of the experimental setup is shown in Figure 2.1. The liquid ows in a closed
loop that consists of pump, the heat exchanger/condenser and the annular test section along
with various instrumentation. A centrifugal pump drives the ow in the system allowing to
reach a maximum Reynolds number of 15,000. The condenser is a 316L shell and tube heat
exchanger with a heat transfer area of 0.25m The secondary side of the heat exchanger
utilizes a ow temperature control unit to regulate the inlet temperature to the heat ex-
changer on the secondary side. The temperature of the uid on the secondary side can be
adjusted to get a maximum test section inlet temperature of 358 K on the primary side.

The test section consists of a 1.2 m high borosilicate glass tube with an inner diameter of
25.4 mm. The glass tube encompasses a cartridge heater 0.6 m tall with an outer diameter
of 15.8 mm. This leads to a hydraulic diameter in the annular gap as 9.6 mm. The heater
is constant heat ux device that is powered by a DC power supply unit with the maximum
output of 2.5 kW thermal power, equivalent to 92 kW/n?.

Various instruments are placed along the loop to record the relevant thermal hydraulic
parameters. The owrate is measured by means of a coriolis owmeter that is placed in the
single phase region after the condenser and before the test section. Two RTD temperature
probes measure the temperature of the uid at the inlet and outlet of the test section
respectively. The pressure is also monitored at the inlet and outlet of the test section. The
voltage and current going into the heater are measured to estimate the total power being

transferred by the DC power supply. A 4-electrode electrical conductivity probe is placed

11



Figure 2.1 : Schematic of the experimental setup.

before the test section to monitor the salinity of the uid solution.

The heater has three K-Type thermocouples embedded at various axial locations that
measure the local temperature in the heater. The schematic of the heater with the em-
bedded thermocouples is shown in Figure 2.2. The calibration of the heater thermocouples
was performed using the Wilson plot method which is discussed in the next section. The

uncertainty associated with various ow measurement instruments are shown in Table 2.1.

Table 2.1 : Uncertainty associated with each instrument.
Instrumentation Uncertainty
Emerson Coriolis Flow Meter  0:03 g/s
Emerson Conductivity Probe 4% of reading

Type K Thermocouples 22 C
Pressure Transducers 0:4% FS
Variac Power Output 30 W
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Figure 2.2 : Schematic of the heater showing the locations of the thermocouples.

2.3 Methodology

2.3.1 Preparation of Arti cial Seawater

The seawater solution was prepared by using a commercially available product called Instant
Ocean, which was mixed in Deionized water at 3/5 % wt/L. The solution was mixed and left
for aeration with a stirrer for 18 hours prior to a test to ensure proper mixing of the solution.
This product has been shown to be a good substitute for seawater, with its composition the
closest to the global average composition of seawater. The concentration of the major ions

is compared with global seawater composition in Table 2.2.

2.3.2 Wall temperature estimation using Wilson Plot technique

The temperatures measured by the heater thermocouples are higher than the wall or surface
temperature due to the internal radial heater resistance (as shown in Fig. 2.2). The Wil-
son plot*’ technique involves estimating the heater wall thermal resistance and in turn wall

temperatures from thermocouple measurements obtained during calibration experiments per-
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Table 2.2 : Concentration of major ionic constituents in mmol kg?! present in seawater and
Instant Ocean'®.

lons Seawater Instant Ocean
Na* 470 462
K* 10.2 9.4
Mg?* 53 52
Ca?* 10.3 9.4

Cl 550 521
SO, 2 28 23
HCO; 1.90 1.90

formed with di erent ow rates and xed heat ux levels. The relation between the measured

temperature, the wall temperature and the heat ux can be written as:
0 k
¢=h(Tw T)=U(Trc T)= =(Trc Tw) (2.1)

where ”is the heat ux, h is the heat transfer coe cient between the heater wall and
the uid, T, is the wall temperature, T, is the uid temperature, U is the overall heat
transfer coe cient, Tt¢ is the temperature measured by the thermocouplé; is the thermal
conductivity of the heater material and is the radial distance between the thermocouple
and the outer heater wall. As <<r ,, the planar wall assumption can be applied to achieve

the expression for the overall heat transfer coe cient can be written as:

