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Abstract

Nowadays, nuclear power plants around the world produce vast amounts of spent fuel. After
discharge, it requires adequate cooling to prevent radioactive materials being released into the
environment. One of the systems available to provide such cooling is the spent fuel cooling
pond. The recent incident at Fukushima, Japan shows that these cooling ponds are associated
with safety concerns and scientific studies are required to analyse their thermal performance.
However, the modelling of spent fuel cooling ponds can be very challenging. Due to their large
size and the complex phenomena of heat and mass transfer involved in such systems. In the
present study, we have developed a zero-dimensional (Z-D) model based on the well-mixed
approach for a large-scale cooling pond. This model requires low computational time compared
with other methods such as computational fluid dynamics (CFD) but gives reasonable results
are key performance data. This Z-D model takes into account the heat transfer processes taking
place within the water body and the volume of humid air above its surface as well as the
ventilation system. The methodology of the Z-D model was validated against data collected
from existing cooling ponds. A number of studies are conducted considering normal operating
conditions aswell as in a loss of cooling scenario. Moreover, a discussion of the implications
of the assumption to neglect heat loss from the water surface in the context of large-scale ponds
is also presented. Also, a sensitivity study is performed to examine the effect of weather

conditions on pond performance.
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Nomenclature
A surface area (m?) y mole fractions
v specific heat capacity at constant At time step size (s)
pressure (J/kg K)
C, specific heat capacity of water (J/kg Greek symbols
K)
h, convection heat transfer coefficient £ emissivity
(W/m?K)
h.., ~ condensation mass transfer p density (kg/m?3)
coefficient (m/s)
h.,  evaporation mass transfercoefficient o Stefan-Boltzmann constant (W/m? K#)
(m/s)
h,(T) enthalpy of vapourata given .
temperature (kJ/kg) Subscripts
hsg latent heat of vaporisation for water a dry air
(kd/kg)
k thermal conductivity (W/m K) © ambient
m mass (kg) c convection
m mass flow rate (kg/s) con  condensation
M molecular weight (kg/kmol) d heat load
N mole number (kmol) D designed value
N molar flow rate ( kmol/s) ev Evaporation
Nu  Nusseltnumber h hall
P pressure (Pa) l leakage
heat transfer rate (W) m make-up
Ra Rayleigh number p pond
RH relative humidity (%) r radiation
R, universal gas constant (J/K kmol) R rack
Sh Sherwood number sat  saturation
T temperature (K) t total
Volume (m?) v vapour
x wall thickness (m) vent ventilation
w water
wb wet bulb
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1 Introduction

In the past decades, increasing the use of nuclear power for electricity generation has gained a
lot of attention amongst scientists. Nuclear reactors around the world are now discharging a
massive amount of spent nuclear fuel, which is predicted to reach approximately 445,000 tHM
(metric tonnes of heavy metal) by 2020 [1]. This includes 69,000 t in Europe and 60,000 tin
North America. Despite the recent incident at Fukushima, Japan [2], nuclear power generation
continue to grow in developed countries, as evidenced by the recent massive investment in
nuclear energy by the UK government in approving an £18bn nuclear plant at Hinkley Point

C. This will deliver 7% of Britain’s electricity needs for the next six decades [3].

The issue of long-term storage was not considered when the original decisions were made
regarding the fuel cycle [4]. Recently, waste management has become one of the major policy
issues in most nuclear power programmes. Meanwhile, the options chosen for waste
management can have extensive effects on political debates, propagation risks, environmental
threats, and economic costs of the nuclear fuel cycle. This increases the significance of
modelling the cooling ponds and analysing their performance to provide a better understanding
of their pond thermal behaviour. This will allow for better operation and could offer mitigation

options whenever needed in accident scenarios.

Several research investigations have considered the thermal-hydraulic behaviour of the spent
fuel cooling ponds, which are mainly focused on accident scenarios and their consequences [2,
5-8]. These studies used two main modelling approaches. The first approach is the use of so-
called system codes such as RELAP, TRACE, ATHLET, MELCOR and ASTEC. These codes
are based on dividing the system into a network of pipes, pumps, vessels, and heat exchangers.
Mass, momentum and energy conservation equations are then solved in one-dimensional form.
Many phenomena and physical behaviour such as two-phase flows and pressure drop due to
friction rely on empirical correlations. These codes are suitable for systems that can be
represented by one-dimensional flows. However, when such a system involves multi-
dimensional phenomena, these codes do not provide a good approximation. Some attempts
have been made to improve their capability to handle multi-dimensional flows. One of these
attempts considers the system as an array of parallel one-dimensional pipes, where the
interaction between them is allowed through cross-flow coupling. Although they provide

improved approximations compared with purely one-dimensional approaches, these models do
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not offer appropriate descriptions of multi-dimensional flows. The MARS code is an example

of attempts to include a multi-dimensional analysis capability in system codes [9].

