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Nomenclature

∆Sm magnetic entropy change [J kg−1 K−1]

∆Tad temperature difference that can be obtained by adiabatically magnetizing a mag-

netocaloric material [K]

∆THEX temperature difference during heat exchange [K]

∆Tmin minimum temperature difference needed for heat exchange [K]

ṁf fluid flow rate [kg s−1]

ϵ porosity [-]

γ electron heat capacity coefficient [J kg−1 K−2]

µ magnetic permeability [H m−1]

µ0 magnetic permeability of vacuum (= 4π×10−7 [H m−1])

µB Bohr magneton (= 9.274 009 15(23)×10−24 [J T−1]

µeff effective magnetic moment [J T−1]

ρ density [kg m−1]

θC Curie temperature [K]

θD Debye temperature [K]

A amount of exergy [J kg−1]
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Adiscard amount of exergy discarded with the process stream [J kg−1]

Aloss amount of exergy destruction [J kg−1 K−1]

Amin theoretical minimum exergy destruction in heat transfer when the minimum tem-

perature difference needed for heat exchange is set [J kg−1]

as heat transfer surface [m2]

cf heat capacity of process stream [J kg−1]

CH,p specific heat capacity at constant pressure and magnetic field [J kg−1 K−1]

Cp specific heat capacity at constant pressure [J kg−1 K−1]

dp diameter of particle [m]

Enet Net work input to the system in order to obtain the desired change in state condi-

tion of the process stream [J kg−1]

f strength of tension [N]

gJ spectroscopic splitting factor [-]

H strength of magnetic field [A m−1]

Heff effective magnetic field [A m−1]

I amount of enthalpy [J kg−1]

I0 amount of enthalpy at standard condition [J kg−1]

J total angular momentum [-]

k heat conductivity [W m−1 K−1]

kB Boltzmann constant (= 1.380 6488(13)×10−23 [J K−1])

M strength of magnetization in a magnetic material [A m−1]
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NA Avogadro constant (= 6.022 141 29(27) × 1023 mol−1)

Ns number of atoms per unit volume [m−3]

p pressure [Pa]

Pr Prandtl number [-]

Q amount of heat [J kg−1]

Qdiscard amount of heat discarded at the cooler [J kg −1]

Qprocess total amount of heat needed to change the temperature of a process stream to its

set temperature

Qtransfer amount of heat transferred [J]

R gas constant (= 8.314 4621(75) [J K−1 mol−1])

Rep Raynolds number [-]

S amount of entropy [J kg−1 K−1]

S0 amount of entropy at standard condition [J kg−1]

SE electron entropy of a magnetic material [J kg−1 K−1]

Sgen overall entropy generation[J kg−1 K−1]

SL lattice entropy of a magnetic material [J kg−1 K−1]

SM magnetic entropy of a magnetic material [J kg−1 K−1]

Stotal total entropy of a magnetic material [J kg−1 K−1]

T temperature [K]

t time [s]

T0 environmental temperature: 298.15 [K]
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Tset temperature needed for subsequent process [K]

wdemag amount of work needed for demagnetization [J]

wmag amount of work needed for magnetization [J]
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Chapter 1

Introduction

1.1 Increasing energy demands in the world

Global warming and resource depletion has grown to become one of humanity’s greatest

challenges. Fig. 1.1 shows the transition of contributors of carbon-dioxide (CO2) emission

in the world from 1800-2000 [1]. Needless to say, the emission of carbon-dioxide is rising

at rapid rate and can be assumed to continue growing. Although development to use

renewable energy sources such as solar power, wind power, geothermal. . . etc. are being

pursued, The World Energy Outlook (WEO) 2007 has stated that the energy generated

from fossil fuel is expected to meet about 84% of the world’s energy demand by 2030 [2].

Shifting the view point to Japan, Fig. 1.2 presents the transition of total CO2 emission

and CO2 emission per person in Japan during 1990-2012 [3]. Both total CO2 emission

and CO2 emission per person is gradually increasing. Although both values drop at 2008

due to the financial crisis and economical recession, it is rapidly growing back to the

original value before 2008. Besides developing renewable energy sources and raising the

efficiency of energy conversion, it is needed to radically change the ways in which we

use our energy.

Fig. 1.3 shows the breakdown of carbon-dioxide emission contributors in Japan 2012

[3]. Industrial sector is responsible of 1/3 of the total carbon-dioxide emission. It is
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reported by Maruoka et al., that in high temperature industrial processes such as steel-

making and cement making processes, almost half of the input energy is discarded as

waste heat [4].
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Figure 1.1: Transition of contributors of carbon-dioxide emission in the world 1800-2000

[1]

In 1997 December, the member nations of the United Nations Framework Convention

on Climate Change (UNFCCC) reached an agreement to set target values to reduce the

greenhouse gas emission at the 3rd Session of the Conference of the Parties (COP3) in