Sl

+ K (2.2)

Clr

The heat transfer coe cient, h is usually obtained from dimensionless correlations where
the Nusselt number is correlated as a function of the Reynolds number and Prandtl number.
In the widely accepted forced convection correlations, such as the Dittus-Boelter correlation

or Seider-Tatte correlation, the heat transfer coe cienth is related to Reynolds number as:

h/ Re®® (2.3)
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Figure 2.3 : Wilson plot for calculation of =k for the three thermocouples

As Re / V, changing ow rates with constant heat ux varies heat transfer coe cient.
Then combining all other controlled parameter as a constant, the overall heat transfer
coe cient can be represented as:

0= vtk @4

Both U and V can be determined experimentally and plotting 2U as a function ofv %28
will lead to a straight line with slope C and intercept as =k, as given by Equation 2.4.
For the calculation of the overall heat transfer coe cient,U in Equation 2.4, the local uid
temperatureT,,, at the thermocouple elevatiorzrc, was calculated by performing an energy
balance between the inlet and the axial location of the thermocouple as follows:

dq 00
+ T} 2.5
m|CpZTC I: (2.5)

Tl;z =

wherem, is the mass ow rate andT,; is the uid temperature at the inlet of the test section.

The value forU at any thermocouple location can be then estimated using
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qOO
uy= —— 2.6
‘ TTC Tl;z ( )

Figure 2.3 shows the Wilson plot for the three thermocouples along with the linear regres-
sion parameters. Through the regression, the intercept or thek for the three thermocouples
was found to be 467 10 4, 466 10 % and 480 10 “ for thermocouple T1, T2 and T3
respectively.

The wall temperature, T, was then calculated from the temperature reported by the

thermocouples by using the relation:

Tw=Tre o' 2.7)

2.3.3 Bubble characterization through high speed image process-

ing
A Photron Fastcam high speed camera was used to perform visualization of the bubble
nucleation on the heater surface. The heater test section was backlit with a Fiber Optic
llluminator. To convert the pixels to mm, and to account for the distortions due to the
curved nature of the glass section, a calibration scale was developed by placing a grid with
known spacing at the center of the test section, as shown in Figure 2.4. This calibration

gave the conversion from pixels to mm. In this con guration, the conversion factor near the

region of interrogation was about 31 m/pixel.

Bubble departure diameter

The Matlab image processing toolbox was used to analyze the high speed videos to get
bubble departure diameter statistics. The high speed video was split into individual frames
or images and each image was individually analyzed. After removing the noise through a 2D
Gaussian Iter and binarizing the image, the boundary was identi ed and various objects in

the image were marked along with their areas, perimeters and centroids. A circular metric
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Figure 2.4 : Calibration scale for bubble size determination (Conversion of pixels to mm or
inches)

was de ned given by

4 Area
m= — 2.8
P erimeter? (2.8)

wherem = 1 is associated with a perfect circle. Any objects that lie within a range of
m = 0:7 to m = 1 were classi ed as individual bubbles. The detected bubbles were tracked
between frames using the centroid tracking methdé.

Once the coordinates of the centroid of a bubble were found, the euclidean distance was
calculated between the centroid of that bubble and the closest bubble in the next frame.
If the euclidean distance was less than 1.25 times the diameter of the detected bubble, the
given bubble was identi ed in the subsequent frame. To identify departure of the bubble
from the surface, any bubble that is 0.6 diameters away from the surface was classi ed as a
departure bubble. This was done to distinguish between bubbles sliding on the surface and
bubbles departing from the surface.

