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Abstract

Storing excess thermal energy in a storage media that can later be extracted during

peak-load times is one of the better economical options for nuclear power in future. Thermal

energy storage integration with light water-cooled and advanced nuclear power plants is

analyzed to assess technical feasibility of different storage media options. Various choices

are considered in this study; molten salts, synthetic heat transfer fluids, and packed beds of

solid rocks or ceramics. In-depth quantitative assessment of these integration possibilities

are then analyzed using exergy analysis and energy density models. The exergy efficiency

of thermal energy storage systems is quantified based on second law thermodynamics. The

packed bed of solid rocks is identified as one of the only options which can be integrated

with upcoming small modular reactors.

Directly storing thermal energy from saturated steam into packed bed of rocks is a very

complex physical process due to phase transformation, two phase flow in irregular geome-

tries and percolating irregular condensate flow. In order to examine the integrated physical

aspects of this process, the energy transport during direct steam injection and condensa-

tion in the dry cold randomly packed bed of spherical alumina particles was experimentally

and theoretically studied. This experimental setup ensures controlled condensation process

without introducing significant changes in the thermal state or material characteristics of

heat sink. Steam fronts at different flow rates were introduced in a cylindrical packed bed

and thermal response of the media was observed. The governing heat transfer modes in

the media are completely dependent upon the rate of steam injection into the system. A

distinct differentiation between the effects of heat conduction and advection in the bed were

observed with slower steam injection rates. A phenomenological semi-analytical model is

developed for predicting quantitative thermal behavior of the packed bed and understanding

physics. The semi-analytical model results are compared with the experimental data for the



validation purposes. The steam condensation process in packed beds is very stable under all

circumstances and there is no effect of flow fluctuations on thermal stratification in packed

beds. With these experimental and analytical studies, it can be concluded that packed beds

have potential for thermal storage applications with steam as heat transfer fluid. The stable

stratification and condensation process in packed beds led to design of a novel passive safety

heat removal system for advanced boiling water reactors.
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Chapter 1

Introduction

Nuclear power plants (NPPs) have negligible carbon emission rates as compared to their fossil

fuel counterparts, but their inability to follow grid load demands make them economically

less competitive3;4. The reason behind this economic disposition for NPPs is because of

various associated technical complexities5;6. These technical challenges include the adequate

handling of reactivity swings caused by time-varying fuel and moderator temperatures, a

higher fuel-failure probability due to thermal-structural cycling, and spatial variations in

xenon concentrations. Although there are presently some reactors around the world that

are operating with flexible load-following capabilities, such operation is restricted to slowly-

varying powers, 2-3 times a day, and only up to 80% of the fuel cycle. On the other hand,

most of the fossil fueled plants can supply peak-loads by adding more fuel and, thus, can

generate far more revenue during those peak hours. The use of NPPs for peak load following

is quite complex due to technical constraints associated with reactor behavior. Thus, a more

convenient and effective method to facilitate load following by NPPs would be to integrate

energy storage. If the grid demand is reduced, then the excess reactor thermal power or

plant electrical power is stored in an integrated storage device. This stored energy can be

released to the grid when demand is higher than what the NPPs can produce at 100% reactor

power6. There are many options for storing either the thermal energy from the nuclear

reactor or the electricity from the turbo-generator in the power cycle, with both having

1



their advantages and disadvantages respectively. Thermal, mechanical, and electrical energy

storage are the most commonly used storage options. Thermal energy storage is the energy

stored in the form of heat in well-insulated solids or liquids, as either sensible heat, stored

within a single phase media, or latent heat, stored within phase change materials. Thermal

energy storage options include but are not limited to molten salt, packed beds, heating oils,

ionic liquids, phase change materials and steam accumulators. Mechanical energy storage is

any kinetic or potential energy stored within a device and electrical energy storage resides

in the buildup of electrons within systems called electric condensers, which store the charges

between two parallel plates when a voltage is applied. Mechanical storage options include

but are not limited to compressed air, pumped hydroelectric, flywheels, whereas electrical

storage options include batteries and capacitors. Electrical energy storage has the advantage

of directly storing the final usable form of energy i.e. electrical energy, but disadvantages

come from the high costs and irreversibility. Mechanical energy storage processes such as

pumped hydro have higher degree of reversibility but disadvantages include non-negligible

energy losses and substantially large space requirements for grid scale storage. Disadvantages

with thermal storage is the low efficiency of the conversion process from thermal to electrical

energy but with NPPs generating large amounts of thermal heat, a thermal energy storage

system becomes advantageous. Therefore, among these various options to store energy,

thermal storage is economically more competitive for NPPs as compared to electrical or

mechanical storage options.

There have been several studies recently for understanding thermal energy storage sys-

tems and their response due to growing energy production from intermittent energy sources,

such as solar and wind, and increasing skewedness in the energy demand patterns. Some

of the commonly studied thermal energy storage options are; latent heat storage, thermo-

chemical heat storage and sensible heat storage in solid and liquid media. Due to the lower

density of gaseous state, the thermal energy storage options are generally limited to solids and

liquids. Thermal energy storage (TES) systems although sometimes categorized collectively

have diverse set of applications and compatibility challenges with different thermal processes.

A TES system for building heating/cooling applications have different design requirements
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as compared to TES system for providing dispatchability to power plants. These differences

are defined in terms of macroscopic parameters such as exergy efficiency, energy efficiency or

energy density. But these are dependent upon detailed thermal behavior or response of the

system during storage or recovery processes such as wall effects on energy losses, dispersion

and distribution of temperature in TES, or flow-pressure behavior7;8. These detailed thermal

responses are directly effected by the choice, size or shape of the storage material and the

system involved. They are also dependent upon the heat transfer fluid (HTF), operating

pressure-temperature conditions, modes of interaction – direct/indirect or natural/forced

circulation and flow rates. In most of these cases with different paired sets of HTF and TES

media, a detailed model and experimental set-up for validation is designed to evaluate the

potential for TES system with spatio-temporal detailed characteristics. Recently there have

been studies9;10 where such detailed thermal behavior of the storage systems were studied

during storage or recovery processes. These studies have been performed for solid as well as

liquid storage media, and sensible heat or latent heat type of TES. But in all of these studies

the heat carrier or HTF was in a single phase – i.e. gas or liquid state for all scenarios.

One distinct class of sensible heat TES solutions is packed bed of solids, which has

been one of the prime candidates for storing energy for various applications. The randomly

packed beds of gravel, alumina or ceramics, due to their high energy density, low cost, high

reversibility and high exergy efficiency make them one of the top candidates for energy

storage option and have been tested with air, gases and liquid type HTFs. Packed bed

TES designs are not only limited to sensible heat storing solid rocks but also include phase-

change materials, filled small to large size encapsulating balls. The physical design and

assembly of such systems is very simple but their design suitability is highly dependent upon

the temperature distribution which is very sensitive to thermal properties and operating

parameters. Thus, high fidelity of understanding with detailed mathematical models is

essential to design the optimum system11–14.

The next chapter will focus on the topic of exergy efficiency evaluation on TES options

for integration with NPPs. The exergy efficiency of TES systems is quantified based on

second law thermodynamics. In Chapter 3, the packed bed of solid rocks is identified as one

3



of the only options which can be integrated with upcoming small modular reactors. Chapter

4 provides the experimental work on investigation of the heat transfer between the solid

particles and condensing steam during experiments with steam injection in packed bed of

alumina particles. Chapter 5 details the novel idea of the packed bed system as a passive

safety heat removal system with steam for boiling water reactors, and then conclusions over

the work are made in Chapter 6.
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Chapter 2

Sensible heat storage integration

2.1 Introduction

The adoption of a particular thermal storage option is largely dependent upon the operating

and process conditions of the nuclear heat source and reactor coolant. Light water-cooled

NPPs operate at lower temperatures than Next Generation Nuclear Power (NGNP) reactors

and only use pressurized water as the main coolant, whereas NGNP reactors use molten

salts or high temperature gasses as the main coolant. The critical step remains how to

select and develop an ideal choice of heat transfer fluid or storage media7. Currently, there

are some thermal storage solutions such as molten nitrate salt, also known as storage or

solar salt (40%KNO3 + 60%NaNO3) and packed bed of alumina particles which present

very low technological risk and a high deployment potential. These solutions can be good

candidates for some of the advanced high-temperature reactors but have some limitations for

integration into light water-cooled NPPs. Therefore, other materials such as synthetic heat

transfer fluids need to be explored to evaluate the options to store thermal energy for light

water-cooled NPPs. An overall comparative economic analysis can help in decision making

process for storage integration, but for new materials and methods it is difficult to estimate

the actual costs or effective costs if those technologies are deployed in large scale. An energy

density and exergy model are used to compare different technologies and materials in this
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study.

2.2 Nuclear Power Plants considered

Firstly, different NPPs which can be considered as potential candidates for TES integration

will be briefly described with sufficient details in the process system conditions. For this

analysis three NPP designs are selected - light water-cooled small modular reactors (LW-

SMR), the modular high-temperature gas-cooled reactor (MHTGR) and pebble-bed fluoride-

salt-cooled high-temperature reactor (PB-FHR). The schematics of each type are shown in

Figures 2.1-2.3, and Table 2.1 shows key features of the different reactor systems. The basis of

selection of these designs is to analyze a broader spectrum of reactor operation temperatures

and to understand the impact of substantially different thermo-physical properties of the

reactor coolant. The mode of thermal storage integration is however kept similar in all

possible combination of NPPs and TES systems.

Figure 2.1: Light water-cooled small modular reactor integrated with a two storage tank
system with either therminol or dowtherm as storage medium.

2.2.1 Light Water-Cooled NPPs

Light Water-cooled Reactors (LWRs) produce saturated steam to operate steam turbines on

the Rankine cycle principles and are the most widely established type of NPPs throughout
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Figure 2.2: Modular high-temperature gas-cooled reactor integrated with a packed bed storage
system with alumina spheres as the packing material.