Kyoto, Japan. Japan’s target is to reduce the greenhouse gas emission to a value 6% lower

than the greenhouse gas emission in year 1990. Up to 90% of the greenhouse gas emission

is composed of carbon-dioxide [3]. Hence, a method to drastically reduce emission of

carbon-dioxide is required.
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Figure 1.2: Transition of carbon-dioxide emission in Japan during 1990-2012 [3]
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Figure 1.3: Breakdown of carbon-dioxide emission contributors in Japan (2012) [3]
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1.2 Conventional heat recovery technology

Chemical processes are often comprised of various different processes. This is because

the intended process (i.e. separation, reaction, drying. . . etc.) is usually stable near en-

vironmental conditions and energy needs to be put in to bring the condition of a feed

material to a condition where the intended process will proceed spontaneously and ob-

tain the required product. That is to say that the difference in Helmholtz and Gibbs free

energy must be less than zero to drive conversion. Normally, conditions of feed material

that are varied in chemical processes are temperature and pressure.

Generally, a process that involves heating or cooling starts and ends at environmental

condition, which is usually defined by, environmental temperature T0, and pressure, p0.

A schematic flow diagram of a simple heating process where the feed process stream is

heated from the environmental temperature, T0, to the set temperature, Tset, for the up-

coming process, X, is shown in Fig. 1.4. The feed process stream is heated to the set tem-

perature, Tset, at the fired heater (1 → 2), via the next process, X, (2 → 3), it is cooled back

to the environmental temperature, T0 (3 → 4). Temperature-heat diagram of a simple

process is shown in Fig. 1.5. Note that the state number correspond to the state number

in the flow diagram. In the presented simple process, all of the heat needed to raise the

feed process fluid temperature from environmental temperature, to the set temperature,

Qprocess, is provided at the fired heater. Due to the conservation law of energy, all of the

heat provided at the fired heater, QFH, is discarded at the cooler, Qdiscard, provided that

state 2 and 3 are the same.

Qprocess = QFH = Qdiscard (1.1)

Thus, in a simple process where no energy saving is applied, total energy consumption

is equal to the heat provided to the feed process stream. Similar discussion can be made

with cooling processes, all the heat taken away from the feed process stream will be given

back to the effluent process stream and returns to its original temperature, T0.

In consideration of reducing the energy consumption of these thermal processes, op-
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Figure 1.4: Schematic flow diagram of a simple thermal process
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Figure 1.5: Temperature-heat diagram of a simple thermal process
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timization methods represented by the pinch technology [5,6] has been applied. In pinch

technology, process integration is optimized through the use of grand composite curves.

By drawing the grand composite curves of the process stream in a chemical process,

the heating and cooling requirements after heat recovery has taken place can graph-

ically be seen. Pinch technology has been extended to be used area-wide in order to

gain further energy savings [7]. Besides the thermal pinch analysis, due to its simplicity

and effectiveness, pinch technology has been extended to be used for hydrogen distri-

bution as hydrogen pinch analysis [8], wastewater manipulation through water-oxygen

pinch analysis [9], power pinch analysis for optimizing systems comprising hybrid en-

ergy sources [10]. . . etc.

Fig. 1.6 shows the schematic flow diagram of a heating process with a feed-effluent

heat exchanger. The feed process stream is firstly heated in the heat exchanger (HEX) (1

→ 2) and then, further heated in the fired heater to the set temperature, Tset (2 → 3). Via

the next process, X (3 → 4), the effluent process fluid is cooled at HEX as much as possible

(4 → 5), and finally the rest of the heat is discarded at the cooler (5 → 6). Fig. 1.7 shows

the temperature-heat diagram of the heating process with a feed-effluent heat exchanger.

The composite curve is ”pinched” so that the smallest temperature difference during

heat exchange in the HEX is ∆Tmin. The sum of the amount of heat provided at the HEX,

Qtransfer, and amount of heat provided at the fired heater, QFH, is the total amount of heat

provided to the feed process stream, Qprocess.

Qprocess = QFH + Qtransfer (1.2)

If the enthalpy of state points 1 and 6 are the same, from the conservation law of energy,

all of the heat provided at the fired heater is discarded at the cooler.

QFH = Qdiscard = Qprocess − Qtransfer (1.3)

By applying a feed-effluent heat exchanger, it is possible to recover part of the process

stream heat, leading to reduction of energy consumption of about 70-80% [11].
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Figure 1.6: Schematic flow diagram of a thermal process with a feed-effluent heat ex-

changer
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1.3 Self-heat recuperation technology

1.3.1 Exergy recuperation principle

In order to make use of energy, energy must be transformed from one form to another.

On doing this conversion, it is also possible to split one form of energy into two different

types of forms or, combine two different types of energy forms into one. All energy

conversion can be categorized into four different types of energy conversion [15]. Fig. 1.8

shows the types of energy conversion in the energy conversion diagram.

type I is when energy at high exergy rate is transformed to energy with low exergy rate

due to exergy destruction. A typical example is when chemical energy is trans-

formed to heat due to combustion.

type II is when energy is transformed to an energy form which is same to the initial

energy form. A typical example is conversion from electricity to work.

type III is when energy at medium exergy rate is divided into energy with high exergy

rate and energy with low exergy rate. A typical example is thermal engine where

chemical energy at medium exergy rate is divided in to electricity with high exergy

rate and heat with low exergy rate.

type IV is when energy at high exergy rate and energy at low exergy rate is converged

to create energy at medium exergy rate. A typical example is a heat pump where

electricity with high exergy rate and heat at environmental temperature with low

exergy rate is converged to create heat at a higher temperature with medium exergy

rate.