A total of 1500 frames were analyzed in each high speed video and around 100 departing
bubbles per video were measured to get the bubble departure diameter statistics. The
algorithm doesn't capture the bubbles that are in front of each other in the viewing window
due to the bubbles being out of plane and close to each other. A wide range of bubble
departure diameters ranging from 0.1 to 2.5 mm were obtained, which will be discussed in

the later section.
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Figure 2.5 : Bubble detection Matlab algorithm

Number of departing bubbles

The number of bubbles departing the surface per unit area per unit time was estimated by
manually counting the bubbles leaving the surface in the view window near thermocouple
2 at z = 0:28 m. The automated Matlab algorithm described earlier does not capture all
the individual bubbles, so using the algorithm to count the number of departing bubbles
gives an inaccurate estimate. Therefore, individual bubbles were manually counted to get a
higher accuracy estimate of the evaporative ux, which is a function of the number of bubbles

leaving the surface, and the bubble diameter, as will be described in the later sections.
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Figure 2.6 : Region above the heater where the void fraction is averaged.

2.3.4 X-ray radiography setup and methodology for Void fraction
guanti cation

In a two phase ow, X-rays have a higher transmission intensity in vapor as compared to
liquid. This phenomena can be exploited to calculate the cross sectional vapor fraction in
two phase ow.

The X-ray generator used in the experiments is capable of producing an output power
of 2.8 kW and has a current range of 0.4{100 mA and an energy range of 40{120 kV. For
the experiments in this study, the following setting was utilized: 20 mA and 40 kV. The
generator was positioned at an elevation to view the top portions of the annular test section
and the beginning of the riser section. This region is highlighted in Figure 2.6.

To image the transmitted beam through the test section, a high-speed neutron or X-
ray imaging camera (XRD 0822 AO/AP) with a Gadox scintillator was used. Some of
the features of the neutron or X-ray imaging camera are: real time imaging; 1 megapixel;
0.2 mm pixel pitch; 64,000 gray levels; compatible with X-rays from 20 KeV to 15 MeV; up
to 100 frames per second.

The attenuation of X-rays through materials follows the Beer{Lambert law, as shown
by 4°:

LR (2.9)
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Since the detector pixel value is directly proportional to the X-ray uence incident on

the detector, the pixel value is given by the equation:

P =Ce ' (2.10)

The subscript f denotes a particular experimental test run. Similarly, for air (same
as void region) and water lled reference cases, the pixel relationships dfg = Ce =t
and P, = Ce “!, respectively. The attenuation coe cient for uid comprising two phases
(vapor and water), can be assumed to be linearly related to the water or void fraction and

is expressed by:

t= at(@ ) w (2.11)

Taking the log-transform of the pixel-valuespP;, and algebraic manipulation, we get:

_ log(Ps) log(Pw)
" log(Pa) log(Pw)

This measure gives the fraction of the X-ray path length occupied by the vapor. Two

(2.12)

reference images, at 0% void fraction (completely lled with water) and 100 %void fraction
(completely lled with air) are taken before each experimental run. These reference images

are then used to calculate the void fraction from the image of the two phase ow.

2.3.5 Experimental procedure

To begin a test, the system was primed with the coolant, the pump was turned on and the
heating/cooling load through the heat exchanger was adjusted to get a high temperature
of the seawater at the inlet to the test section. Once the inlet temperature was close to
the desired or target value, the owrate was gradually turned down to the desired owrate
and the heater was turned on. The heat ux was increased gradually over the course of 15
minutes to keep the system pressure stable. The system pressure was continuously adjusted

during the heat up process until the desired level was reached. The system took about 30

20



minutes to reach a steady state during which the owrate, inlet subcooling, system pressure
and the heat ux were within the tolerance limit speci ed. Once the system reached a steady
state, the acquisition process was turned on and the heater wall temperature measurements
were recorded over the course of the next several hours with the data being recorded at 3
second intervals.

After each seawater test, the system was rinsed with tapwater to clear o the seawater
deposits throughout the system followed by a rinse with acetone. The heater surface was
also wiped down with an acetone wipe to remove any scale buildup on the heater surface.
Once all the major scales were removed from the surface, the system was rinsed multiple
times with pure water until the system electrical conductivity reached a steady value of 0.5
mS/cm, which is the electrical conductivity of the water supply. Before conducting a test
with seawater, a test with pure water was conducted to verify that the boiling characteristics

of the heater surface have not changed between the various seawater tests.
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2.4 Results and Discussion

This section presents the results from the experiments conducted during ow boiling with
seawater in the annular test section. The heat transfer coe cient measurements in the heated
section are presented with comparisons drawn between pure water and seawater. Various
wall nucleation parameters are presented to quantify the evaporative ux from the heater
surface. Above the heated section, the fraction of area occupied by the vapor phase, or void
fraction, is presented at varying heat uxes. Results from this experimental study provide
insights into the seawater cooling behavior in a simpli ed geometry to help quantify various

heat transfer parameters.