Figure 2.3: Pebble bed fluoride-salt-cooled high-temperature reactor integrated with a two
tank storage system with molten nitrate molten salt as storage medium.

the world. LWRs are further categorized as Boiling-Water Reactors (BWRs), Pressurized-

Water Reactors (PWRs) and LW-SMRs (Light water-cooled small modular reactors). BWRs

produce steam directly through core heat transfer and require more attention to ensure safety

of thermal storage and will not be considered in this study. PWRs consists of the nuclear

reactor where pressurized light water is circulated to remove the reactor heat and transfer it

to a secondary side, via steam generator that transfers the thermal energy of the pressurized

water to produce steam that runs through the turbine in the outer Rankine cycle loop.

On the other hand, BWRs do not have two loops and the reactor coolant i.e. light water

gets directly converted into steam which is then used as a working fluid to do mechanical

work. There are small modular designs for both PWRs and BWRs, which are categorized as

LW-SMRs. Due to thermodynamic and heat transfer limitations, both types of the LWRs
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produce steam at 280◦C or less. At these temperatures thermodynamic efficiency is close to

35%, therefore integrating thermal energy storage must not deteriorate the exergy efficiency

further. The two routes of storing heat energy in LWR plants are - directly storing the

energy from working fluid i.e. steam, or extracting thermal energy from primary coolant

into energy storage media. Due to latent heat of steam, the direct heat recovery from

steam into storage media is associated with pinch point. Therefore BWRs are naturally in

a disadvantageous position for thermal storage integration as compared to PWRs. In the

PWRs, the losses due to heat transfer between the pressurized water and steam is one of

the significant reasons for the exergy destruction. Therefore ideal configuration for storage

integration is to store the energy from the primary reactor coolant i.e. pressurized light water.

However, in NPPs the reactor coolant (RC) is considered as one of the intermediary layers

for radioactivity containment, so for safety measures the coolant is generally not allowed to

leave the containment building. This safety philosophy and large volume requirements for

TES systems, postulate the thermal storage integration to NPPs via heat exchange between

RC and secondary HTF. Thus for nuclear safety requirements the heat exchanger which

exchanges heat between RC and HTF can be housed inside the reactor containment building.

The hot HTF is brought outside the reactor containment building to store energy in a TES

system. Nevertheless, the secondary reason for the need of this heat exchange process arises

due to the compatibility issues of different TES systems and HTF requirements. In case

of existing NPPs, the reactor containment building layout generally does not have enough

flexibility to add additional heat exchange equipment of large scale. But in the new light

water-cooled NPP designs such as LW-SMRs, this design provision in the reactor building

layout can be made.

Due to the presence of additional resistances in the heat exchanger, the actual storage

inlet temperature Tin is lower than the RC outlet temperature and thus is dependent upon

the effectiveness of an indirect heat exchange process or design. Irrespective of the design

details of heat exchange equipment, the heat transfer between two streams can be solved

using the effectiveness values to obtain the HTF temperature during storage cycles. The

operating temperatures and RC properties are provided in Table 2.2 for the LW-SMR15.
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2.2.2 Advanced NPPs with advanced coolants

In recent years the focus for new nuclear power plants has been on higher operating temper-

atures to improve overall plant efficiency and increase the outlet temperature of the main

coolant. Increasing the outlet temperature allows for other possible applications such as hy-

drogen production or petroleum refining, in addition to higher efficiency power cycles. The

performance of thermal energy storage options is also highly dependent upon temperature,

as concluded by many previous studies8;11;16–18.

Modular High-Temperature Gas-Cooled Reactor

MHTGRs utilize helium for the RC flowing through a graphite moderated core, where the

outlet temperature of helium can reach temperatures of 1000 ◦C and higher, leading to

higher thermal-to-electrical energy efficiency than that of light water-cooled NPPs, using an

intermediate heat exchanger coupled with a helium-brayton cycle. Helium also has advantage

of being a safer RC over water due to no threat of film boiling or two phase flow causing

a reactor accident. In this study the focus is on a prismatic bed MHTGR design that has

a electrical output of 286 MW(e) and the reactor system is rated at 600 MW(th). The

operating conditions and RC properties at the average temperature are listed in Table 2.2

for the MHTGR19. Similar to LW-SMRs described before, the philosophy of safety requires

a secondary HTF to transfer thermal energy from RC to a TES system located outside the

containment. In case of gas-cooled reactors, one of the major apparent difference is in the

higher temperature differences between inlet and outlet conditions. This is attributed to

lower density as compared to liquid coolants leading to relatively smaller energy carrying

capacity. Due to higher temperature differences, if the effectiveness of heat exchange process

between RC and HTF is poor it leads to proportionate losses thereby resulting in larger

differences between the reactor outlet temperature and storage inlet temperature. Thus,

the impact of heat exchange process effectiveness must be investigated more carefully for

MHTGRs.
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Table 2.1: Key features for the three discussed reactor types.
NPP type LW-SMR15 MHTGR19 PB-FHR20

Reactor Coolant Water Helium FLiBe

Working Fluid Steam Helium Air

Reactor Thermal Power 500 600 236
(MWth)
NPP electric output 158 286 100
(MWe)

Pebble-Bed Fluoride-Salt-Cooled High-Temperature Reactor

PB-FHR design has fluoride molten salt (FLiBe) as the RC with fuel and reflector in the

shape of spherical pebbles. The molten salt circulates through the pebble bed core and ob-

tains the core outlet temperature of 700 ◦C before exchanging its thermal energy to secondary

cycle for power production, or a secondary molten salt coolant for other high temperature

processes, such as hydrogen production. Molten salt as the RC has advantages of no high

pressure requirements or gas-liquid two phase interfaces, and it also allows high temperature

operation as compared to LWRs. Due to low vapor pressure at higher temperatures, it re-

mains in liquid state at atmospheric pressure. The PB-FHR design is a 236 MW(th) reactor

system, with a corresponding electrical power rating of 100 MW(e) at the base-load opera-

tion. Operating conditions and RC properties are provided in Table 2.2 for the PB-FHR20.

Similar to design philosophy of the two reactors described above, all the RC system compo-

nents remain within the containment and TES layout will be outside the reactor building.

So the goal is to find a compatible HTF which can remove the heat effectively from the

molten salt.

2.3 Thermal Energy Storage Options

Sensible TES is more robust and established than any other thermal energy storage sys-

tem18;21. It has been shown by Bindra et al.22 that sensible heat storage have much higher

10



Table 2.2: Thermal properties for Nuclear Power Plants reactor coolants for the three
discussed reactor types.

NPP type LW-SMR15 MHTGR19 PB-FHR20

Reactor Coolant Water Helium FLiBe

Inlet/Outlet Temp. 290/325 490/850 600/700
(oC)
Density 900 2.7902 1889.15
(kg/m3)
Specific Heat 6 5.1903 2.4
(kJ/kg-K)
Thermal conductivity 0.0468 0.413 1
(W/m-K)
Viscosity 1 0.0526 7.524
(mPa-s)

exergy efficiency for high energy density storage design as compared to other mechanisms.

So, in this work integration studies are only performed with sensible TES. The temperature

difference between cold state and hot state, and thermal capacity of the media determine

energy density of sensible heat. Solid and liquid sensible heat storage solutions are most

common and both offer advantages and disadvantages for storing thermal energy at different

operating temperatures. Solids have higher energy density but can make the design and

integration complicated due to the need of a tertiary heat transfer fluid. Liquids such as

molten salt don’t need a tertiary media as they have sufficient thermal capacity to be stored

’as it is’ when they are hot without any pressurization requirements. However, liquid options

can have more operating constraints which limit their operating range such as, most of the

molten salts can not be used for light water-cooled NPPs because of their higher melting

temperature, i.e. 200 ◦C or above. This temperature constraint compels the system to have

an auxiliary heating mechanism such as electrical heating to ensure the molten salts remain

in molten state even when the NPP is not operating or when not storing heat. Thus, an

overall technical feasibility analysis must be conducted in selecting the type of TES system.

11



2.3.1 Various TES technologies

TES solutions which are discussed in this work are the well established materials and meth-

ods - storage salt (40%KNO3 +60%NaNO3) two-tank storage, synthetic heat transfer fluids

in two-tank storage configuration, and solid alumina particles in packed beds. Storage salt

(nitrate) is popularly known as solar salt or molten salt, but in this work in order to avoid

confusion FLiBe will be the only salt referred to as molten salt. Figure 2.4 shows the NPP

types integrated with the TES storage media options investigated in this study. The storage

or secondary heat transfer fluid temperature in a nuclear energy system is limited to the

temperature of the RC. There are two categories of secondary or storage media HTFs for

NPPs: gaseous heat transfer fluids such as air or CO2, and storage salt or any other high

temperature liquid. Gaseous phase heat transfer fluids, due to their low density and thus

lower thermal capacity, act as a tertiary media for transferring heat from the primary system

to solid thermal energy storage which has much higher thermal energy density. The tem-

perature difference between the cold state and hot state of the liquid determines the energy

density. As mentioned earlier, storage salts because of their higher melting temperature, i.e.

200 ◦C cannot be used for LWRs such as SM-LWRs which require the system to have auxil-

iary heating mechanism such as electrical heating to ensure the molten salts will remain in

molten state even when the NPP is not operating. This auxiliary heating system will lead to

higher parasitic losses and can lead to lower efficiency for LWRs. Thus, the alternative ideal

fluid to transfer and store this thermal energy should be a liquid near the RC temperature

at atmospheric pressure, has a melting point below the room temperature, has sufficient

thermal capacity and is also stable up to the operating reactor temperature. The only types

of fluids which satisfy all these criteria and pose low technological risk are synthetic HTFs

such as Therminol66 (modified terphenyl) or DowthermT (mixture of C14 − C30 alkyl ben-

zenes). However, these operating temperature challenges do not play any significant role

for advanced reactor designs which have primary system at much higher temperatures as

compared to melting temperature of storage salts. Therefore advantages and challenges of

different thermal storage media should be evaluated based on overall performance of the
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Table 2.3: Thermal properties for Therminol and Dowtherm (at average temperatures for
energy storage i.e. 570 K)

Storage type Therminol6623 DowthermT24

Density 816 687
(kg/m3)
Specific heat 2.531 2.767
(kJ/kg-K)
Thermal conductivity 0.096 0.075
(W/m-K)
Viscosity 0.44 0.39
(mPa-s)
Min. operating Temp. 270 263
(K)
Max. operating Temp. 588 618
(K)

integrated system. The comparison of thermal storage media properties for low temperature

and high temperature integration are reported in Table 2.3 and Table 2.4, respectively. The

concept design for the various TES integrated options for the NPP types and TES types can

be seen in Figures 2.1-2.3. Figure 2.1 is of an LWR integrated with the two storage tank

option for either Therminol or Dowtherm as the storage media. Figure 2.2 shows a MHTGR

integrated with a single alumina packed bed storage system utilizing air as the HTF, and

Figure 2.3 has a PB-FHR integrated with a two storage tank system for Solar salt as the

storage media.