The second approach is a numerical method such as computational fluid dynamics (CFD)
which in principle can address details of thermos-fluid phenomena in cooling ponds Numerical
methods such as CFD can be used, in principle, to address fluid flow and heat transfer scenarios
in three dimensions using computers. The CFD methodology is now well-established, but the
available literature indicates that a full CFD model of a spent fuel cooling pond may be not
practically possible. This is due to their large size and the existence of complex phenomena,
such as evaporation, which requires multiphase flow models. However, some studies have
reported CFD modelling of spent fuel ponds taking into account only the water body without
considering the humid air zone above or ventilation and their effect on the evaporation rate.
Also, some of the challenges encountered during the CFD simulation have been discussed in
our previous work [10]. An example of the use of CFD in improving the safety of such cooling
ponds can be found in a study conducted by Ye et al. [11], in which a new passive cooling
system was designed to provide an adequate cooling for the CAP1400 spent fuel pool in
emergency situations. Hung etal. [12] used the CFD approach to predict the cooling ability of
the Kuosheng spent fuel pool and to confirm that the existing configuration can provide enough
cooling to meet licensing regulations with a maximum water temperature of 60 °C. A unique
aspect of their work is that they used CFD in a more advanced way than in other studies to
predict local boiling within the pool water, reflecting the strength of the CFD approach.
Another use of CFD is to study flow characteristics within fuel assemblies. For example, a
study conducted by Chen et al. [13] investigated flow and heat transfer within a rod bundle

using a three-dimensional model.

Yanagi etal. [14] produced a CFD model for a cooling pond and compared the predicted water
temperature with those for the cooling pond at Fukushima Daiichi Nuclear Power Station under
loss of cooling conditions. The water surface was modelled using a previously derived heat
transfer correlation by the same authors [15]. The CFD model produced by Yanagi et al. [14]
was further used to form a baseline for an analytical model "One-Region model” also generated
by Yanagietal. [16, 17]. This One-Region treats the water as on node with a single temperature
value without taking into considerations its distribution. After that, they have examined the
effect of the distribution of the heat load on the variation of water temperature and it was
confirmed that the One-Region model applicable to predict the water temperature in the cooling

pond during the loss of cooling scenario.
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On the other hand, most of the studies adopting the system codes were concerned about
investigating accident scenarios and their consequences. Carlos et al. [18] used the TRACE
best estimate code to analyse the safety of the Maine Yankee spent fuel pool. Ognerubov et al.
[19] investigated scenarios of the loss of water in a spent fuel pool in the Ignalina NPP using
various system codes to identify potentially unrealistic parameters while performing the
calculations. Groudev et al. [20] used RELAPS to study the thermal-hydraulic behaviour of
spent fuel for a dry out scenario while transferring fuel from the Kozloduy NPP reactor vessel
to the cooling pool. Additional studies dealing with fuel ponds can be found elsewhere [5, 21,
22].

Some investigations concern accident mitigation options using thermal-hydraulic codes. Chen
et al. [6] used the GOTHIC code to model a spent fuel pool owned by the Taiwan Power
Company to analyse its response to spray mitigation under loss-of-coolant scenarios. Wu et al.
[23] conducted an analysis of the loss of cooling accident scenarios for a spent fuel pool at the
CPR1000 NPP using the MAAP5 code. In the same study, the authors discussed mitigation

measures to recover the pool cooling system using make-up water.

The literature cited above shows that the CFD approach is more convenient when it comes to
improving the design of cooling ponds, as it offers an in-depth understanding of heat and mass
transfer and fluid mixing. On the other hand, thermal-hydraulic system codes such as TRACE
are more suitable for analysing safety issues with such ponds and when the system under

consideration can be approximated to one-dimensional flow.

In general, most studies focus on investigations of severe accident scenarios and the analysis
of their consequences. However, relatively few studies have reported on improving pond
design as well as accident mitigation options. Conversely, very limited number of studies have
investigated the thermal performance of spent fuel cooling ponds during normal operating
conditions, which may represent the first line of defence in accident prevention.

It is worth noting that most spent fuel cooling ponds considered in the cited studies are of
relatively small size. Onthe other hand, due to the continuing increase in spent fuel production,
some countries are tending to construct centralised cooling ponds to keep up with demand from
incoming spent fuel until a more permanent solution is found [24, 25]. To date, centralised,
large-scale, ponds have been little discussed in literature, and this may be attributable to the

challenges encountered during the modelling and analysis of such systems.
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In this paper, we explore the suitability of adopting the well-mixed approach in developing a
Z-D model for a large-scale cooling pond. The well-mixed approach is widely used in
ventilation applications to predict the concentration of specific gases or vapours in a room [26].
This model treats the room as a large box, which is perfectly mixed so that the concentration

of gas or vapour is uniform.

The proposed Z-Dmodel is able to provide a quick answer for “what-if” scenarios, which is
necessary at the decision-making stage to aid organisations in more efficient operation of their
cooling ponds. Also, the Z-D model will allow, in future work, the thermal performance of the
large-scale cooling ponds to be analysed. Also, the outcomes from the proposed model can be
coupled with the numerical approach to provide some boundary conditions in the CFD analysis
for both macro and micro level model of the pond. For example, the coupling can be achieved
via specifying the boundary condition at the free water surface in the CFD model instead of

modelling the humid air zone, which involved multiphase models.