2.4.1 E ect of dissolved salts on heat transfer coe cient

A test matrix with di erent test variables is listed in Table 2.3. Three tests were performed
at seawater concentration of 35 kg/rh. The ow conditions were selected such that the
local uid temperature at thermocouple elevationz = 0:28 m andz = 0:42 m were the
same for all the tests. For each test, the local uid temperature at each mentioned elevation
or thermocouple location was calculated by using Equation 2.13. Each test was performed
three times both with seawater and purewater to verify the repeatability of the experiments.

dq 00

The variation of wall temperature with time for the three axial locations for both pure

water and seawater is shown in Figure 2.7. The saturation temperature at the inlet of the test

Table 2.3 : Flow conditions and calculated bulk liquid temperaturel() at the three axial
locations using Equation 2.5.

m Ty Q P, Salinity Ti(K) Ti(K) Ti(K)
(kals) (K) (W) (Pa) (kg/m3 z=0:42m z=0:28m z=0:14m
Test1 0.010 353 1800 :24 10 35 379 373 363
Test2 0.010 346 2200 :24 1C° 35 379 373 359
Test3 0.010 343 2600 :24 1¢° 35 379 373 358
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Figure 2.7 : Comparison of the temporal evolution of the wall temperatures in the saturated
boiling (z = 0:42 m) and subcooled boilingZ = 0:28 m) region

section is also shown in the gure for reference. The heat transfer coe cient that corresponds
to the wall temperature measurement is shown in Figure 2.8. The wall temperature and the
heat transfer coe cient did not change with time for pure water in all the three tests for the
three axial locations. This is expected as the tapwater used has negligible impurities and
thus, no deposition or fouling was observed within the time frame of the experiment.

The steady state values of the measured heat transfer coe cient for pure water were
compared to the expected value using the Gungor & Winterton correlaticdnand the Shah
correlation®“ for ow boiling with water in a vertical annulus. The correlations are mentioned
in Table 2.4. For the calculation of the single phase heat transfer coe cient term in the Shah
correlation, the single phase mixed convection ow correlation by EI-Genk et &0.was used.
The comparison between predicted and experimentally measured heat transfer coe cient
values is shown in Figure 2.9. A mean absolute deviation of 10 % and 15 % between
the measurement and prediction was found for Gungor & Winterton and Shah correlation
respectively. This shows that ow boiling heat transfer conditions produced in the facility
for pure water were comparable to previous reports.

When seawater was used as the coolant, at t = 0 min, the wall temperature far= 0:42

m, which is under saturated boiling, was lower than pure water for all the three tests.
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Figure 2.8 : Comparison of the temporal evolution of the heat transfer coe cient in the
saturated boiling ¢ = 0:42 m) and subcooled boilingzZ = 0:28 m) region

This was re ected in an enhancement of the heat transfer coe cient in the initial phase of
the transient as shown in Figure 2.8. After the initial asymptotic drop, the heat transfer
coe cient stayed constant at a value similar to that of water. For both z = 0:28 m and
z = 0:14 m, no signi cant transient evolution is observed in seawater. However, the heat
transfer coe cient for seawater atz = 0:28 m is lower than pure water for the entire duration
of the experiment. The thermocouple T1 az = 0:42 m being under saturated boiling has a
higher heat transfer coe cient in the initial transient. This can be attributed to the increase
in nucleation activity due to the salt deposits acting as additional nucleation sites. This
initial transient of enhanced heat transfer rate is referred to as the induction period. After
the induction period, the heat transfer coe cient is reduced due to the formation of the
fouling layer by the salt deposits. For thermocouple T2, which is under subcooled boiling at
z = 0:28 m, no asymptotic stabilization of the heat transfer coe cient was seen for all the
tests. It is possible that the induction period occurred before data acquisition process was
started while the system was reaching a steady state.