Figure 2.4: NPPs matched with potential TES options
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Table 2.4: Thermal properties for Solar salt and Alumina (at average temperatures for
energy storage i.e. 900 K)

Storage type Solar Salt25 Denstone-99 Alumina26

Density 1790 3930
(kg/m3)
Specific heat 1.560 1.195
(kJ/kg-K)
Thermal conductivity 0.51-0.60 9.685
(W/m-K)
Viscosity 1.3-1.6 NA
(mPa-s)
Melting point 415 NA
(K)
Max. operating Temp. 1000 NA
(K)

2.4 Exergy and Energy density quantification model

The disadvantage of the heat transfer in the heat exchanger between the RC and HTF

for storage is that it reduces the maximum temperature during storage and in turn exergy

efficiency of the system. The heat exchange process between HTF and RC is an important

component of the model which involves indirect heat exchange to the HTF of the TES system.

Due to the presence of additional resistances in the heat exchanger, the actual storage inlet

temperature Tin is lower than the RC outlet temperature and thus is dependent upon the

effectiveness of an indirect heat exchange process or design. Irrespective of the design details

of heat exchange equipment, the heat transfer between two streams can be solved knowing

an effectiveness for the heat exchanger to obtain the HTF temperature. The generic heat

transfer model can be written as,

(TRC − THTF ) = f(ε, ṁ) (2.1)

where, TRC is RC temperature, THTF is HTF inlet temperature to TES, ε is the overall heat

transfer effectiveness in the heat exchange process, and ṁ is the coolant flow rate.

For present study of system exergy quantification, the following assumptions can simplify
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the analysis: a) the temperature difference between the RC and HTF streams remains con-

stant throughout the flow path inside the heat exchanger, and b) the overall heat transfer

coefficient is only dependent upon the minimum heat transfer coefficient across the heat

exchange equipment. Based on these assumptions, inlet temperature for energy storage can

be estimated. Therefore, introduction of thermal storage reduces the temperature at which

energy is produced. Thus storage leads to exergy destruction due to heat transfer resistance.

The effect of exergy reduction due to reduction in temperature of energy transfer reduces

the exergy ultimately going to the power block.

2.4.1 HTF Temperature

In this problem both inlet and outlet temperatures of RC are fixed as they govern reactor

behavior directly and any changes in that will involve serious considerations for reactor

safety and regulatory aspects. Using these fixed RC inlet and outlet temperatures, the inlet

and outlet temperatures of HTF can be evaluated using standard heat exchanger design

equations. Rate of enthalpy transfer per unit change in the temperature labeled as Cr and

Cf , are used to compute the fractional temperature change ratio Cm, i.e. the ratio of change

in temperature of the minimum enthalpy fluid to maximum enthalpy fluid (Equations 2.2-

2.4).

Cr = ṁrcpr (2.2)

Cf = ṁfcpf (2.3)

Cm =
Cr
Cf

(2.4)

The subscript ’r’ denotes hot side fluid i.e. RC and ’f’ denotes cold side fluid i.e. storage

HTF. So first the effect of this heat exchange process is modeled and then the HTF tem-

perature is obtained for the storage inlet condition. With the assumption that temperature
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differences remain constant between the RC and HTF and using the fractional temperature

change ratio and setting an effectiveness for the heat exchanger depending on the RC and

HTF, the HTF outlet temperature is calculated using equations 2.5-2.7.

∆Tf = Cm∆Tr (2.5)

Tf,in = Tr,in −
∆Tf
ε

(2.6)

Tf,out = Tf,in + ∆Tf (2.7)

It should be noted that if effectiveness, ε, is not known, NTU must be known to compute

the effectiveness for a particular heat exchange process. In this work the range of effective-

ness is selected based on temperature data in the primary and secondary side across heat

exchangers.

2.4.2 Exergy modeling

Exergy efficiency is an effective indicator to find the actual value of TES integration in

power plants. Extensive work on exergy analysis of TES systems has been performed for the

storage and recovery stages of the TES cycle22. From this previous work the exergy of the

inlet fluid/gas storing the thermal energy in a TES system is given by

Ξst =

∫
tp

{ṁCpf (Tr,in − T0)− ṁCpfT0ln(
Tin
T0

)}dt (2.8)

where, Cpf is the specific heat of fluid and T is the temperature. The exergy is stored in the

TES unit for a time period (tp), where it is then recovered and the exergy of the outlet fluid

is equal to

Ξre =

∫
tp

{ṁCpf (Tf,out − T0)− ṁCpfT0ln(
Tout
T0

)}dt (2.9)
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The subscripts ’in,’ ’out,’ and ’0’ represent ’inlet,’ ’outlet,’ and ’reference’ conditions respec-

tively. The fractional exergy recovery or exergy efficiency of the storage system is computed

for evaluating the economics. The basic model of converting dynamic temperature output

information from storage system to exergy parameters has been detailed previously27.

ηth =
Ξre

Ξst

(2.10)

Dimensionless temperature, θ =
Tf−T0
Tr−T0 , is used to simplify the exergy calculations to

ηex =

∫
tp

[θ + 1−ηcarnot

ηcarnot
ln(θf (

ηcarnot

1−ηcarnot
+ 1)]dt∫

tp
[1 + 1−ηcarnot

ηcarnot
ln( 1

1−ηcarnot
)]dt

(2.11)

where, ηcarnot is the Carnot efficiency based on reference temperature, T0 and outlet temper-

ature of RC, Tr. The electrical energy density is dependent upon exergy efficiency of thermal

storage system which is in turn dependent upon temperature of reactor operation and heat

exchanger performance.

2.4.3 Packed bed of solid rocks

As mentioned before, high temperature solids such as alumina or gravel are good candidates

to store energy at very high temperatures (beyond the operating range of RC temperatures).

However, they need a tertiary HTF to transfer heat from the RC. Therefore, modeling heat

transfer between tertiary HTF and the TES(solids) involves an additional step28, thus an

energy balance must be solved numerically to find the temperature of air exiting the packed

bed during recovery. This model can be written as set of two coupled differential equations

(2.12 and 2.13) and has been presented in detail in a previous work22.

∂

∂t
(ρfCpfTf ) + v

∂

∂x
(ρfCpfTf ) =

∂

∂x
[kf

∂Tf
∂x

]− hfs(Tf − Ts)− βw(Tf − T0) (2.12)
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∂

∂t
(ρsCpsTs) =

∂

∂x
[kf

∂Tf
∂x

] + hfs(Tf − Ts) (2.13)

where, k is thermal conductivity, hfs is fluid-solid volumetric heat transfer coefficient and βw

is the wall heat transfer coefficient. The boundary and initial conditions for this packed bed

model can be described for storage and recovery cycles independently. In the storage cycle,

hot HTF from heat exchanger enters from the one end and during the recovery cycle HTF

enters at ambient temperature from the other end. More details on the model descriptions

can be obtained from previous references22;27. The outlet temperature of HTF during the

recovery cycle is then used to compute the exergy as described in the Eqn. 2.11.

2.4.4 Energy density

In case of thermal storage, the costs are directly related to the ability of recovered heat to

provide useful work. Thus an exergy model which takes into account thermal energy losses,

additional work requirement and entropy generation due to mixing or dispersion effects will

be developed. Based on the reactor operation temperature, both the cycle efficiency and

exergy efficiency of the storage system can be determined as explained before. If total

thermal energy density of the storage system is known it can be used to compute electricity

units stored per mass of storage material.

ed,th = Cp(Tc,out − Tamb) (2.14)

where ed,th is the thermal energy density and Tamb is the ambient temperature. In case of

storage salt the lowest possible temperature is its melting point, Tmp which replaces Tamb

for the TES density calculations, which would dramatically reduce their energy density for

existing nuclear power plants. It should be noted that Tamb is used considering that storage

HTF will first derive energy to be stored from feed-water loop starting from condenser outlet

(close to 20◦C). Thermal energy density can be converted to effective energy density using,
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Figure 2.5: MHTGR integrated with alu-
mina packed bed storage. Figure 2.6: MHTGR integrated with ni-

trate molten salt storage.

Figure 2.7: PB-FHR integrated with alu-
mina packed bed storage.

Figure 2.8: PB-FHR integrated with ni-
trate molten salt storage.

ed = ed,thηexer (2.15)

where, ed is the effective thermal energy density based on exergy efficiency.

2.5 Results

This study evaluates the exegetic performance of different materials and methods to store

thermal energy of NPPs. The analysis was conducted for thermal storage integration with

existing and future generation NPPs based on the plant design data from literature15;19;20.
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Table 2.5: Effectiveness and Cr values for the varying RC and HTF proposed combinations.
NPP/TES combination Effectiveness (ε) Cm

LW-SMR/Therminol 0.92 1

LW-SMR/Dowtherm 0.92 1

MHTGR/Nitrate Molten Salt 0.89 0.5

MHTGR/Air-Alumina 0.82 1

PB-FHR/Nitrate Molten Salt 0.92 1

PB-FHR/Air-Alumina 0.85 2

The study reveals that there are various possible options to store thermal energy of next

generation NPPs efficiently, but the options for existing NPPs are limited. Low technological

risk sensible heat storage materials such as molten salt, concrete or alumina can be beneficial

for high temperature NPPs. Development of new materials such as ionic liquids might be

required for making storage integration to existing NPPs feasible. The values for the effec-

tiveness along with the Cr values were set depending on the RC and HTF being integrated

together. These values are given in Table 2.5 and the resulting exergetic efficiency of liquid

thermal storage is 92-93%, while solid thermal storage is 77-78% if integrated with NPPs,

as seen in Table 2.6.