Figure 1. Schematic diagram of the large-scale fuel pond.
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2 Large-Scale Cooling Pondunder investigation

Figure 1 shows a schematic diagram of the large-scale cooling ponds in a three-dimensional
view. The pond are characterised by large dimensions of 160m x 25m x 8m and the water
surface area is about 3500 m2. The whole installation consists of three different ponds. The
entire facility includes three different ponds. Pond A and Pond B store the heating sources
while the inlet pond supplies make-up. Heat removal takes place via three mechanisms:
ventilation, make-up water and water recirculation as illustrated in Figure 2. When the heat is
released from the heat sources, the water temperature starts to increase as does the heat transfer
from the water surface to the ambient air. The heat transfer from the water surface takes place
via three heat transfer modes: evaporation, convection, and radiation. The ventilation system
is used to replace the warm air within the building with relatively cooler air. The major heat
loss from the water surface is due to the evaporative component; however, this is associated
with the loss of pond water, which may lead to a significant drop in the water level in the long
term. For this reason, make-up water can be supplied to the pond to prevent the potential risk
of uncovering the heat sources. Furthermore, make-up water can be used for purging the pond
water as it has been demineralised before reaching the pond. The temperature of the make-up

water is mostly determined by the outside temperature.

Recirculation can be used on occasions when cooling by ventilation and make-up water is not
sufficient to control the pond temperature. Cooling via recirculation is achieved by feeding
some of the pond water through a cooling tower which then re-enters the pond a few degrees
cooler. However, cooling is not the only function of recirculation. It also helps to reduce
unfavourable thermal stress in the pond’s concrete walls which may otherwise lead to cracks
and the leakage of contaminated water. This is achieved by maintaining the water temperature
as uniformly distributed as possible, preventing excessive cracking in the pond walls.

Also, due to the long storage time of the heat load under water, a caustic dosing is injected to
protect the fuel cladding from any potential corrosion as well as to assist with the removal of
colour and turbidity present in the cooling water. In addition, the operational experience
showed that such chemical could help to reduce cracks in the concrete walls. In such situation,
recirculation of the pond water is required to improve the dispersion of the caustic dosing by

recirculating the pond water at various locations across the pond.
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Figure 2. Description of the processes taking place within the pond installation.

Humid air zone
(sink)

Figure 3. Zones used in the Z-D model.

3 Z-D Model

While developing the Z-D model for the cooling ponds, the whole pond installation is divided
into two nodes: the humid air zone and water zone as shown in Figure 3. These zones can be

described as a source and a sink, where the water zone acts as the source of water vapour and
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heat energy and humid air zone acts as the sink. Energy and mass transfer with the environment,

the third zone, is also integral part of the model

The well-mixed approach is adopted in both zones. Since the heat sources are located at the
bottom of the pond, the water temperature for the bulk of the pond can be assumed to be
uniformly distributed due to buoyancy-induced convection. Similarly, the temperature of the
humid air zone can be treated a single value due to the large volume and the flow process of

evaporation. Experimental data from the site also support the above assumption.

The proposed Z-D model is based on solving conservation of mass and energy equations for
the water body and humid air zone above the water surface. The model treats each zone asa
single control volume and takes into account heat and mass transfer as well as interaction at
the air-water interface. The environment provides some boundary conditions such as

temperature and relative humidity to solve the ODEs involved water and humid air zones.

The forward time marching approach is adopted to solve a system of differential equations of
mass and energy using Euler's forward method as a discretization scheme [27]. This is an
explicit method where the solution of the current time step depends on information from the
previous step. The general form of Euler's method is shown in Eg. (1). The advantage of this
approach is that it does not require significant computing time or power and allows the

calculations to be performed using Microsoft Excel spreadsheet

x™ = x™ 4+ f(t", x™)At (1)

A diagrammatic representation of the Z-D model is illustrated in Figure 4. In the beginning,
initial values are given to start the solution. The physical properties of air and water are
evaluated at eachtime step. After that, the mass fluxes across the pond structure, evaporation
and condensation rates, are estimated along with the ventilation discharge rate. At this point,
two mass balance equations are solved in order to calculate the amounts of air and water, which
are needed to solve the energy equation in each zone. Finally, air and water temperatures are
obtained for this time step. The new temperature will be used to recalculate the physical
properties of air and water for the next time step. This is an iterative process that will continue

until the steady state is reached.
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Figure 4. Flowchart representation of the Z-D model.
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3.1 Mass Balance of the Water Zone

The water in the pond is evaluated at each time step, considering any change due to the supply

of make-up water (r,,) and loss of water due to evaporation (m,,,), leakage (r;), and water

outflow (1,,;). Therefore, the mass balance equation for pond water can be written as follows:

m;,“fl =mp + (M — Mgye — Mey — M) ™AL 2

where m,, is the total mass of water within the ponds, At is the time step size, and n is the

number of iterations.