In the conventional thermal processes, heat is firstly created by type I energy con-

version, then, it is transferred to the feed process stream. Combustion (type I) energy

conversion is associated with large exergy destruction. On the contrary, Kansha et al.

proposed a thermal process based on type IV energy conversion [11], so called self-heat
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Figure 1.8: The four types of energy conversion [15]

recuperation technology. In a self-heat recuperative process, by providing work (exergy

rate of 1.0), the heat at low exergy rate is recuperated. The recuperated heat is reutilizes

to heat the feed process stream, thus all of the process stream heat is circulated.

1.3.2 Self-heat recuperative thermal process

Self-heat recuperation technology based on exergy recuperation principle has been pro-

posed in year 2009 by Kansha et al. [11]. Fig. 1.9 shows the schematic flow diagram of

a self-heat recuperative thermal process for heating. The feed process stream is heated

from the environmental temperature, T0, to the set temperature, Tset, in the HEX (1 → 2).

Via the next process (2 → 3), it is adiabatically compressed to gain enough temperature

difference needed for heat exchange, ∆THEX (3 → 4). The effluent process stream is then

put into the HEX where all of the process stream heat is given to the feed process stream

(4 → 5). Part of the compression work is recovered by the expander (5 → 6) and the

rest of the heat is discarded (6 → 7). Fig.1.10 shows the temperature-heat diagram of a

self-heat recuperative process.
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In a self-heat recuperative process, all of the process stream heat, Qprocess, is circulated

within the system.

Qprocess = Qtransfer (1.4)

The total energy consumption, which is the net work input, Enet, is the difference between

the work provided for compression, wcomp, and the work recovered at the expander, wexp.

If the state of points 1 and 7 are the same, the amount of net work input, Enet, is equal to

the amount of heat discarded at the cooler, Qdiscard.

Enet = wcomp − wexp = Qdiscard (1.5)

In a self-heat recuperative process, all of the process stream heat is circulated within

the system and no-makeup heat is added. A system like this is called ”heat circulator”

[23]. By applying self-heat recuperation technology in thermal processes, it is reported

that drastic reduction in energy consumption compared to thermal processes with feed-

effluent heat exchanger can be obtained. The work provided to raise the temperature of

the process fluid is conserved in the process fluid in the form of pressure and can partially

be recovered.

Figure 1.9: Schematic flow diagram of a self-heat recuperative thermal process
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Self-heat recuperation technology has been applied to various distillation processes

[23–26], cryogenic air separation processes [27], carbon-dioxide separation process using

Amine for post [28] and pre [29] combustion processes, brown coal drying processes

[30,31], biomass drying processes [32–34] and seawater desalination processes [35,36]. In

all of the applied processes, potential of large energy savings compared to conventional

heat recovery system has been presented. In 2012, a pilot plant of bioethanol distillation

was built in a joint research between the University of Tokyo and Nippon Steel & Sumikin

Engineering Co. It was experimentally confirmed that it is possible to gain drastic energy

savings by applying self-heat recuperation technology [37].

1.3.3 A paradigm shift of energy usage

The mindset of the conventional heat usage in a thermal process was set so that the nec-

essary heat to change the temperature of the process stream has to continuously be pro-

vided. Various methods has been thought of to efficiently provide the necessary heat,

such as heat pumping, utilizing reaction heat or integrating waste heat. Due to the con-

servation law of energy, all of the heat provided will be discarded, thus much waste heat

exists in such processes. Various methods has been presented to utilize the waste heat as

well (heat recovery, co-generation, area-wide integration with different processes . . . etc).

In an exergy recuperative process, it is still necessary to initially provide the process

heat. However, the heat that has been provided is circulated within the process. Work is

provided instead of heat to circulate the heat. The heat that is discarded has low exergy

rate, thus has no potential usage. Since no heat is being provided, we do not need to think

of a method to efficiently provide the heat, but instead, a method to efficiently circulate

the heat within the system is needed.

The conventional mindset were all based on the thought that “heat must continu-

ously be provided.“ Thus, the evaluation factor such as coefficient of performance (COP)

cannot be applied to evaluate the energy efficiency of a self-heat recuperative process.
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1.4 Magnetocaloric effect

In this research, in order to expand the application of self-heat recuperation technology, a

magnetocaloric heat circulator where magnetocaloric effect (MCE) is utilized to recuper-

ate the heat exergy of the process stream is presented.