The numerical values of storage inlet, outlet, exergy efficiency and energy density are

computed based on the method and model presented in previous sections along with the

thermal properties for Therminol-66 and Dowtherm-T listed in Table 2.3 and storage salt

and Denstone-99 alumina listed in Table 2.4. The numerical results presented in Table 2.6

show that Therminol has equivalent exergy recovery but has slightly higher energy density for

the lower temperature reactors. While for higher temperature reactors the nitrate molten

salt storage media has higher exergy efficiencies but the alumina packed bed storage has

higher energy density. As the energy costs are directly related to these functions, Therminol
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Table 2.6: Performance of different thermal storage technologies integrated with correspond-
ing NPPs, detailed earlier in the chapter. Temperatures are given in Kelvin and energy
density ed in kWhr/ft3.

Storage type TCin TCout ηex ed

Storage Salt

MHTGR 647.75 827.8 0.9202 12.462

PB-FHR 591.3 691.3 0.9311 9.5974

Alumina (Air HTF)

MHTGR 410.98 771 0.7684 22.3536

PB-FHR 464.71 664.71 0.7857 18.4419

Therminol

LW-SMR 286.96 321.96 0.9349 4.815

Dowtherm

LW-SMR 286.96 321.96 0.9349 4.44

will perform better economically and thermodynamically for LW-SMRs and for the MHTGR

or PB-FHR, nitrate molten salt results in higher outlet temperatures, leading to the higher

exergy efficiency and overall energy stored and recovered in the system.

2.6 Summary

This chapter provides a conceptual presentation on the integration of NPPs with technically

robust thermal energy storage solutions. The conceptual presentation is based on energy

density and exergy analysis. Therminol and Dowtherm are commercially available robust

technological solutions for this purpose and operate in the temperature range highly com-

patible with the existing PWRs and upcoming LW-SMRs. Whereas Alumina and Storage
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salt are more suitable for high-temperature NGNPs.

The analysis for lower temperature reactors shows that exergy recovery efficiency is

around 90% and energy density values for the synthetic HTFs in this operating range are

not expected to create practical challenges. The high temperature storage options, alumina

packed beds and storage salt show exergy efficiency of 78% and 92%, respectively. The overall

exergy efficiency and energy density can be improved with higher heat exchanger effective-

ness as shown in Figures 2.5-2.8. The liquid-type TES solutions show much higher thermal

exergy efficiency as compared to solids, as presented in Table 2.6. It is anticipated that Alu-

mina and Storage salt will consume non-trivial fraction of energy stored to compensate for

losses such as auxiliary heating or pressure drop, but these are largely dependent upon plant

layout, and details will be possible only with fixed details on plant layout. Nevertheless, the

exergy analysis presented in this work will be useful for future economic analyses if the costs

of storage materials are available at large scale. Further, TES integration will require heat

exchange between RC and HTF, i.e. it will add equipment or physical boundary from where

RC can potentially leak or escape. Therefore, the layout of the plant can impose restrictions

in the implementation of these integration concepts. Next chapter discusses more advanced

concept which can be applicable for upcoming nuclear power plants.
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Chapter 3

Packed bed thermal storage for

LW-SMRs

3.1 Introduction

The previous chapter developed models and performed exergy analysis for integrating sen-

sible heat type TES with LWRs and SMRs29;30. These exergy based models show that

technical feasibility index of integrating thermal energy storage is very high. But most of

these previous studies, shown in Chapter 2, include integration based on existing layout of

NPPs with heat exchange between storage HTF and RC. However, most of the LW-SMR

based NPP designs can not accommodate additional heat exchange equipment, such as shown

in Figure 3.1 where volume of reactor containment for a standard 1000 MWe NPP is com-

pared to NuScale 50 MWe1. Although power production is only reduced to 1/20th scale, the

containment volume in the NuScale LW-SMR is reduced to ∼ 1/170th scale. As steam is

the secondary or working fluid which exits out of the reactor containment in LW-SMRs, the

simplest and most practical way to integrate thermal storage with LW-SMRs is to directly

store the energy from steam. Indirect heat exchange between steam and another heat trans-

fer fluid during the storage process, and then heat recovery again via indirect heat exchange

is inefficient process due to heat transfer resistance. This inefficiency is due to what is called
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as ‘pinch point’ which occurs whenever there is indirect heat transfer between two media

where one undergoes phase change and other undergoes change in sensible heat. Another

existing popular option is to use a steam accumulator which stores dry or wet steam directly

inside the pressure vessels, however, due to large volumetric requirements it is not a viable

option.

Previously, packed bed type thermal energy storage systems have been invented and opti-

mized to work for single phase heat transfer fluids31;32. This work proposes the modification

of those designs, where steam produced in the secondary side of LW-SMRs can be injected

into the packed bed of inert particles with sufficient thermal conductivity and capacity to

efficiently store energy with high energy density.

With the integration of this system, the changes in the load demand will not effect the LW-

SMR operation and the excess steam will be diverted to TES. When the demand increases

this stored energy in hot packed beds can be recovered by injecting cold pressurized water.

Although there are some existing packed bed TES models which use single phase HTFs,

these models have not been extended for steam as the HTF i.e. essential for this proposed

integration22;27.

This thermal model is extended to assess behavior of packed bed TES system under

storage and recovery cycles. Steam is the only HTF which exits the reactor vessel, so any

application such as process heat or TES integration should be evaluated with steam as

process fluid. This project will develop a process system integration model of LW-SMR with

packed bed type TES using steam as HTF.

3.2 Physical description of the system

A typical packed bed TES system consists of fluid path, storage vessel internally lined with

refractory or insulating material and packing material. If the HTF undergoes phase change,

as in this case, it is required that density changes do not produce any significant thermal

ratcheting. In previous studies of steam testing with Alumina, it has been confirmed that

Alumina rocks of 3-6 mm particle size, do not exhibit any ratcheting under thermal cycles.
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Figure 3.1: Reactor containment size comparison between existing LWRs and LW-SMRs
(NuScale1)
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Other advantages of Alumina particles are their higher thermal capacity and higher thermal

conductivity. In the following section, a detailed description of theoretical model is provided.

3.3 Model description

A theoretical evaluation of the heat storage and recovery process that employs steam as

the carrier fluid and bed of alumina particles as storage media is accomplished through the

development of three-phase (solid-liquid-vapor) mathematical model. The model is based on

a homogeneous mixture of two phases during a phase change (boiling/condensation). The

remaining part of the model is exactly same as the two-equation model used for the single

phase gas/solid heat transfer model described earlier in the previous chapter. The basic

assumptions for this model are – (a) There are no pressure changes accompanied by phase

change phenomenon. (b) There is no temperature gradient inside the particles; this is based

on low velocities and a high thermal conductivity within the particles (as is our case). In

this base case, where the fluid velocity is 0.1 m/s and the alumina particle size is 3 mm,

the assumption is valid. Higher velocities and higher particle sizes can lead to violation of

this assumption; this means that the temperature inside the particles cannot be considered

uniform and this is not suitable for storage system as it causes spreading of the thermal front.

(c) No dispersion occurs in the vapor phase due to thermal conduction. At sufficiently low

velocities thermal dispersion is negligible. In addition, when the robustness of the system is to

be tested, thermal dispersion models are applicable when system behaves in an ideal manner.

(d) Latent heat can be approximated with specific heat over a temperature differential of 1◦C.

The higher the δT selected, the lower the accuracy but the numerical complexity decreases.

(e) During phase change, the liquid-vapor phase forms a homogeneous mixture with no

stratification.

The model only considers energy and mass conservation equations for the fluid phase as

shown by Eqn. 3.1 and Eqn. 3.2 respectively.

∂ρ

∂t
+
∂ρv

∂x
= 0 (3.1)
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∂ερH

∂t
+
∂ερHv

∂x
= −h(T − Ts) (3.2)

However, as the solid media mass remains as constant, only energy conservation is mod-

eled for solid media.

(1− ε)ρsCps
∂Ts
∂t

= h(T − Ts) (3.3)

Solid enthalpy can be related to the reference temperature directly, whereas enthalpy of the

fluid phase can be expressed as

H = Cpl(Tsat − Tref ) + fλlg + Cpg(T − Tsat) (3.4)

The phase change term fλlg can be converted to a simplified sensible heat approximation

(sharp temperature jump around phase change temperature).

H = Cpl(T
I
sat − Tref ) + Cp,jump(T

II
sat − T Isat) + Cpg(T − T IIsat) (3.5)

Density of fluid phase can be described as,

ρ = ρg + (1− f)ρlg (3.6)

which can be approximated to

ρf = ρg + (1− (
T − Tsat
Tsat − T Isat

)) + ρlg if T IIsat > T > T Isat (3.7)

Enthalpy jump approximation can be explicitly stated as,

Cp,jump(T
II
sat − T Isat) = (f II − f I)λlg (3.8)
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f II = 1 f I = 0 (3.9)

Non-dimensionalized form of these equations can be converted to the following set, using

the dimensionless parameters listed in Nomenclature.

For θ > θIIsat

Ψζ = 1 (Continuity)

∂θg
∂τ

+ ∂θg
∂X

= −Stg(θg − θs) (Energy)

∂θs
∂τ

= −Sts(θs − θg) (Solids)

For θIIsat > θ > θIsat

(1 + (1− θ−θIsat
∆θsat

)Ψlg)
∂ζ
∂X

=
Ψlg

∆θsat
( ∂θ
∂τ

+ ζ ∂θ
∂X

) (Continuity)

(1 + (1− θ−θIsat
∆θsat

)Ψlg)(
∂θ
∂X

+ ∂θ
∂X

+ (θ − θIsat)
∂ζ
∂X

)

− Ψlg(θ−θIsat)
∆θsat

( ∂θ
∂τ

+ ζ ∂θ
∂X

) = Stjump(θ − θs) (Energy)

For θ < θIsat

Ψζ = 1 (Continuity)

∂θl
∂τ

+ ∂θl
∂X

= −Stl(θl − θs) (Energy)

These equations were then solved using Matlab and the results are discussed in the fol-

lowing section.
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3.4 Results and Discussion

Due to higher rate of latent heat of enthalpy injection and high surface heat transfer of

packed beds, the temperature of bed reaches the peak saturation temperature as soon as

steam front reaches a location in the bed, shown in Figure 3.2. This type of behavior is

distinctly different as compared to injection of non-condensible hot gas in the packed bed,

where bed never reaches the top temperature of bed22 due to higher heat loss rate. These

results show that this storage process is economically feasible because the bed utilization

factor is close to 75% of the bed volume. Higher utilization implies higher energy density

and in-turn lower capital costs. During saturated steam injection the condensate hold-up can

significantly effect thermal dispersion (discussed in details in the next Chapter) of thermal

front.