The following equation describes how the water outflow from the pond is controlled. When
the water loss due to evaporation and leakage is greater than the supplied make-up water, no
water discharge will be permitted. Similarly, in situations when the height of the water level
(H) is lower than its designed value (Hp), no water outflow is allowed until the water level
reaches this value. The following relationship explains how the outflow of water can be

mathematically expressed:

(0 if (mev‘l'ml) me
l mm - mev - ml if (mev + ml) < mm
Moyt = 4 0 if H<Hp (3)
A,(H—H
u”w o D)] + (i — ey =) if H > Hp

where p,, is the water density and A,, is the water surface area of the pond. The evaporation

rate before the pond water starts to boil canbe estimated using Stefan’s law [28]. The following
equations show how the evaporation rate can be estimated before boiling and in the case of

boiling.

11
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Pt - Pv,s .
) hgy, log ﬁ Ap if Tp < Tsat
Mey = t v,

(4)
Qd/hfg if Tp = Tsat

where, P, s is the saturated vapour pressure at surface temperature, and P, ., is the vapour
pressure at the hall temperature, P, is the total pressure of humid air inside the hall, hf is the
latent heat of vaporization for water, Q, is the released heat from the heating elements, Ty, is
the pond water temperature, T, IS Water saturation temperature and h,,, is the evaporative
mass transfer coefficient which can be calculated using the analogy between heat and mass

transfer using Sherwood—Rayleigh power law, Sh —Ra, as shown below [28]:

0.54 Ra,,* if 10* < Ra,, < 107
Sh

(5
0.15 Ra,,/? if 107 < Ra,, < 101!

where Ra,,, is the Rayleigh number for mass transfer by evaporation. The definition of Ra,,

can be expressed as shown below:

g4p L3> Sc ©6)

Rag, = Gr.S5c =
fev e <pavV2

here Gr is the Grashof number and L is the characteristic length, which is considered to be the

area of the water surface over its perimeter.

3.2 Pond Water Elevation

The pond water level is calculated by knowing the water volume and the surface area of the
pond water. When the water level drops to a value less than the rack height (Hg) shown in

Figure 2, the surface area of the water will be limited to the surface area of water between the

12
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rack assemblies (Ag). The water level at every time step is updated according to the mass of

water available in the pond, as shown in the following equation:

|( [(%—ARHR>/AP]+HR if H=>Hg
"= U
Ik (%)/AR if H <Hg

3.3 Mass Balance of the Humid Air Zone

Humid air is considered asa mixture of dry air and water vapour. Both dry air and water vapour
at low partial pressure can be treated as a perfect gas. When dealing with humid air, it is more
convenient that the mass of the moist air to be expressed in mole basis for the dry air and vapour

separately.

In order to evaluate the amount of dry air (N,) and vapour (N,,) inside the pond hall, the mass
balance equation across the hall is applied as shown in Equations (8) and (9). This mass balance
takes into account the ventilation inlet (Nvent_in) and discharge (Nvent,out) flow rates as well

as evaporation and condensation (7., ) rates.

. . n
N&H—l = N(? + (ygent,in Nvent,in - yi(ll NventrOUt) At (8)
Moy  Meon)"
N;”l =N+ (Nvent,in - y,‘{ Nyent,out + = — con) At ©)
M, M,

where yy.... i, is the molar fractions of dry air of the incoming ventilation air and y;* and y,

are the molar fractions of dry air and water vapour respectively, which canbe found from:

Yh = (10)

13
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v v
_ 11
Yh N, (11)
N, =N, + N, (12)

Here N;, is the total molar mass of the humid air inside the pond hall. The flow rate of the
ventilation inlet is an initial input condition, where the differential pressures drive the

ventilation discharge and canbe computed from:

: 2(Py — Pgem)
Nvent,out = Poo MyAgyce p—am (13)

where p., is the density of the humid air inside the pond hall, M, is the molecular weight of
water vapour, A, 1S the cross-sectional area of the ventilation discharge duct, P, IS the
outside atmospheric pressure P; is the total pressure of humid air inside the pond hall and can

be evaluated as follow:

TyR
P, = ( ’;/ho)Nh (14)

The estimation of the condensation rate is similar to the calculation of the evaporation rate:

Meon = hcon(pv,oo - pv,wall) Ap (15)

where, p, waqu 1S the saturated vapour density at wall temperature, Ay is surface area of the
inner walls of the pond hall and h.,, is the condensation mass transfer coefficient which can

be calculated from:

14
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Sh =0.10 Ral/3 (16)

To examine the coefficient 0.10 in Eqg. (16), we have run several calculations considering
different values for this coefficient ranging from 0.05 to 0.2. It was found that the maximum
effect of this coefficient on the final result for the water temperature is relatively low, less than
1.5%.