MCE is a physical chemistry phenomenon enforced when a magnetic material is sub-

jected to varying field. It is characterized by the adiabatic temperature change, ∆Tad, that

can be detected when the magnetocaloric material heats up or cool down due to the vary-

ing of magnetic field [38,39]. Fig. 1.12 shows the heating and cooling of a magnetocaloric

material due to MCE. When the magnetic material is subjected to increasing magnetic

field, its magnetic moments will become ordered, leading to reduction of the magnetic

part of the total entropy, ∆Sm. If the increasing of the magnetic field was performed adi-

abatically, the crystalline lattice of the magnetic material vibrates harder to keep constant

the total entropy of the magnetic material. Thus, the temperature of the magnetic mate-

rial will increase. The opposite effect occurs when the magnetic material is subjected to

decreasing magnetic field, i.e. the temperature of the magnetic material will decrease.

Figure 1.12: Schematic of the raise and the decrease of the temperature of the magne-

tocaloric material due to magnetocaloric effect
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The phenomena itself was first discovered by Warburg using iron in 1881 [40]. The

first practical application was presented by Debye [41] and Giauque [42] to reach extreme

low temperatures by adiabatic demagnetization. Formally, the effect was seen in param-

agnetic salts at cryogenic temperatures. At higher temperatures, the entropy fluctuation

of the lattice becomes large compared to the effect of magnetic field variation, ∆SM, thus

MCE could not be observed. However, it was found that large MCE (few Kelvins per

Tesla of adiabatic temperature change, ∆Tad) can be seen near the ordering temperature

of ferromagnetic materials known as the Curie temperature, θC [43] and extended its use

to temperatures above cryogenic. Today, much research are being performed to apply

MCE to refrigeration technologies, especially around room temperature [44].

1.4.1 Theory of magnetocaloric effect

At constant pressure, it is known that the total entropy, Stotal of a magnetic material is

the sum of the magnetic entropy, SM, lattice entropy, SL, and electron entropy, SE [45].

All three entropies are dependent on the temperature, T, of the magnetic material but

only the magnetic entropy, SM, strongly depends on the strength of the magnetic field,

H while the lattice entropy, SL, and electron entropy, SE are independent to the magnetic

field.

Stotal = SM(T, H) + SL(T) + SE(T) (1.6)

Fig. 1.13 shows the MCE of a magnetic material in a temperature-entropy diagram.

The magnetic entropy change, ∆SM, in an isothermal process is a function of temperature,

T, initial strength of magnetic field, H0, and final strength of magnetic field, H1 and can

be written as,

∆SM(T, H0, H1) = SM(T, H1)− SM(T, H0)

= Stotal(T, H1)− Stotal(T, H0)

(1.7)
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From the second law of thermodynamics, the derivative of entropy, S, can be written as,

dS(T, B) =
C(T, H)H,p

T
dT (1.8)

where CH,p, is heat capacity of a magnetic material at constant pressure and magnetic

flux density. The third law of thermodynamics, the entropy of a material at zero temper-

ature is assumed zero, thus, Eq. 1.8 can be written as,

S(T, H) =
∫ T

T1→0

C(T, H)H,p

T
dT (1.9)

Eq. 1.7 can be written using the above equation,

∆SM(T, H0, H1) =
∫ T

T1→0

C(T, H1)H,p

T
dT −

∫ T

T1→0

C(T, H0)H,p

T
dT (1.10)

The above equation indicates, greater change in heat capacity due to the effect of mag-

netic field, H, will result in larger change in magnetic entropy, but the effect will gradu-

ally decrease as the temperature, T, rises.

According to the fundamental Maxwell’s relation, the partial derivative of entropy, S,

with respect to magnetic field density, H, at constant temperature can be written as,(
∂S(T, H)

∂H

)
T
=

(
∂M(T, H)

∂T

)
H

(1.11)

where M is the strength of magnetization in a magnetic material. Thus, from Eq. 1.7 and

Eq. 1.11, the isothermal change in magnetic entropy is

∆SM(T, H0, H1) =
∫ H1

H0

(
∂M(T, H)

∂T

)
H

dH (1.12)

indicating that the magnetic entropy change is proportional to the derivative of magne-

tization with respect to temperature.

In a reversible process, heat that is exchanged, Q, with the surroundings when a mag-

netic material is subjected to varying field can be written as [46],

Q = TdS = T
(

∂S
∂T

)
H

dT + T
(

∂S
∂H

)
T

dH

= CH,pdT + T
(

∂S
∂H

)
T

dH
(1.13)
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Figure 1.13: The total entropy of a magnetic material in two different magnetic field B0

and B1 on a temperature-entropy diagram
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because entropy, S, is partially differentiable with respect to temperature, T, and strength

of magnetic field, H. In an adiabatic process where Q = 0, from the above equation, the

adiabatic temperature change due to MCE, ∆Tad, when the strength of the magnetic field

was varied from H0 to H1,

∆Tad(T, H0, H1) = −
∫ H1

H0

T
CH,p

(
∂S
∂H

)
T

dH (1.14)

using Eq. 1.11, the Maxwell relation, the above equation can be written as,

∆Tad(T, H0, H1) = −
∫ H1

H0

T
CH,p

(
∂M
∂T

)
H

dH (1.15)

Thus, it can be seen that besides the magnetization differential with respect to tempera-

ture, the ratio of heat capacity at constant magnetic field and pressure and temperature

affects the size of adiabatic temperature change, Tad.