Figure 3.2: Storage and Recovery cycle calculations for packed bed system with saturated
conditions at 50 bars with alumina particles and steam as HTF.

To demonstrate the model under various conditions, superheated steam is injected in the

system. Three totally different processes occur when the superheated steam is injected in

the bed. The first is the storage of superheat, similar to the storage of gas. The second

process stores the enthalpy of the condensing steam. Third is the storage of heat from

the hot water. All three have different time-scales and length requirements. This does not

allow for the optimization of all three processes simultaneously as it does in the case of the
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much simpler gas HTF. For all three to occur under acceptable conditions, an excessively

long storage unit is needed. The length is, in fact, not practical. In the recovery cycle,

another problem arises. The main heat storage occurs on the hot particles in which steam

has condensed and the water is at the boiling temperature of the saturated steam which

is stored. The water cannot be recovered at the same pressure and temperature of the

saturated steam whose heat was stored in the particles that are used in the storage unit

since the temperature differential required for heat transfer would be insufficient (Figure

3.3). Thus, the pressure in the recovery cycle would need to be lower.

Figure 3.3: Storage and Recovery cycle calculations for packed bed system with superheated
steam injection during storage cycle. Recovered steam is at lower pressure

This makes superheated stream storage technically and economically impractical. In

case of LW-SMRs or other existing LWRs, condition of output steam is saturated which

also suits the performance of the packed bed TES systems. However, to accurately model

the actual behavior in case of saturated steam the effective thermal dispersion i.e. the

effective molecular or eddy thermal diffusion must be modeled. Following chapter discuses

the detailed understanding of thermal dispersion in the packed beds upon steam injection.
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Chapter 4

Axial thermal dispersion in packed

beds

4.1 Introduction

Previous theoretical and experimental studies on thermal performance of randomly packed

beds were conducted with air or single phase HTF22;27. The previous work included modeling

energy storage and recovery cycles, and evaluating the exergy of the system. Similarly there

are several other studies13;14 which have modeled or experimentally studied the behavior

of packed bed sensible heat storage systems. Most of these studies model the temperature

response of the system in axial or radial direction with time upon injection of hot fluid or cold

fluid into the bed during storage or recovery cycle, respectively. Mostly for large scale models

axial dispersion inside the bed and heat loss through the walls are sufficient to determine the

overall performance of the system. Therefore better understanding of thermal dispersion is

essential for the system design of TES. Testu et al. found thermal dispersion coefficients for

both air and water flow through a bed of glass beads33. They presented the variations of the

coefficients with respect to different Reynolds number and Peclet number values. Most of the

previous packed bed heat transfer studies found that in practical situations the temperature

difference between the solid and fluid phases can be neglected. Thermal dispersion gives
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insight on how the type of fluid and flow rate of the fluid influence thermal stratification,

volumetric utilization and exergy destruction due to temperature gradients. The type of

material and geometry play a vital role in the effectiveness of the heat removal from the

fluid. As mentioned before these type of studies have been conducted with HTFs such as

air, water, heating oils etc. However, one of the significantly important HTFs – steam, has

not been used for these TES evaluation studies.

Steam is one of the most commonly used working fluids for at least 50% of the operating

power plants. Most of the solar thermal power plants, which need an efficient and economical

TES system for their viability, use steam as the primary HTF and working fluid. Thus storage

and recovery of thermal energy from steam can be a critical factor for the future of stable

grid and making solar thermal energy a viable option. Apart from TES, there are some

other applications as well where steam condensation in packed beds is relevant such as, for

enhanced oil recovery steam is injected into the solid inert rocks. The purpose of this is not

intended for design or analysis of a particular application system but broader understanding

of thermal behavior inside packed bed upon steam injection.

Direct steam condensation in packed beds of solids have been studied and tested with

different perspectives such as for separating water vapor from air34–36. Although the techni-

cal scope of these studies were different from the current study, the complexity of the phase

change in the packed bed type complex geometry still plays dominant role. The effect of

pressure changes at the interfacial zone and how the equilibrium temperature of the packed

bed changes – are some of the questions which have not been addressed fundamentally and

require very sophisticated instrumentation or modeling techniques for fundamental under-

standing. The scope of this study does not include the effects of steam condensation on

momentum transport but will be limited to thermal transport. Thermal dispersion in a

porous media results from a combined effect of conduction or heat diffusion and convection.

A homogeneous porous medium of spherical particles randomly packed in a cylindrical col-

umn is the geometric description of system considered here. The importance of this geometry

and material used are discussed in later sections. The large surface area provided by the

numerous small particles allows for the HTF to transfer its energy to the solid particles in a
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radially uniform manner. This ensures a stable condensation flow rate from the packed bed.

Upon steam injection, the bed can be divided into three zones - hot vapor zone, mushy or

liquid-vapor mixture zone and cold liquid zone. Due to the transient nature of this prob-

lem the relative thickness of these zones will change continuously and understanding this

quantitatively will require a complex flow instrumentation and detailed models of coupled

momentum equations for two phases with variable local pressures. However, as stated earlier

the scope of this study is only limited to spatio-temporal thermal behavior only. An inverse

formulation of this problem was presented analytically and experimentally by Woods et al.37.

They studied thermal response of injected cold liquid inside the bed of hot rocks which leads

to formation of moving vaporization front and assuming constant velocity of the fluid phases

an analytical similarity solution was derived and validated.

Condensing steam flow in a packed bed involves various multi-physics processes such as

condensate nucleation, surface capillarity effects, condensate or liquid percolation, time scale

of dewetting versus heat diffusion in solids, intense density changes in the bed etc. Some

of these phenomenon have been previously studied using computational models or separate

effect experiments. Wang et al.38 studied two-phase liquid vapor momentum and energy

transport models in porous media. An experimental and computational study was conducted

by Udell39 where upon application of external heat, phase change and fluid motion for the

single component fluid was modeled and experimentally studied. As the steam passes over

the particles the heat is transferred through different modes: both advection and conduction

from the fluid in both liquid and vapor phase to the solid. The steam injection process in

relatively much colder packed bed is associated with continuous phase change which implies

there is a large amount of energy injected per unit time and unless the flow rates are very low

it will be difficult to observe the distinguishable effects of energy deposition in the packed

beds or in other words those beds can get saturated very quickly. The condensate percolation

is expected to be very complex and the associated cross-linked thermal conduction due to

these condensate channels will be very complex. The effect of steam flow rates on thermal

dispersion in the beds is one of the goals of this work. The roles of diffusion and advection

at the particle scale or for a homogeneous local volume requires solution of the local thermal
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energy transport quantification. The experimental and theoretical models are developed and

presented in this chapter to examine the effects of steam flow rate or the energy input rate

on the thermal response of bed in equilibrium with fluid medium.

4.2 Experimental Methods

4.2.1 Design Objectives

The design of this experimental set-up originated from previous experiments that utilized

a cylindrical vessel for thermal energy storage system constituting randomly packed bed of

alumina particles with air as heat transfer fluid22;40. These previous results assumed that

packed bed configuration enables the uniform flow and temperature distribution in the radial

direction i.e. direction normal to the flow. However, due to wall heat losses, the tempera-

ture of the wall and the bed were different from each other. So accurate analysis requires

simultaneous wall temperature measurements. Alumina particles, i.e. packing media, have

high heat capacity, high thermal conductivity and chemical inertness which allow the rapid

localized equilibration of thermal energy between fluid phase and solid phase. The material

is also non-degradable allowing it to last a long time and remain stable through multiple

cycles. Large heat transfer surface area due to considerably smaller particle or packing size

as compared to the overall bed dimensions makes the thermal front propagation more pre-

dictable and very steep along the flow direction. With saturated steam as the heat transfer

fluid, rate of heat injection is much faster during condensation process, thus if the media

has sluggish response to absorb heat this will lead to very complex energy balance in three

phases. Moreover the results of previous material behavior studies41 showed no changes in

physical characteristics of alumina particles under steam condensation and boiling cycles.

Therefore, choice of alumina particles will meet the crucial design objective of performing

reproducible thermal behavior tests. As one of the prime objectives is to understand the

axial dispersion of temperature front upon steam injection, temperature must be measured

at various locations in the axial direction without interfering significantly with the system
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behavior. The scope of this study is limited to steam condensation at atmospheric pressure

which simplifies the design of the vessel and fittings. One of the difficult part in understand-

ing steam condensation process is associated with the uncertainties in the flow conditions

and thickness of the two phase (liquid-vapor) zone inside the packed bed. Moreover, effective

thermal conductivity inside the bed is strongly dependent upon instantaneous liquid hold-

up and interface location. Therefore condensate flow rate must be measured or estimated

throughout the experiment to correlate with the temperature response.

4.2.2 Experimental Setup

The cylindrical quartz tube randomly packed with spherical particles was chosen as the main

test chamber for this experimental set-up following the design objectives described before.

The size of the tube was 15.24 cm tall and 6.35 cm diameter, and the design limitations on the

size were only on the diameter because of the standard ceramic flanges used to seal the ends

and size of the particles or packing material. The size of 3 mm is considered as an optimum

size for thermal packed beds as examined in the previous studies based on balance between

thermal performance and pressure drop requirements22 . The ratio of the tube diameter to

particle diameter greater than 20 allows for the plug-flow assumption or radially uniform

dispersion of the thermal front. The thermal storage test media was chosen to be spherical

alumina particles procured from Norpro with the commercial name Denstone-99 particles.

These commercially available spherical particles were considered for this experiment as they

allowed uniform isotropic heating, and have been tested for their chemical inertness and

robust thermo-mechanical behavior41 with steam. The vessel to house alumina particles was

made of quartz tube sealed with ceramic flanges at both ends to avoid energy losses from the

boundaries. The visual inspection of motion of liquid-vapor interface can be done with the

quartz tube and known constant emissivity value of quartz material in temperature range

(25◦C − 100◦C) which allows easy measurement of wall temperatures with IR camera.