3.4 Energy Balance of the Water Zone

The energy contained in the water body is integrated over time taking into account the heat
realised from the heat sources, the heat flux from the water surface and the energy associated

with the water inlets and outlets:

TI;H'l
At (17)

A . 3 . . A n
= TJL + (Qd + mmCWTm - mouthTp - mevCWTp — Myec CWATrec - Qs) C
pLw

where C,, is the specific heat of water, T,,, is the temperature of the make-up water, 11, is the
recirculation flow rate, AT,... is the temperature drop in the cooling tower which is controlled
by the wet bulb temperature of the outdoor air (T,,;) and the cooling tower efficiency and can

be expressed as:

ATTGC

_ 18
Ty — T (18)

and Q is the total heat transfer at the air-water interface which can be estimated as shown

below:

15
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Qs=Qev+Qr+Qc (19)

where Q,, is the evaporative heat transfer, Q, is the radiative heat transfer, and Q. is the
convective heat transfer. These three heat transfer modes can be evaluated from the following

expressions:

Qev = mevhfg (20)
Qr = Apg U(Tp4 - Tvéall) (21)
Qc = Aphc(Tp —Tp) (22)

Here ¢ is emissivity, o is the Stefan Boltzmann constant, T, IS the wall inner surface

temperature of the hall, k. is the convection heat transfer coefficient at the water surface which

may be evaluated by using the Nusselt— Rayleigh power law, Nu — Ra , as shown below:

0.54 Ral/* if 10* < Ra <107

Nu (23)

0.15 Ral/3 if 107 < Ra < 10

3.5 Energy Balance of the Humid Air Zone

The heat loss from the water surface is gained by the ventilated air, which results in an increase
in air temperature. To calculate the air temperature inside the pond hall, the energy balance is

performed across the hall as shown below:

T}:H—l = Tr? + [mevhv(Tp) + Qc + Qr - Qwall - mconhfg + Qvent,in -
At (24)
NaMqCp,q+NyMyCp |

Q vent,out]n [

16
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where h,(T) is the specific enthalpy of water vapour at a given temperature and can be
calculated using the shown below [29]. However, this relationship is valid only for low values

of pressure.

h,(T) = 2500 + 1.82 (T — 273) (25)

In order to obtain the heat energy associated with the incoming ventilated humid air (Quent in)

and the discharged humid air by ventilation (Q yenzous), the following relationships are used:

. 4 . v .
Qvent,in = Yvent,in Nyent,inCpaTvent,in + Yvent,in Nyentinhv (Tvent,in) (26)

Q vent,out — Y, fcll N. vent,out Cp,a Th+y, ;1) N. vent,out hy (Th) (27)

Here, Yyent.in @Nd Yyor i are the molar fractions of the ventilation inlet dry air and vapour
respectively, C,, is the specific heat of the dry air, and Tyen:n is the ventilation inlet
temperature which is assumed to be the same as the outside temperature. The heat transfer

through the walls of the pond hall (Q,,4;;) is computed according to:

Qwatr = hin(Th — Twau) An (28)

In order to determine T,,,;;, an energy balance is performed across the walls of the pond hall
where the wall thickness (x) is divided to uniform increments of dx. The energy equations for

the interior and surface layers can be written as follow:

17
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T'n+1 = TN 4+ k (Ti—l — Ti _ Ti - Ti+1)n At (29)
' ' dx Cwallpwall dx dx

T'n+1 =T" + k (Twall B Ti _ Ti - Ti+1>n At (30)
' ' dx Cwallpwall dx/Z dx

where i is the index of the wall layers, C,,4;; IS the specific heat of the walls material, p,,4; IS
the density of the walls material, and k is the thermal conductivity of the walls material. The
inner and outer surface temperatures can be calculated considering the heat balance across this

surface as shown below, respectively:

Twau—T;

Qr + (Th - Twall)Ahhin = dx/Z Ahk (31)
T; — T,
(Toue = Tem)Anhous = =75 Ank (32)

where T,,, IS the outside environment temperature h;, is the convective heat transfer
coefficient for the inner surface of the pond hall and hy,. is the outer surface heat transfer
coefficient and was considered to be constant (4 W/m? K). Finally, under the normal
operational conditions, the solution is considered to be converged when the relative difference
between the current iteration and the previous iteration is less than 0.01%. The convergence

criterion is expressed as shown below:

ITn+1 _ Tnl

Convergence criterion = % x 100 (33)
P

However, this convergence criterion cannot be applied when the pond is suffering from loss of

cooling. In this case, the temperature of the pond water will continue to increase until the

18
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saturation is reached. During this time, the water level may drop until the pond dries out unless

sufficient make-up water is provided to compensate for the evaporated water.

The heat loss from the pond water to the concrete wall is not considered in this study as it
makes only a tiny contribution to the total heat loss from the pond's structure. This is because

the ponds are surrounded by a very thick concrete layer at the sides and floor.

As mentioned before, the calculations were performed using the explicit Euler’s method, which
is known to be conditionally stable, hence, a stability analysis is required [30]. Investigation of
the numerical behaviour of the model shows that the stability of the model is more dominated
by the stability of the differential equations rather than the used method. The highest instability
was observed in the mass balance equation for the humid air zone. This is due to the pressure
fluctuation, which is mostly controlled by the ventilation discharge. Therefore, a stability
analysis is conducted on the mass balance equation for the humid air zone. However, to perform
such analysis, the nonlinear equations have to be linearized. The linearization of the ODE for
the mass balance of the humid air zone was achieved using Taylor series. Then, a systematic

stability analysis was accomplished as follows:

e Construct the finite difference equation (FDE) for the model ODE, y + ¢y = 0
e Determine the amplification factor, G, of the FDE.
e Determine the conditions to ensure that |G| < 1.