The percentage di erence in the asymptotic heat transfer coe cient between seawater
and pure water for the three tests is shown in Figure 2.10. The dierence at= 0:28 m,
which is under subcooled boiling, increased as the heat ux increased. However at a higher

elevation atz = 0:42 m under saturated boiling, there wasn't a signi cant reduction in heat
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Figure 2.9 : Comparison of measured heat transfer coe cient with Gungor & Wintertor
and Shah correlatiorf* for pure water

Table 2.4 : Correlations used for comparing the predicted heat transfer coe cient with the
measured heat transfer coe cient (GW = Gungor & Winterton) 11,

GW?2 q00= hsp;I(TW Ti)+ Shop(Tw  Tsat)
S=1=(1+1:15 10 °F%Re!);F =1+2:4 10'Bo™*®

q00: h sp;l Tsat;BO = qO%Gth
Shah?* n o for low subcooling 230" :Bo> 0:3 10 4
o+ —=& for high subcooling °~ 1+46Bo®*:Bo< 3 104

Tsat

transfer coe cient.

In the saturated boiling region, due to an increased nucleation activity, there exists a
higher mixing between the bubbles and the bulk liquid. This causes the advection e ects to
promote salt mixing from the heated surface back to the bulk liquid. Therefore, the mass
transfer resistance becomes negligible and the heat transfer to the seawater occurs at the

same rate as that with no salts due to their similar thermophysical properties. The increased

mixing also causes larger shear stresses at the heater surface, thereby increasing the removal

rate of the deposit on the heater surface causing fewer deposits to attach on the surface as
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Figure 2.10 : Percentage di erence of heat transfer coe cient between seawater and tapwater

compared to subcooled boiling.

Figure 2.11 : Spotty deposition pattern in subcooled boiling (left) and uniform deposits in
saturated boiling (right)

At the lowest elevation, the heat transfer performance was very similar due to very similar

thermophysical properties under single phase ow. Upon inspection of the heater surface
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after the end of the experiment, no deposits were found near the measurement location at
z = 0:14 m which was under single phase ow. In the subcooled boiling region at= 0:28

m, hard spotty deposits with high adhesion strength were observed. At the highest location,
under saturated boiling atz = 0:48 m, soft deposits uniformly spread out across the heater

with much lower adhesion strength were observed, as shown in Figure 2.11.

2.4.2 E ect of dissolved salts on bubble characteristics and evap-

orative ux

Figure 2.12 : Distribution of bubble departure diameter of seawater for Test 1 with a log-
normal t( =0:66mm; =0:62mm)

Along with the temperature measurements, high speed videos of the boiling phenomena
were taken for each test. These videos were analyzed to estimate the departure diameter and
the number of nucleating bubbles in the region 2 inches above and below the thermocouple
T2 (z = 0:28 m) which is in the subcooled boiling region. The presence of isolated bubbles
in the subcooled boiling region made identi cation and quanti cation of individual bubbles
possible. In saturated boiling region, the presence of high bubble nucleation activity made

guanti cation of bubble parameters not feasible. Therefore, only the subcooled boiling region
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Figure 2.13 : Log-normal distribution of bubble departure diameter of seawater and pure
water for Test 1 with the most probable diameters

was investigated for the bubble characteristics. Each high speed video was recorded at
1500 frames per second for a duration of 1 second. Thus, a total of 1500 frames were
analyzed. At least 100 departing bubbles were analyzed in each high speed video. The
distribution of bubble departure diameter for Test 1 for both seawater and pure water is
shown in Figure 2.13. Both coolants exhibited a positive skewed or a log normal distribution
of departure diameter. This distribution of the bubble departure diameter is consistent
with the observations of Martinez et al®* and Ooi et al.>? for pure water at low pressures.
For assessment of a representative diameter from the range of diameter distribution, the
arithmetic mean departure diameter was selected. With both distributions exhibiting a
similar range of diameters, the mean departure diameter is smaller in seawater as compared
to pure water.