In magnetic thermodynamics, the strength of magnetic field, H, is a quantity analo-

gous to the pressure, −p, for gaseous thermodynamics and the strength of magnetization,

M, is a quantity analogous to the volume, V. It is noted that the positive and negative

of the strength of magnetic field, H, and pressure, p is different. From the first law of

thermodynamics, the differential of enthalpy, dI, of a magnetic material can be written

as [47],

dI = TdS − µ0MdH (1.16)

The enthalpy, I, of a magnetic material can be derived from the heat capacity at con-

stant magnetic field, H, and pressure, p.

I(T, H) =
∫ T

T0

C(T, H)H,pdT (1.17)

1.4.2 Magnetocaloric material

Theoretically, MCE occurs in every magnetic materials. At cryogenic temperatures, it

is possible to see the temperature change caused by magnetic field variation with para-

magnetic materials. However, at temperatures above cryogenic, the isothermal entropy

33



difference, ∆SM, is much smaller than the fluctuation of the crystalline lattice, making

the temperature change undetectable. But if magnetic field is varied at the turning tem-

perature of a ferromagnetic material, it is possible to gain a far larger magnetic entropy

change, ∆Sm and a detectable temperature change can be obtained. The magnetic entropy

change, ∆Sm, is determined by the size of the effective magnetic moment, µeff

µeff = gµB

√
J(J + 1) (1.18)

The most popular material studied magnetocaloric material is a lanthanide, gadolin-

ium (Gd) due to its large effective magnetic moment. Furthermore it has Curie tempera-

ture of 293 K [48–50], around room temperature making it an ideal benchmark material

for room temperature magnetocaloric effect. Gd is known to have one of the largest adi-

abatic temperature difference, ∆Tad, near room temperature. The adiabatic temperature

difference, ∆Tad, for Gd is around 2-3 [K T−1]. MCE has been measured for other lan-

thanide materials such as Nd, Tb, Dy, Ho, Er and Tm [43], however Gd proved to have

the largest MCE.

Table 1.1 shows the different ferro and ferrimagnetic materials and their Curie tem-

peratures, θC. It can be seen that there are many materials and compounds with variety

of Curie temperatures exists. Although the recent trends of magnetocaloric materials are

focused on developing materials that show large magnetocaloric effect at room tempera-

tures and below, for refrigeration use, it can be seen from the table that there are potentials

for high temperature magnetocaloric materials as well.

1.4.3 Magnetic heat pumping

Since the temperature change obtained in magnetocaloric effect is analogous to the tem-

perature change gained by compression and expansion for gaseous materials, it is pos-

sible to draw thermodynamic cycles such for power generation and heat pumping [51].

Some research has been performed in cryogenic temperature regions, for creating lique-
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Table 1.1: Example of ferro and ferrimagnetic materials and their Curie temperature

materials Curie temperature [K]

Co 1388

Fe 1043

FeOFe2O3 858

CuOFe2O3 728

MnBi 630

Ni 627

MnSb 587

Y3Fe5O12 560

CrO2 386

MnAs 318

Gd 292

Dy 88

EuO 69
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fied hydrogen [52,53] and liquefied helium [54], but the major trend has been replacement

of vapor compression heat pumps for room temperature application [39, 55].

One of the first magnetic heat pumps reported was the work by Collins and Zimmer-

man [56] and Heer et al. [57]. They were used to maintain cryogenic temperature through

cyclic demagnetization of iron ammonium alum. The work by Brown [58], pushed the

possibility of applying magnetic heat pumping to room temperature applications. It was

reported that by using gadolinium as working material and magnetic field up to 7 [T], a

no load temperature span of 47 [K] (cold end temperature is 292 [K], hot end temperature

of 339 [K]) was achieved, which is far larger than the adiabatic temperature difference,

∆Tad, of gadolinium. In the research performed by Brown, the magnetocaloric material

work as a kind of regenerator and a heat exergy recuperator. The concept of Brown was

followed by Steyert [59] and Barclay [60]. The mechanism later became known as active

magnetic regeneration (AMR) and has considerably been developed over the past few

years [44].

Fig. 1.14 shows the schematic of the basic concept of active magnetic regeneration.

A magnetocaloric material is put inside an insulating container. The container is filled

with a working fluid. The magnetocaloric material moves up and down inside the in-

sulating container. While the magnetocaloric material is at the hot end of the insulating

container, it is magnetized (adiabatic magnetization), then the heat of the magnetized

magnetocaloric material is transferred to the working fluid, thus, the temperature of the

working fluid at the hot end increases (isomagnetic cooling). The magnetocaloric ma-

terial is then moved to cold end of the insulating container, where it is demagnetized

(adiabatic demagnetization). The temperature of the magnetocaloric material will de-

crease, thus, the magnetocaloric material absorbs heat from the working material at the

cold end of the insulating container (isomagnetic heating). The four steps will cyclically

be repeated until the temperature difference between the hot and the cold end in the insu-

lating container has saturated. The magnetocaloric material works as a regenerator and

a heat exergy recuperator allowing to heat pump in between much larger temperature
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difference than the adiabatic temperature change, ∆Tad of the magnetocaloric material.