By applying the above-mentioned practice, an estimation of the limit of the stable time step

can be expressed as:

2
A — 34
t<9 (34)

where 6 is equivalent to:

_ AductRoTh 2poo
0= ( (35)

ThR
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Note that 8 changes as N;' changes. Thus, the stable step size changes as the solution advances.
However, keeping the time step within the criterion shown in Eg. (34) not only ensures
stability, but it also ensures that the results are not very sensitive to the time step. According to

this criterion, the used time step in all the cases presented in this study is 5 sec.

4 Z-D Model Validation

The Z-D thermal model of the cooling pond is validated against available data for two different

cooling ponds as shown below:

1. Maine Yankee spent fuel pool, Wiscasset, USA [18]

2. The large-scale cooling pond
4.1 Validation with Maine Yankee Pool Data

The Maine Yankee spent fuel pool is a relatively small cooling pond located at the reactor site,
with dimensions of 12.6 m long, 11.3 m wide and 11.1 m deep. Carlos et al. [18] used TRACE
best estimate code to analyse the response of the cooling pond in different scenarios. During
their calculations, no heat loss was considered at the free water surface except when the water
has reached its saturation temperature (100 °C) with the initiation of boiling. However, this
assumption does not have a significant effect on the results, as the proportion of heat loss from
the water surface before boiling is not significant compared to the heat loss by the supplied
water. This is owing to the small surface area at the air-water interface.

The Z-D model is used to perform calculations on the Maine Yankee spent fuel pool, Wiscasset,
USA [18] and the results obtained are compared against the published data for this pool. These
calculations are developed for three cases: (a) steady-state, (b) licensing, and (c) accident

scenarios.

In the paper reported by Carlos et al. [18], the temperature data were available for the steady-
state case in the form of actual temperature measurements collected from the Maine Yankee
spent fuel pool. For the licensing case, the temperature data were calculated by GFLOW
software [31], while the TRACE best estimate code was used for the pool temperature under

the accident scenarios.
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(@) - (b) Steady-state and Licensing Cases

The input parameters used in the calculations of the steady-state and licensing cases are
summarised in Table 1. In the same table, the outcomes from the validation exercise our Z-D
model are presented. The heat load in the licensing case corresponds to the maximum expected

heat generation from the fuel elements.

The results predicted by the Z-D model are in good agreement with the available data for the
Maine Yankee spent fuel pool as can be seen in Table 1. However, the Z-D model
underestimates the pond water temperature by 3 % and 2.6 % for steady-state and licensing
cases respectively. When all of the heat transfer modes from the water surface are deactivated
in the Z-D model calculations, except for boiling, the underestimation errors of the water
temperature decreasedto 1.9 % and 0.9 % for the steady-state and licensing cases respectively.
This implies that the heat loss from the water surface before boiling is relatively less significant,
as mentioned before.

Table 1. Input data and comparison between values predicted by the Z-D model and data for
the Maine Yankee pool [18].

Parameters / Case Steady State Case | Licensing Case
Heat load (MW) 3.3 6.4
Make-up water flow rate (kg/s) 98 97.6
Make-up water temperature (°C) 26.1 51.7

Maine Yankee pool [18] 36.7 (measured) 68 (GFLOW)
Water bulk

Present Z-D model 35.6 66.2
temperature (°C)

errors -3% -2.6%

(c) Accident Case

The outcomes from the licensing case were used as the input data for the accident scenario
except for the initial water level which is considered to have a value of 4.56 m as measured
from the bottom of the pond. In the TRACE simulation for the accident case, it was assumed
that the pumps which supply the pond with the cooling and make-up water, have stopped

functioning and the only heat loss mechanism available is the heat loss to the surroundings by

21




450  means of boiling. Therefore, in the Z-D model calculations, the heat transfer modes from the

451  water surface were deactivated and the only heat transfer permitted is due to boiling.

452  Figures 5 and 6 show comparisons between the results predicted by the Z-D model and the
453  TRACE data for the accident scenario in terms of water temperature and drop of pond water
454 level respectively. In Figure 5, for up to one hour the same linear trend is observed, but a clear
455  shift of 1.8 °C is recorded, the reason for which is not obvious from the original paper [18].
456  Figure 6 shows a sudden drop in water level over a very short time (something similar to
457  purging), but the reason for such behaviour was also not explained. These behaviours may be
458  due to assumptions made which are unknown to us. In general, good agreement can be observed
459  between the Z-D model and the TRACE best estimate code.
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461  Figure 5. Comparison of water temperature for the accident case that obtained by the proposed
462  Z-D model and Maine Yankee pool [18].
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Figure 6. Comparison of water level for the accident case that obtained by the proposed Z-D

model and Maine Yankee pool [18].
4.2 Validation with Large-Scale Cooling Pond Data

The validation exercise is further extended to consider a large-scale cooling pond to examine
the effect of pond size on the Z-D model’s prediction. The total heat realised from the heat

sources is about 340 kW.