Log-normal probability density function was t on the bubble departure diameter data
presented in Figure 2.12. The bubble departure diameter peak, as shown in Figure 2.13,
is reduced from 0.64 mm with tapwater to 0.45 mm with seawater, which is about 30%
reduction. The mean departure diameter is smaller for seawater as compared to pure water

for all the test cases.
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Figure 2.14 : Temporal evolution of bubble departure diameteNf , and evaporative ux
for the three tests for both tapwater and seawater

The temporal evolution of the arithmetic mean bubble departure diameter for each test
is shown in Figure 2.14. The mean departure diameter did not show signi cant variation
with time and stayed almost constant during the duration of the test. This is consistent
with data presented in the Figure 2.7, where the wall temperature stayed constant in the
subcooled boiling region. The variation of the mean departure diameter with heat ux for

both coolants is shown in Figure 2.15.
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Figure 2.15 : Time averaged comparison of bubble departure diamet&f and evaporative
ux for di erent heat uxes between seawater and pure water

In an electrolyte solution, the formation of a vapor bubble causes an increase in concen-
tration in the microlayer beneath the bubble compared to the bulk uid. This increase has
been reported to be between 1 and 2.05 times the bulk concentration by Jamialahm&di
This increase in concentration causes the e ective boiling point to increase, thereby reducing
the wall superheat, which causes the vapor bubble to depart at a smaller diameter with the
presence of salts.

The number of departing bubbles in the 1 second interrogation window were counted to

estimate the evaporative ux, which is a function of the bubble characteristics given by:

D 43

o’z = (Nf) Jhyv (2.14)

where (Nf ) is the number of departed bubbles per unit area per second.

The variation of meanNf with heat ux for pure water and seawater is shown in Figure
2.14. As shown in the gure, pure water had higher number of departing bubbles from a
unit area per unit time as compared to seawater for all the tests. The variation ™f with
time is inconclusive, but the general trend is that the mean value is reduced in seawater.

Due to the high concentration of the solute in the microlayer beneath the bubble, the
surface tension () of the seawater liquid is increaset** and thus, a higher superheat would

be needed to activate a given nucleation site (with cavity radius;), as given by the Equation
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P(Tsat) P= ™ (2.15)

Therefore, fewer nucleation sites are expected on the heater surface with seawater as com-
pared to pure water due to the increased surface tension. Due to the increased concentration
in the microlayer beneath the bubble, the local saturation temperature increases. This re-
duces the local superheat causing an increase in the bubble waiting time or reducing the
bubble departure frequencyf . The reduced bubble departure frequency was also observed
by Gu and Jamialahmadf®>°,

Using the information aboutNf and D, the evaporative ux was calculated using Equa-
tion 2.14. The variation of the evaporative ux with heat ux for both coolants is shown
in Figures 2.14 and 2.15. A lower evaporative ux was observed in seawater as compared
to pure water. As the evaporative ux, or rate of vapor generation is lower, it implies that
a smaller fraction of the heat is taken away due to the phase change process and a larger
fraction of the heat transfer occurs due to the convection currents of the single phase liquid.
Also, with fewer bubbles being generated on the surface, the boundary layer is also relatively
undisturbed. Therefore, one would expect the heat transfer rate to be lower in seawater as
compared to pure water. This is consistent with the wall temperature and heat transfer

coe cient measurements shown in Figure 2.7 and 2.8.

2.4.3 E ect of dissolved salts on two phase ow

High speed images of the two phase ow beyond the heated region, in the riser, are shown in
Figure 2.16 for both pure water and seawater. As evident from the image sequence, the ow
pattern in pure water consists of large slugs of bubbles that are formed after coalescence of
bubbles. This bubble coalescence is absent in seawater at the vapor generation rates under
consideration. The bubbles retain their structure even when two bubbles are in close contact
with each other. A thin liquid Im is present between the bubbles that contains the ionic
charges that have accumulated on the liquid-vapor interface, which causes repulsive forces

and inhibits bubble coalescence. The presence of frothy/bubbly ow is a stable ow due to
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