The measurement set-up to attain the temperature values along the outside wall of the

heat sink vessel was a FLIR infra-red camera. The packed bed temperatures were measured
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with a multi-point thermocouple tube, customized product obtained from Omega Inc. to

record the temperature at six axial locations in the bed. The multi-point thermocouple was

positioned as close to the center of the bed as possible using a fitting screwed into the top

flange of the vessel. Each thermocouple was numbered respective to its position from the

inlet of the test chamber.

In-house steam supply was used to conduct these experiments and before starting the

experiments it was ensured that steam supply pressure and flow do not change for the

duration of the individual experiments. This was done by allowing the steam to condense in

a cylindrical flask with cold water and change in the level was monitored with time during

steam flow. In addition, during the actual experiments of steam injection in the packed bed

condensate flow was monitored to take into account the uncertainities. It was found that

the flow rate of steam at set valve conditions remained within 5% of the measured mean

value. Steam was supplied from the top of the test chamber after passing through a pressure

regulator holding the back pressure constant for all experiments. A globe valve was situated

just before the entrance to the test vessel to allow control of steam after the supply valve

was opened to allow steam to pass through the regulator. This combination allowed the

evaluation of system’s response to a step input of constant pressure steam. The downstream

end of the test chamber was connected to a tube-in-tube heat exchanger where the remaining

vapor was condensed. This extra step allowed the accounting of the total mass flow rate of

steam that passed through the chamber to be collected and measured, enabling a value for

the total amount of energy input into the system to be obtained. A simplified schematic of

the experimental setup is shown below in Figure 4.1.

In addition to experiments with steam, the set-up was designed to allow the experiments

with other HTFs as well. A teflon heater strip was retrofitted to a two foot section of piping

allowing for air to be heated prior to entering the packed bed. The thermal response of the

bed with hot-air and steam was one of the important analytical experiments to understand

the comparative difference between two different fluids. Another purpose of air injection

system was to provide cold dry conditions in the bed after each experiment. This approach

ensured consistent initial temperature for each of the experiments and improved repeatability
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Figure 4.1: Schematic of experimental steam setup of packed bed heat sink consisting of
a clear fused quartz tube, alumina particles, multi-point thermocouple, steel piping, steam
supply, and FLIR camera.

between experiments resulting in reliable data.

Experimental Procedure

The steam injection experiments were performed in two sets. The first set of experiments

were slow injection experiments where already regulated steam supply at atmospheric pres-

sure was further throttled by a globe valve to nearly lowest flow rate. The pressure regulation

to atmospheric pressure was confirmed with the experimental data of steam temperature of

100◦C. Steam was then continuously injected through the bed until the images continuously

recorded by thermographic camera showed that the wall of the cylinder had achieved steady

state conditions.

In the case of the fast injection tests, the globe valve opening was increased to nearly

double the flow rate. Same procedure was repeated as described for slow injection case. The

injection flow rate of the steam for each case was determined by measuring the condensate

collected per unit time. Multiple experiments were performed to ensure repeatability and

consistent flow rate values for both the slow and fast measurements. Compressed air was

used after the steam supply was shutoff to remove trapped condensation in the packed bed
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for complete measurements.

Air as a single phase HTF was heated and sent through the randomly packed bed. The

flow rate of the air was controlled with an air compressor and its outlet nozzle. The air was

allowed to reach a steady state temperature by bleeding out through a valve located just

before the packed bed and once it had reached the steady temperature the inlet and bleed

valves were slowly opened and closed, respectively. This allowed the pressure to relatively

not change so that the air at consistent temperature would enter the packed bed without

any uncertainties.

4.3 Model Definition

The modeling of heat and mass transfer in packed beds has been studied extensively in the

past. Various phenomenological models based on previously conducted experiments exist in

the literature for parametric heat transfer evaluation. It has been shown previously by many

that packed bed systems with high tube to particle diameter ratio (>10) can be treated

as plug flow for wide range of Reynolds numbers. There are generally two approaches to

model heat transfer between solids and fluid in a packed bed arrangement. One approach of

modeling this phenomena is by assuming homogeneous media with an assumption that both

solid and fluid are in local thermal equilibrium at all times. Another approach is to model

the system with two equations, for solid and liquid phases, coupled to each other via solid

to liquid interfacial heat transport term. It was shown earlier that for small particle size

and high thermal conductivity, the two phases can be considered in equilibrium with each

other22. Therefore, one-equation model is sufficient for the system considered in this study

as the conditions for fluid-solid thermal equilibrium are satisfied. In this chapter, we briefly

describe our modeling approach based on one dimensional convection diffusion model.

(ερcpf + (1− ε)ρcps)
∂T

∂t
+ ερcpfv

∂T

∂x
= k

∂2T

∂x2
− βw(T − To) (4.1)

The boundary condition at the inlet plane is defined as
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T (x = 0) = Tm (4.2)

where, Tm is the steam inlet or saturation temperature at atmospheric pressure, and no axial

heat transfer near the outlet leads to boundary condition,

dT

dx
(x = H) = 0, (4.3)

and initial condition

T (x, t = 0) = To. (4.4)

In order to non-dimensionalize the differential equation and boundary conditions some

of the the quantities can be defined as, the ratio of thermal capacity of the fluid phase to

the thermal capacity of mixture

κ =
ερcpf

ερcpf + (1− ε)ρcps
, (4.5)

thermal diffusivity,

α =
k

ερcpf + (1− ε)ρcps
, (4.6)

and non-dimensional wall heat loss coefficient

β =
βw

ερcpf + (1− ε)ρcps
(4.7)

Substituting these quantities in Eqn. (4.1) and using the non-dimensionalization on space,

time and temperature defined in the nomenclature leads to a non-dimensional equation (4.8)

∂θ

∂τ
+ κ

∂θ

∂X
=

1

Pe

∂2θ

∂X2
− β(θ − θo) (4.8)

with non-dimensional boundary conditions

39



θ(X = 0) = 1, (4.9)

dθ

dX
(X =

H

D
) = 0, (4.10)

and initial condition

θ(X, τ = 0) = θo. (4.11)

Substituting φ = θ−θo
1−θo e

−βτ simplifies the differential equation with boundary and initial

conditions to

∂φ

∂τ
+ κ

∂φ

∂X
=

1

Pe

∂2φ

∂X2
(4.12)

φ(X = 0) = eβτ (4.13)

dφ

dX
(X =

H

D
) = 0 (4.14)

φ(X, τ = 0) = 0 (4.15)

The term L
D
>> 1 as the physical dimension of test bed is much larger as compared to the

diameter of the particle. As a result, this problem can be considered as a semi-infinite region

problem. The solution to this semi-infinite region problem has been derived previously in

the literature42 and this algebraic form of solution will be used for the predictive thermal

model.
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φ(X, τ) =
1

2
exp(βτ)[exp(

(κ− λ)Pe

2
)erfc(

X − λτ
2

√
Pe

τ
)

+ exp(
(κ+ λ)Pe

2
)erfc(

X + λτ

2

√
Pe

τ
)]

(4.16)

where, λ = (κ2 + 4β
Pe

)
1
2 .

Both advection and diffusion components of thermal energy transport play some role in

the energy exchange process between fluid and solid. However, due to transient liquid hold-

up amount in the packed bed along the motion of the steam front, the diffusion component

will vary in time and position as thermal conductivity of water-liquid is approximately 10

times than that of steam at that pressure. Due to difficulty in modeling steam condensation

behavior and two phase behavior in this complex geometry, this simplified model is adopted

to this various thermal diffusion component based on the approach of steam front to a

particular location in the bed. This work models the problem in vapor or liquid phases and

as the steam front approaches a particular location, the diffusion component is modified

corresponding to steam properties instead of water properties.

The next section will discuss the experimental results and comparison of the experimental

data to the analytical solution.

4.4 Results and Discussion

4.4.1 Experimental Results

The experimental results are discussed first, followed by a comparison of the analytical solu-

tions to the experimental data. The justification for these steam condensation experiments

was described in the introduction along with the requirements for uniformity of radial flow

and condensation process in the packed bed. The thermal images along the wall of the

packed bed as obtained from the IR camera for one of the experiments are shown in Fig-

ure 4.2. These images show that there is no angular non-uniformity in the bed. Although
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temperature of walls is lower than the temperature of the bed, shown later, as obtained by

internal thermocouples. Moreover, X-ray images shown in Figure 4.3 also indicate radially

uniform condensing front. These results show that 1-D axial model with wall heat losses is

sufficient for thermal behavior prediction.

Figure 4.2: (TOP LEFT) Picture of experimental packed bed vessel. (LINE WISE: LEFT
to RIGHT) Time step images from FLIR software for an experimental run at 50 psi for; 5,
10, 15, 20, 30, 35, 40, 45, 50, 60, 70 seconds after steam injection, respectively.

The propagation of the temperature front for each of the different cases, injection rate

and HTF type, while penetrating the randomly packed bed was experimentally studied.

The differences between the different steam injection rates will be discussed next. The

average condensate collection flow rates for the slow and fast cases were measured to be,

respectively, 6 cm3/s and 12 cm3/s. The discussion provided in the next subsections will

not explicitly mention the flow rates but will use terminology of fast and slow injection.
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For each experiment it was found that the uncertainty in the measurement of condensation

collection flow rate is within 5% of the numbers sated above.

Figure 4.3: (Top Left) Image of 6” packed bed with Alumina particles. (Top) X-ray images
of packed bed and (Bottom) IR images in 10 second intervals during slow steam injection.

Slow steam injection

The characteristic thermal response of the packed bed system at different times upon slow

injection of steam is highlighted in this discussion with explanation of results. Upon in-

jection of steam into the bed, there are two thermal transport mechanisms- advection and

conduction modes at different spatial locations and different time frames. Near the entry

port where steam is introduced, in this present experimental set-up from the top, in a very

short time interval temperature of the bed and fluid streams become almost equal to the

steam inlet temperature or saturation temperature. With the steam supply continuously

available, irrespective of injection rate, the bed temperature at the top is always maintained

at a constant top temperature i.e. saturation steam temperature. This constant bed temper-

ature at the top will conduct heat from the top to bottom of the bed due to non-negligible

thermal conductivity of alumina particles and water condensate in the bed i.e. conduction

mechanism. Simultaneously, due to steam injection in the bed it is carrying some amount
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of energy as it moves in the bed i.e. advection mechanism.