The validation is performed for three different operational configurations and the input
parameters used during these calculations are summarised in

Table 2. Comparisons between the measured data and the results predicted by the Z-D model
are presented in tabular form as shown in Table 3. It can be seen from the comparisons that the
Z-D model has predicted the water temperature aswell as the hall air temperature within a good
level of accuracy. However, the Z-D model has slightly overestimated the water temperature.
The maximum observed error in the predictions of water temperature is 3.56 %, where the

maximum recorded error in the hall air temperature is - 4.55 %.
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Table 2. Input parameters used in validation with the large-scale cooling pond data.

Parameters Case 1 Case 2 Case 3
Initial water level (m) 8 8 8
Water surface area (m?) 3,500 3,500 3,500
Water zone volume (m3) 21,900 21,900 21,900
Humid air zone volume (m3) 129,600 | 129,600 | 129,600
Heat transfer area of humid air zone (m2) | 15,120 15,120 15,120
Heat load (kW) 340 340 340
Outside environment temperature (°C) 11 14 19
Recirculation flow rate (kg/s) 4.57 4.63 4.05
Temperature drop in cooling tower (°C) 0 0 3
Make-up rate (kg/s) 3.47 3.62 3.84
Make-up temperature (°C) 10 14 20
Ventilation inlet rate (m3/s) 12 12 12

Table 3. Comparison between measured and predicted results for the large-scale cooling

ponds data.
Water Temperature (°C) Hall Air Temperature (°C)
Measured | Predicted | Error (%) | Measured | Predicted | Error (%)
Case 1 20.6 21.3 3.39 % 18.2 17.5 -3.85%
Case 2 23.2 23.9 3.01 % 19.8 18.9 - 4.55 %
Case 3 25.3 26.2 3.56 % 21.7 21.1 -2.76 %

The percentage contribution of eachheat removal mode to the total heat loss is shown in Figure
7 for the three validation cases. These contributions are evaluated when the steady state is
reached. From the results shown in this figure, it is obvious that the heat loss from the water

surface is significant as it represents about 50% of the total heat loss from the ponds. However,
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under different configurations, these ratios can vary significantly. For an instant, when the
make-up water or recirculation flow rates are high, this will lead to much higher contributions

of these heat removal modes over the surface heat loss.

100%

80% -

60% A

40% A

20% -

Contribution to Total Heat Loss

0%

Case l Case 2 Case 3

Convection Radiation m Evaporation
ORecirculation ®Make-up

Figure 7. Contribution percentage of different heat removal modes for validation case 1, case
2, and case 3.

5 Analysis of Pond Behaviour

After confirming the reliability of the Z-D model, it was used to study the thermal behaviour
of the large-scale cooling pond, and in addition, to assess the suitability of using particular
assumptions in certain cases. From the point of view safety and economics, it is essential to
analyse the performance of the pond under normal operating conditions as well as accident

scenarios.
5.1 Normal Operating Conditions

The calculations in this section are performed considering that the pond is loaded with the
maximum possible heat load and all of the cooling systems are in place and under control. The
maximum heat load is 11 MW, which corresponds to the maximum expected amount of heat
sources to be stored and is assumed to be uniformly distributed throughout the pond. The input

parameters used in this calculation are listed in Table 4.
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Table 4. Configurations used in the case of normal operating conditions.

Parameters

Initial water level (m) 8
Water surface area (m2) 3500
Water zone volume (ms3) 21900
Humid air zone volume (m3) 129600

Heat transfer area of humid air zone (m2) | 15120

Heat load (MW) 11
Outside environment temperature (°C) 14
Recirculation flow rate (kg/s) 115.74
Cooling tower efficiency (%) 60
Make-up rate (kg/s) 13.9
Make-up temperature (°C) 14
Ventilation inlet rate (md/s) 12

The results for the normal operations case are presented in Figure 8 in terms of water and hall
temperatures. As shown in this figure, at the beginning of the calculations the water and air
temperatures have the same value of 14 °C. Astime progresses, both waterand air temperatures
increase until the steady state is reached at values of 41.5 °C for the water and about 31.3 °C

for the hall air.
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Figure 8. Water and air temperatures under normal operating conditions for the large-scale
cooling pond at a heat load of 11 MW.

The generated heat is removed via different modes as shown in Figure 9. Furthermore, this
figure illustrates the contribution of the heat removal component to the total heat removed from
the water body. The generated heat being removed by the recirculation is dominated the cooling
process with a percentage of 75 % of the total heat loss. It appears that the heat loss from the
water surface represents a relatively small proportion (8%) of the total heat loss, but it cannot
be ignored. However, the scenario can be different for lower heat loads asin the cases presented

in the validation section for the large-scale cooling ponds as shown in Figure 7.
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Figure 9. The contribution of different heat removal modes under normal operating conditions

for the large-scale cooling pond.