Most of the magnetic heat pumps being developed these days follow the same mecha-

nism, but in most structure, the magnetocaloric material is fixed and the working fluid

flows back and forth to carry the heat.

Figure 1.14: Schematic of basic concept of active magnetic regeneration

Substantial research has been performed for magnetic heat pumping at room tem-

perature (mainly for refrigeration purpose) has been conducted, using superconducting

magnets [61–63] and permanent magnets [64–67] to create the magnetic field. These stud-

ies showed that magnetic heat pumps are energy efficient and fully compatible with con-

ventional compressive heat pumps. Also, much effort has been put in to modeling the

active magnetic regenerator heat pumps to optimize their parameters and the geometry

of the regenerators to gain further efficiency [68, 69].

In this research, we applied the magnetocaloric effect to heat circulators. Heat pump

is a method to provide or take away heat from a system, while heat circulator is a method

to circulate the heat within a system. In a process where a process stream is heated or

cooled to a certain temperature and finally comes back to its original state, heat circulators

can minimize the exergy destruction, Aloss, and the energy consumption.
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1.5 Scope of this research

It was expressed in Section 1.1 the importance of shifting the ways we use energy into

more energy efficient methods from the perspective of carbon-dioxide emission. The

carbon-dioxide emission in Japan is in standstill, thus a drastic method to suppress the

energy consumption is needed. Amongst the different sectors in which carbon-dioxide is

emit, the industrial sector is the largest contributor.

In Section 1.2, the conventional methods of energy saving in thermal processes in

chemical industry was introduced. The conventional energy saving is based on heat re-

covery principle. Optimization methods represented by the pinch-technology are being

used to maximize the heat that can be recovered in a chemical process and amongst dif-

ferent chemical processes integrated.

Self-heat recuperation technology (Section 1.3) is an energy saving method based on

the exergy recuperation principle, where all of the process stream heat in a thermal pro-

cess is circulated within the system, without any addition of makeup heat. Only small

amount of work is needed to circulate the heat within the system, leading to drastic en-

ergy saving in processes that involves heating or cooling of process streams. The energy

saving potentials that the self-heat recuperation technology holds has been evaluated in

various processes through process simulation, and also verified in a joint project between

the University of Tokyo and Nipponsteel engineering Co. Ltd.

Although self-heat recuperation has proven to be effective to reduce the energy con-

sumption in some thermal processes, there are still limitations. The limitation of the

conventional self-heat recuperative process is that,

1. state of the process material is limited to gaseous materials

2. temperature range in which self-heat recuperation can be applied is limited due to

operable temperature range of the compressor

3. efficiency at small scale applications may become small due to low adiabatic effi-
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ciency of compressors

4. it is difficult to compare energy saving potential of self-heat recuperation because,

conventional thermal processes provides heat to the system, where as self-heat re-

cuperation provides work

Thus, the scope of this research is to expand the application of self-heat recuperation

technology. In order to do so, a reference index to evaluate self-heat recuperative process

alongside different energy saving technologies in thermal process is required. A heat

circulator based on a method besides compression is presented and evaluated using the

reference index.

Fig 1.15 shows the structure of this thesis dissertation. In order to evaluate differ-

ent thermal processes with energy saving technologies applied, and to understand the

limits of these technologies, in Chapter 2, an evaluation factor is set. The minimum en-

ergy consumption in thermal process is evaluated in terms of irreversibility and exergy.

Thermal processes with (1) no energy saving technology applied, (2) conventional heat

recovery technology, and (3) self-heat recuperation technology are graphically expressed

in temperature-entropy diagram and their energy saving potentials has been compared

with the minimum energy consumption in thermal processes. Furthermore, since the

energy saving potential of a self-heat recuperative process cannot be measured by con-

ventional evaluation factors, such as COP, an evaluation factor to measure the energy

saving potential of self-heat recuperation has been presented.

The recuperation of heat exergy is the very essence of heat circulation by self-heat

recuperation technology. In all of the conventional self-heat recuperative processes com-

pressors were used to enforce a reversible temperature change. In Section 1.4, a method

to recuperate the heat exergy of a process stream by means other than pressure variation

is presented; magnetocaloric effect.

In Chapter 3, a magnetocaloric heat circulator based on self-heat recuperation technol-

ogy is presented. The basic concept and the energy saving potential of a magnetocaloric
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heat circulator when magnetocaloric material is the process material is evaluated in terms

of temperature-entropy diagram. The analogy between the compressive self-heat recu-

perative processes are discussed. Also, a method to apply a magnetocaloric heat circula-

tor to non-magnetocaloric process material is presented and evaluated.