Due to slow injection rate, initial rise in the temperature at axially farther locations will

be dominated by the conduction mechanism. As the steam or two phase mixture front,

which is at temperature near the saturation temperature, reaches those regions located far

away from injection point there is a sudden change in the temperature. This effect can be

seen from temperature measurements obtained by thermocouples at different locations and

at different times as shown in Figure 4.4. The rate of increase of temperature for different

thermocouples positioned at different axial locations is divided into two distinct regimes

with two distinct slopes, especially for last four (3-6) locations. The initial regimes, which

show lower slope are governed by conduction mechanism and later regimes with higher slope,

are governed by advection. These conclusions are substantiated with the observations that

conduction effect shows an observable conduction dominate temperature plot for locations

at larger distances from injection point. Similar effects were quantitatively predicted and

experimentally observed by Woods et al. in liquid-vapor flows around porous beds37;43. In

theses previous studies by Woods et al., cold water was injected into hot rocks.

Figure 4.4: Slow injection steam case experiment results
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Fast steam injection

Based on the explanations provided in previous subsection, it is expected that advection term

will be higher in fast injection experiments as compared to the slow injection experiments.

The higher advection term implies that total amount of influx enthalpy carried by the steam

or two-phase mixture is much higher and thus, as the fluid stream moves through the bed it

is equilibrating the bed to the saturation temperature at almost constant rate at all spatial

locations. Due to much higher rate of enthalpy injection in the bed due to advection term,

the effects of conduction will not have much impact on the rate of temperature increase in the

bed. The results in Figure 4.5, for fast injection, confirm this explanation. This phenomenon

of smaller temperature dispersion due to conduction can be seen in the experimental results

of fast injection experiments.

Compared to the slow injection case, the time taken for the bed to reach peak temperature

throughout in the fast injection case is smaller.

Figure 4.5: Fast injection steam case experiment results
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4.4.2 Air injection

One set of results with the air as HTF are displayed in Figure 4.6, as the difference in flow

rate caused no significant difference in the thermal front propagation in the packed bed.

The top temperature at each axial position is at lower temperature going from the inlet to

exit of the vessel. This results in a more elongated thermal front as compared to the case

with slow steam injection. Another characteristic to be noticed is that unlike steam, the air

experiments do not show the abrupt change in slope.

Figure 4.6: Air injection case experiment results

The comparison of experimental data with air and steam as HTFs shows there are some

very distinct observations which can be made. Due to the low energy density of air it takes

a longer time to heat the packed bed and even in the steady state situation the rate of heat

loss through the bed walls are comparable to the rate of heat input injected in the bed. This

leads to temperature gradients within the bed even after a continuous steady state, as can

be seen in Figure 4.6 where the time series plots of different thermocouples show that lower

end thermocouples remain at lower temperatures with steady state condition. Whereas the

high energy density of steam because of the latent heat allows it to saturate the packed bed

to top temperature more quickly and it can be seen in Figures 4.4 and 4.5.
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4.4.3 Analytical results and validation

The analytical model as described by Eqn. 20 is used to predict thermal behavior inside

the bed. For the slow injection case with assumption of constant velocity throughout the

packed bed for the steam condensation front, the plot for the analytical solution along with

experimental results are shown in Figure 4.7. The model parameters used for the analytical

solution are listed in the Table 4.1.

Coefficient Slow Fast
( 1
Pe

)W 0.0094 0.0046
( 1
Pe

)S 0.0006 0.0003
βW -0.1 -0.1
βS -0.0001 -0.0001
κW 0.12 0.03
κS 0.06 0.03

Table 4.1: Diffusion and advection coefficient values for the analytical solutions for steam
injection.

Figure 4.7: Slow injection steam case compared to analytical solution with constant velocity.

From the plots it can be inferred that the analytical and experimental solutions show

similar trend for most of the thermocouples and for all times. Some discrepancies especially
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at the farther thermocouples may be because of constant velocity assumption. With data

from different experiments, it was observed that the condensate flow rate decreases as steam

front progresses in the bed. Using measured flow rates from different experiments, flow

rate vs bed length data was obtained and plotted. The flow rate results for each case were

averaged and the plot in Figure 4.8 shows the trend-line that was found for the data.

Figure 4.8: Slow injection steam case, steam condensation flow rate trend-line for a varying
steam condensation velocity at different depths within the packed bed during

This linearly changing velocity was then used in the analytical solution to acquire the

new solution which is shown in Figure 4.9. From these plots, it is clearly evident that the

use of a varying velocity results in closer predictions to the experimental data.

Similarly, for the fast steam injection case the solution was solved with a constant and

varying velocity, which are shown in Figures 4.10 and 4.11, respectively. Comparisons show

that the model performs much better for slow injection case as compared to fast injection

case. This can be attributed to the higher degree of uncertainties in the flow measurements

in the fast case.

The validated analytical model for both slow and fast injection cases can be used for

different case studies and design investigations. One of the important critical parameters

as highlighted before is axial dispersion. Although the model developed and experimental
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Figure 4.9: Slow injection steam case compared to analytical solution with varying velocity

Figure 4.10: Fast injection steam case compared to analytical solution with constant velocity.

studies conducted highlight the effect of axial dispersion on the time series curves shown

in Figure 4.12, the explicit relationship between temperature vs axial dimension can help

in developing better understanding of the effects of steam injection. The temperature vs

axial dimension plots for different times are shown in Figures 4.12 and 4.13. It can be
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Figure 4.11: Fast injection steam case compared to analytical solution with varying velocity.

inferred the slow injection case due to dominate conduction effects experience less steeper

temperature dispersion as compared to the fast injection case for different times. Even

though 1-D model is validated it is difficult to ascertain the scalability due to complex nature

of the process. Therefore, high fidelity temperature measurement technique was deployed to

further understand thermal dispersion.

4.5 Higher Axial-Spatial Resolution Experiments

4.5.1 ODiSI-B

Higher temperature resolution can be obtained with a Rayleigh backscattering based dis-

tributed optical temperature sensor (DTS). A DTS system developed by Luna Inc., called

ODiSI-B, was installed in the packed bed using a custom made probe sheathed in stainless

steel to protect from crushing the fiber. The Luna ODiSI B senses temperatures and stress

levels using fiber optics in conjunction with a tunable laser source, as shown in Figure 4.14.

The technology consists of distributed optical fibers that utilize Rayleigh scattering to sense

50



Figure 4.12: Temperature plotted against bed length for slow injection analytical solution
with varying velocity. The time step is 3.6 seconds from 0 to 18 seconds.

Figure 4.13: Temperature plotted against bed length for fast injection analytical solution
with varying velocity. The time step is 1.8 seconds from 0 to 12.6 seconds.
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small defects in each fiber’s construction. The defects cause a difference in the index of

refraction, shown in Figure 4.15, creating Rayleigh backscattering at the location of these

defects. These backscattering profiles are produced using a Mach-Zehnder interferometer.

Sensors are aligned along the fibers in an array pattern. Using interference frequencies found

from coherent optical frequency domain reflectometry (c-OFDR) technique, the changes in

sensor length are then proportional to the frequency created. Sensors are identified based on

a keyed profile and when a match is found, the stored spectrum is used as a base spectrum

for all other values to measure in the spectrum. Temperature and strain measurements made

using optical sensors can reach spatial resolution increments of 2.5 millimeters. Using fused

silica fibers, SiO2, with diameters of 150 microns, strain or temperature measurements can

be made along the fibers using laser technology and known embedded imperfections in the

silica. Embedded imperfections in the fiber cause total internal reflections that can the be

detected and recorded. The detector measures the fibers’ scan pattern under normal condi-

tions and compares it to the scans during testing conditions to calculate the temperature or

strain in each segment.

Figure 4.14: ODiSI-B system showing impurities in fibers that allows laser to read each
section of optical fiber.
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Figure 4.15: Silica fibers showing individual sections that are measured for shifts in optical
frequencies to determine temperature or strain.

4.5.2 Repeated experiments with ODiSI-B

A foot long quartz tube (diameter of the tube similar to the previous setup) was filled

with alumina particles as described before. The ODiSI-B system was installed in this test

bed passing through the center of the bed. Figure 4.16 shows the higher spatial resolution

for the thermal response of the packed bed during steam injection at rate of 4.5 lb/hr.

These measurements show steep temperature gradients or negligible thermal dispersion, i.e.

ideal for high efficiency storage. Based on these results a pilot scale model was built for

demonstration purposes.

4.5.3 A pilot scale experimental test facility

To demonstrate thermal storage performance on a pilot scale, a new stainless steel vessel

was designed and installed with a height of 3 feet (36 inches) and diameter of 14 inches. The

packed bed was filled with large rocks (0.5 to 1.5 inch diameters) and tested with saturated

steam injection. The testing facility, as detailed in Figure 4.17, incorporated the same in-

house steam supply as in earlier tests with now a steam flow meter to measure the flow

rate of the steam. The ODiSI-B system was installed with the custom built probe. The
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Figure 4.16: Foot long packed bed thermal energy storage experimental data with optical
probe temperature sensor for steam flow rate of 4.5 lb/hr. (20 second time steps)

multi-point thermocouple used in previous experiments was installed in the side of the new

vessel and extended three and half inches into the side of the bed to measure the packed

beds temperature radial uniformity near the wall.

Experimental Data

Steam was introduced into the bed at a flow rate of 12.5 lb/hr and the experiment ran

for 25 minutes. The thermal response was measured with the temperature sensors and the

experimental results obtained from the optical sensor are shown in Figure 4.18. Pilot scale

demonstration tests also show steep temperature gradients and low thermal dispersion which

makes this method ideally suitable for storing thermal energy of steam.
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Figure 4.17: Large packed bed thermal energy storage facility for testing steam injection
with optical probe temperature sensor.