5.2 Loss of Cooling Scenario

In this section, we assume that a power blackout and total loss of the cooling systems occurs
with no accident mitigation measures are in place. The calculations are conducted for the large-
scale cooling pond taking the outcomes from the previous case of normal operating conditions
as initial values. Moreover, the calculations are performed for two different conditions at the
water surface. The first condition ignores the heat loss from the water surface except for the
boiling heat transfer, which is represented in the graphs by “Heat off”. The second condition
takes into account all the heat transfer modes at the water surface, which is represented in the

graphs by “Heat on”.

As can be seen from Figures 10 and 11 that at the “Heat off”” condition, the water temperature
reaches boiling after 5.6 days. Meanwhile, the water level reaches its highest value due to a
decrease in water density and then starts to drop until the fuel assemblies begin to be uncovered
at approximately day 37. At this point, make-up water is injected to recover the pond water
temperature and level. To achieve this, 2.5 days is required to recover the water level and 18

days for the water temperature to drop to about 50.7 °C.
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For the “Heat on” condition, the estimation of the time required for the fuel assembly to start
to be uncovered is the same as in the “Heat on” case. On the other hand, water reaches its
saturation temperature 2 days earlier than the predicted time in the “Heat on” case. However,
these differences, in the presented case, are still within a good level and provide a conservative
treatment for the accident scenario. For different conditions, the assumption that the heat loss
from the water surface can be neglected may not be appropriate. For example, Figure 12 shows

the effect of heat load on the validity of this assumption for different heat loads.
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Figure 10. Water temperature during the loss of cooling scenario and after injection of make-

up water for the large-scale cooling pond.
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Figure 11. Water level during the loss of cooling scenario and after injection of make-up water

for the large-scale cooling pond.

In Figure 12, for the “Heat off” situation, the sensible heating is faster for the high heat load
and once the temperature reaches the boiling point, for both heat loads, the curves become
parallel to X-axis. It can also be seenthat adopting such “Heat off” assumption can significantly
overpredicts the water temperature especially for low heat load values. In Figure 12, the
difference between the predictions of water temperature using both assumptions is around 48%
for a heat load of 0.5 MW, whereas only 18% is observed for the heat load of 2 MW. This
implies that the over-prediction is higher for the low heat load. This is due, asdiscussed before,
to the large exposed area of the water surface to the ambient air, which increases the surface
heat loss. Hence, such an assumption should be carefully considered while performing the

analysis of accident scenarios for large-scale cooling ponds.
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Figure 12. Water temperature under different heat loads for the large-scale cooling pond.

5.3 Impact of Weather Conditions

The outside weather conditions are represented in the Z-D model in terms of outside air
temperature and relative humidity. Changes in these conditions may have an effect on the
cooling performance of the spent pond. To examine the potential effects, we have conducted a
sensitivity study by varying the outside air temperature and relative humidity. As can be seen
in Figure 13, the outside air temperature has a significant effect on the water temperature.
Increasing the outside air temperature by about 10 °C results in an increase in the water
temperature by approximately 9 °C. This is because of the make-up water and ventilation air
temperatures are mostly determined by the outside temperature. Also, the temperature drop in

the cooling tower, as shown in Figure 2, is affected by the conditions outside.

On the other hand, the relative humidity of the outside air does not have a considerable effect,
as shown in Figure 14. This may be because of the air change per hour (ACH) for the pond hall
is very low for this type of applications, atabout 0.333 per hr. Meanwhile, the amount of water
vapour emerging from the water surface due to evaporation is high enough to rapidly increase

the relative humidity of the moist air within the pond hall.
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6 Conclusion

A Z-D model has been developed for large-scale cooling ponds. This model was validated
against data reported in the literature for the Maine Yankee spent fuel cooling pond. Also,
another validation exercise was performed to examine the applicability of the Z-D model to
predict the water temperature for the large-scale cooling pond. However, this validation was
limited to low water temperatures where validation with higher water temperatures (near 100
°C) has not been conducted due to the limited data available for the large-scale cooling ponds
and the difficulty of producing such data. It can be seen from the validation exercises that the
Z-D thermal model is able to predict the thermal behaviour of the cooling ponds under the

considered operational scenarios and with various pond sizes.

A number of parametric studies were performed in different situations. The first study
concerned the performance of the pond under normal operating conditions where the pond
water and air temperatures are evaluated. In the same study, the proportions of heat removal
components were quantified. Furthermore, a loss of cooling analysis was conducted under two
conditions; one without surface heat transfer and another with heat transfer. It was found that
the assumption leading to ignoring the heat loss from the water surface is not always a good

choice.

The last study was performed to examine the sensitivity of the pond water temperature to
variation in outside weather conditions. The outcomes reveal that water temperature is rather
insensitive to the outside relative humidity under the given scenario and the assumption of
constant efficiency of the cooling tower, which limits the effect of the relative humidity on the
cooling tower performance. On the other hand, relatively high sensitivity was observed to
variations in outside temperature. However, further sensitivity studies are needed to determine
the effect of the input parameters on the Z-D model’s predictions. These studies can be
conducted using an appropriate statistical method in combination with the Z-D model. The Z-
D model will allow many studies to be performed within a reasonable time. In order to improve

the Z-D model, a full description of the cooling tower process need to be included.
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