Chapter 4 explains the conceptual design of an Active Regenerative Magnetic (AMR)

heat circulator to actualize self-heat recuperation using magnetocaloric effect for non-

magnetocaloric process material presented in Chapter 3. A basic one-dimensional math-

ematical model is constructed based on the energy balance of the AMR bed. Through

thermal simulation using the constructed mathematical model, the heat circulating capa-

bility and energy saving potential of an AMR heat circulator is discussed.

Chapter 5 verifies the mathematical model of an AMR heat circulator presented in

Chapter 4 by a newly constructed AMR heat circulator. The AMR heat circulator circu-

lates the heat carried by the process stream; water. Heat of the process stream is recuper-

ated by magnetic field variation.

Finally, the conclusion of the thesis and some work that need to be done in the future

is presented in Chapter 6.
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Figure 1.15: Structure of thesis dissertation
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Chapter 2

Analysis of self-heat recuperation

technology based on irreversibility

2.1 Introduction

Recently, Tsutsumi proposed the concept of exergy recuperation [13]. Based on the con-

cept, Kuchonthara and Tsutsumi developed a design method for an energy-recuperative

integrated gasification power generation system [14, 16]. Then, exergy recuperation has

been extended to self-heat recuperation technology by Kansha et al. [11]. This chapter

evaluates self-heat recuperative processes based on thermodynamic irreversibility and

exergy. Furthermore, a method to obtain the minimum energy consumption needed in

thermal processes is presented. The value obtained by such methodology can work as an

evaluation index to understand the energy saving limit of thermal processes.
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2.2 Exergy analysis of thermal processes

2.2.1 Evaluation factor

Fig. 2.1 shows an image of an industrial process. This industrial process continuously

transforms raw material into product. In the process of converting the raw material to

product, it is necessary to change the state of the raw material. If the initial state and the

set state is decided, and limit the variation of state to temperature, a certain amount of

heat, Qprocess, is needed to be provided to the process stream. The amount of the required

energy (or heat), Qprocess, is fixed if the initial and the set state is decided.

exergy
destruction�

 �
required energy�

net energy input 
(work / heat)�

Enet�

Qprocess�

Aloss�

raw
material product 

 
 
�

 
�

Figure 2.1: Mass and energy balance of industrial process

Focusing on the inputs and outputs of the process, in order to provide the required

heat, Qprocess, to the process stream, net energy, Enet, is provided. Since energy is being

conserved, all of the energy provided to the process will flow out, partly with the product

and the rest usually in the form of waste heat. In order to obtain the amount of energy
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saved, the ratio between net energy input, Enet, and the required heat, Qprocess can be

used as an evaluation factor.

evaluation factor 1 :
Qprcess

Enet
(2.1)

The value can show us how much energy has been saved compared to the heat provided

to the process stream. The value is in similar form to the COP value often used for eval-

uating heat pumps. However, the two are based on a different concept.

Fig 2.2 shows a schematic of heat pump system and a self-heat recuperative system.

A heat pump gains heat, Qcold, from a cold reservoir and pumps that heat, Qhot, to a

reservoir with higher temperature by providing work, Enet. The objective of a heat pump

is to pump the heat at Tcold to Thot. The work, Enet that is required to do so is determined

by,

Enet = Qhot − Qcold (2.2)

and the evaluation factor COP is the heating or cooling capacity over the power input,

and can be written as,

COPh =
Qhot

Enet
=

Qhot

Qhot − Qcold
(2.3)

or,

COPc =
Qcold

Enet
=

Qcold

Qhot − Qcold
(2.4)

depending on which heat is desired as the product. A self-heat recuperative process, does

not have take heat from outside the system and discards an amount of heat, Qdiscard, same

as the work input. Enet. If were to apply the same evaluation factor, COP, to a self-heat

recuperative process, since the heating capacity is the same as the power input and the

cooling capacity is zero,

COPh =
Qdiscard

Enet
= 1 (2.5)

COPc =
0

Enet
= 0 (2.6)

The value will be identical for all self-heat recuperative system, thus will not hold any

actual meaning on evaluating such systems.
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Figure 2.2: Comparison of heat pump and heat circulator

Fig 2.3 shows the temperature-entropy diagram of a reverse Brayton cycle, a reverse

Brayton cycle with regeneration and a self-heat recuperative cycle. Needless to say, the

first two are heat pump cycles and the third is a heat circulation cycle. A heat pump

pumps heat from a cold reservoir to a hot reservoir by providing work, this is the same

for regardless of applying regeneration or not. However although self-heat recuperative

cycle draws a cycle similar to that of a reverse regenerative Brayton cycle, in the case of

self-heat recuperation, the objective is to circulate the heat in temperature between T0 and

Tset and no heat is pumped. Thus, the evaluation factor for self-heat recuperative process

was presented Eq. 2.1.
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Figure 2.3: Temperature-entropy diagram of heat pump cycle, heat pump cycle with re-

generation and self-heat recuperative cycle
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Fig. 2.4 (left) shows the relationship between the inverse of the presented evaluation

factor, Qprocess/Enet, and the temperature range in which the heat is circulated, Tset − T0,

when the process fluid was Butane. The initial temperature, T0 was set to 298.15 [K] and

minimum temperature difference needed for heat exchange, ∆Tmin, was set to 10 [K].