Figure 4.18: Large packed bed thermal energy storage experiment data showing thermal
dispersion in packed bed at different times during 25 minute, 12.5 lb/hr steam injection
experiment.
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4.6 Summary

The basic understanding of thermal behavior upon steam injection inside a randomly packed

bed of alumina particles was investigated experimentally. The observations show that steam

injection at different flow rates result in distinct temperature dispersion curves as compared

to single phase heat transfer fluids such as air. The axial dispersion of thermal front is gov-

erned by both conduction and advection effects. The conduction effects became apparent

for thermocouples located away from the injection points as the steam front or the advection

current take longer time to reach those locations. Thus, the slope changes in the temper-

ature dispersion curves become more apparent. The analytical models for the temperature

distribution using constant velocity approximation are able to show similar trends as ex-

hibited by the experimental data. The condensate collection measurements show that flow

rate reduces as the temperature front progresses through the bed. The performance of the

analytical models is substantially improved due to introduction of variable velocity func-

tion based on actual measured changes in the condensate collection rate. The flow rate in

steam injection experiments played an important role in thermal front dispersion character-

istics. Slow injection experiments showed more prominent conduction based thermal fronts

as compared to fast injection. Due to these differences in temperature front profiles it can

be concluded that in case of slow injection, the temperature at outlet of the bed is at much

higher temperature as compared to fast injection case for the same fractional length of the

bed at the top temperature. Axial dispersion characteristics are directly observed by con-

ducting experiments in larger scale test beds with high fidelity instrumentation. Fiber-optic

distributed temperature sensing system based on the Rayleigh backscattering principle was

used to obtain instantaneous temperature profiles. Detailed experiments show that thermal

dispersion is negligible in packed beds during storage process.
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Chapter 5

Novel packed bed passive safety

design for Boiling water reactors

5.1 Passive heat removal system

Recently designed and licensed nuclear power reactors possess significantly more advanced

active engineered safety features to reduce the probability of such severe accidents, but the

ultimate solution to allay the doubts about nuclear energy rests in passively, or inherently,

safe reactors. Inherently safe small modular reactors were envisioned many years ago44.

These initial passively safe designs were based on both sustaining a long-term subcritical

state of the core in all circumstances, and long-term heat removal without any forced cir-

culation requirements. Some of the new reactor designs, and retrofitted existing reactors,

have added some passive cooling features, but the knowledge of their behavior envelope in

case of unexpected natural events is inadequate. The fundamental basis for passive cooling

design is that upon loss of forced circulation, fuel temperature should remain substantially

below the melting temperature. As upon safe shutdown, the decay of fission products is

the only mode of heat injection into the core, any passively cooled design should be capable

of removing this decay heat. There are three possible passive heat transfer modes for the

decay heat removal: conduction, radiation, and natural convection. One or more of these
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modes are required to reject heat from either the core, reactor vessel, or reactor systems

and transfer it into the external surroundings. This process of heat rejection in most of

the designs is a two-step process. In the first step, the decay heat is transported from the

core internals either to the surface of the reactor vessel or to some other system that can

directly interact with environment. Next, heat is transferred from the reactor vessel surface,

or similar component, to the atmosphere via radiation or natural convection. This latter

step is largely dependent upon civil construction, effective exposed surface area, and external

conditions where there is limited scope for significant design improvement. Therefore, the

first step is critical for thermal-hydraulic design basis and better understanding of the inter-

nal passive heat transfer modes within the reactor systems can substantially improve design.

Therefore, the confidence in the passive safety systems can be established by understanding

and testing heat transfer processes from core in accident like situations for next generation

reactors or improvised existing reactors. Most of the operating reactors across the world are

water-cooled reactors and heat removal from the core is accompanied with sensible heat or

latent heat transferred to water. Loss of Coolant Accident (LOCA) and associated severe

accident scenarios in water-cooled reactors have been investigated for decades45–49, resulting

in models whos predictive accuracy is often contingent upon an understanding of complex

two-phase flow phenomenon. Several next generation nuclear plants such as Small Modu-

lar Reactors, upcoming Generation III+ reactors, and existing nuclear power plants, have

passive heat removal design capabilities for long-term decay heat removal with continuous

natural circulation. In such designs, during the heat removal stage from core the coolant i.e.

water is expected to change phase and get converted into steam. This steam or two-phase

mixture with lower density will undergo natural upward draft and after being condensed

on other equipment and structures in reactor system will flow downwards and complete the

two-phase natural circulation path. The example designs of different passive safety systems

such as isolation condensers (IC) and containment spray systems, shown here in Figures 5.1

and 5.2, are detailed in the IAEA report2. Isolation condensers are designed to provide cool-

ing to BWR core, where the steam produced in the core is sent through the IC to condense

and return to the core as a passive safety feature to continuously cool the core.
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Figure 5.1: Schematic of isolation con-
denser for a BWR2.

Figure 5.2: Schematic of passive safety
spray system and natural cooling draft air
system for BWR2.

Similarly steam condensation on the containment walls of AP1000 reactor is important

design feature to ensure the closed loop circulation after a break in coolant system. The

condensed water can in turn be stored in reservoirs, which can be connected with IC heat

exchanger loops or spray systems for continuous cooling of the core, primary coolant, and

containment. Therefore, in all these examples the stable two phase natural circulation flow

behavior is contingent upon steady, condensation-based heat rejection mechanism to a heat

exchanger, containment walls, or any other geometrically complex system outside the reactor

core. The already complex condensation process is accompanied with more complicated

phenomenon such as transient thermal transport on containment walls, stratification of two

phases, formation of discontinuous films etc.

5.2 Packed bed isolation condenser

A new packed bed isolation condenser design is proposed to reduce uncertainties in steam

condensation process and improve passive heat removal capabilities of next generation LWRs.

The packed bed isolation condenser comprises of small spherical alumina particles (1-3 mm

diameter) which are chemically inert and have high energy density to act as long term heat

sink. The schematic of packed bed isolation condenser with advanced BWR reactor is shown
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in Figure 5.3, where the packed bed is isolated above and connected to the reactor vessel via

closed valves. In the case of an emergency the top safety valve will open allowing the steam

to flow through the pipe to enter the top of the packed bed and condense over the alumina

particles into water. The condensate then exits the bottom of the packed bed and returns

to the core by gravity completing the natural circulation loop. The heat rejected into the

alumina particles will be slowly dissipated to the surroundings from naturally cooled walls

of packed bed.

Figure 5.3: Schematic of alumina packed bed isolation condenser for a BWR.

The experimental studies on steam condensation in containment had spatial non-uniformities,

which did not resolve the issues about reliability of design50;51. The prime need is to design a

system where the vapor, steam, or two-phase mixture is expected to flow uniformly over the

spatial domain and is expected to have higher degree of repeatability. As shown in previous

chapter with different scale experiments and with high fidelity instrumentation, the steam
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condensation on the packed beds is highly stable and continuous. The repeatability of the

undertaken experiments and the quality of data obtained show that phase change or heat

rejection process are uniform over the spatial domain as compared to condensation on the

containment walls or water tanks.

Steam condenser designs rely upon indirect heat exchange with secondary fluid or external

environment. Therefore their design parameters are obtained from steady state empirical

correlations for steam condensation and two-phase flow. The conditions for steam or vapor

condensation in the accident scenarios can be highly random, thus exact state of the fluid

phase i.e. fraction of liquid entrained or stream pressures can vary. Therefore this packed

bed system can be designed to handle more realistic scenarios where two phase mixture i.e.

partially condensed steam can be the injection fluid stream. Heat transfer to the packed bed

during the steam condensation in the vessel is expected to flow radially through the vessel

walls to the environment, therefore internal heat resistance remains constant. This constant

or stable internal heat resistance model during steam condensation in packed bed is expected

to ensure steady condensate flow which can be collected and pumped back to the system

under all circumstances.

5.3 Summary

A novel packed bed isolation condenser design is presented for passive heat removal in next

generation LWRs to ensure steady condensation process and passive circulation. The data

obtained from X-ray and IR camera images, and fiber optics based distributed temperature

sensors of the experimental runs shown in previous chapter confirm that the steam conden-

sation in the packed beds is highly stable, justifying the design basis. Steam condensation

on walls and in tubes is often associated with spatial inhomogeneities which can lead to high

degree of uncertainties. Uniform steam condensation on packed bed particles allow better

spatial control over condensation process thereby increasing the reliability of passive safety

system. However more quantitative analysis and scaling analysis is needed for the complete

design proposition.
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Chapter 6

Conclusions

Integration of TES systems can provide dispatch ability to NPPs and improve the economic

scenario for nuclear power in future. The technical feasibility of this integration is conducted

with the help of exergy and energy density analysis. The analysis for light water-cooled

reactors shows that exergy recovery efficiency is around 90% and energy density values for

the synthetic HTFs in this operating range are not expected to create practical challenges.

The high temperature storage options, alumina packed beds and storage salt show exergy

efficiency of 78% and 92%, respectively for advanced reactor concepts with high temperature

non-light water coolants. Although both of these methods have thermodynamic potential,

they can have practical compatibility limitations. For example, the compact layout of SMRs

would not allow the integration of heat exchanger to be feasible. Therefore, direct recovery

of thermal energy from steam into packed bed of rocks is proposed here. Analytical and

experimental studies are conducted to understand thermal behavior of steam injection in

packed beds.

The experimental results show that steam injection at different flow rates result in steep

temperature gradients as compared to single phase heat transfer fluids such as air. Thermal

gradients in the packed bed are governed by both conduction and advection effects. The

conduction effects became apparent only in slow injection cases for thermocouples located

away from the injection points as the steam front or the advection current take longer time to
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reach those locations. Thus, the slope changes in the temperature dispersion curves become

more apparent for slow injection cases. A semi-analytical physics based model was developed

and compared with the experiments results. Validated model is then used to predict axial

thermal dispersion in the beds. Axial dispersion is an important parameter used to design

packed bed thermal energy storage systems, therefore its accurate measurement or prediction

can dramatically improve the confidence level in the technology. Rayleigh-backscattering

based distributed temperature sensing fiber optics system was deployed in the experimental

scale and pilot scale geometries to obtain more precise measurement of axial dispersion

than thermocouple arrangement. It can be concluded that during steam injection under

all conditions or flow rates, the temperature front remains considerably steep, i.e. axial

dispersion is minimal, as a function of time and position. With these studies it can be stated

that packed bed thermal energy systems have a great potential of integration with systems

where saturated steam is the only heat transfer fluid. With the stable condensation process

observed in the packed beds, a novel passively safe isolation condenser design for advanced

boiling water reactors is proposed. Future work on the deployment of these storage systems or

evaluation of passive safe condensers require effect of higher pressure on the axial dispersion.

For effective storage demonstration tests, a recovery cycle is also required at pilot scale which

will be another critical task for future.
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