Fig.2.4 (right) shows the relation ship between COP and temperature difference in which

the heat is pumped, Thot − Tcold, for a reverse Carnot cycle. It can be seen that for heat

pumps, the larger the temperature difference the heat is pumped, the smaller the COP

value. However in the case of self-heat recuperation, when the temperature difference

in which the heat is circulated, Tset − T0, the amount of required energy, Qprocess, grows

faster than the work, Enet, that is needed to do so.
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Figure 2.4: Relationship between temperature difference and evaluation factor for self-

heat recuperative cycle and heat pump

Although it is possible to tell how much energy saving can be obtained by the ratio

between Enet and Qprocess, it cannot tell us how far it is from the ideal minimum energy

saving required. In the case of heat pump, the COP of reverse Carnot cycle is the ideal

minimum energy required for pumping heat at Tcold to Thot. Thus, it is necessary to obtain

46



the minimum energy required for a self-heat recuperative cycle when heat is circulated

in between T0 and Tset.

When the required energy, Qprocess is provided to the process stream (Fig. 2.1), irre-

versibility takes place resulting in exergy destruction. If we were to analyze the process

and obtain the minimum exergy destruction, Amin, the ratio between the minimum ex-

ergy destruction of a thermal process, Amin, and the required heat. Qprocess, value can

be used as a benchmark to show how far you are away from the ideal minimum energy

consumption.

evaluation factor 2 :
Qprocess

Amin
(2.7)

2.2.2 Exergy destruction due to irreversibility

The pinch analysis is based on the first law of thermodynamics and only considers the

temperature as the quality parameter of the process stream and not the pressure. In order

to achieve a methodology to gain further energy savings, it is needed to take into account

both temperature and pressure of the process streams for optimization [12]. Many re-

searchers have paid attention to exergy because it is based on the second law of thermo-

dynamics and can take into account both temperature and pressure.

Exergy, A, is the maximum amount of work that can be taken out of energy. The max-

imum amount of work that can be taken out from heat, Q at temperature T is expressed

by the Carnot efficiency as [17],

A = Q
(

1 − T0

T

)
(2.8)

T0 is the temperature of the environment. Eq. 2.8 assumes heat capacity of infinite at

temperature T, however in reality, heat is carried by actual materials thus the amount of

heat is finite. If In order to take into account the temperature change when heat is being

transferred, the following differential equation.

dA = dQ
(

1 − T0

T

)
= dQ − T0

dQ
T

(2.9)

47



In many cases, the chemical processes are performed under constant pressure. In this

case, the amount of heat, Q, is equal to the enthalpy of the process stream. Thus, Eq. 2.9

can be written using the enthalpy, I, and entropy, S, as,

dA = dI − T0dS (2.10)

The exergy of heat at temperature T is

A = I − I0 − T0(S − S0) (2.11)

A is the maximum amount of work or available energy that can be taken out of heat at

constant pressure.

When a system undergoes an irreversible process, entropy, S, will be generated lead-

ing to exergy destruction. The amount of available energy that can be taken out of the

system will decrease by Aloss. If we assume the entropy generation as Sgen, the amount

of available energy, A′, can be expressed as,

A′ = A − Aloss = ∆I − T0(∆S + Sgen) (2.12)

From Eq. 2.11 and Eq. 2.12, the amount of exergy destruction in the system is

Aloss = T0Sgen (2.13)

Thus due to the irreversible process, Aloss has been discarded to the environment at tem-

perature T0 as energy of no value. It can be seen that by tracking the exergy destruction,

the second law of thermodynamic can easily be taken into account for analyzing pro-

cesses.

2.2.3 Exergy destruction in thermal processes

Exergy destruction in a thermal process is caused by two main factors, combustion and

heat exchange. Fig. 2.5 shows the energy and material flow of thermal process where

no energy saving technology is applied broken down into functions. Usually, a thermal
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process starts and ends at environmental temperature, T0. Process stream A at environ-

mental temperature, T0, is heated to the set temperature, Tset, the required temperature

for the subsequent process (X). The heat that is needed to raise the temperature of the

process stream is provided by the reaction heat of combustion. Process stream B consist

of fuel and oxygen needed for the combustion reaction. The reaction heat is first carried

by Process stream B and then transferred to Process stream A. Fig. 2.6 shows the transi-

tion of exergy ratio of a thermal process where no energy saving technology is applied.

The initial exergy of the fuel is reduced in two steps. The first exergy destruction is due

to combustion, next is due to heat transfer.

Combustor

T0 Tset

Stream B

Stream A
X

material
heat

Heat

Transmitter

Heat

Receiver

chemical energy

Figure 2.5: Energy and material flow of thermal process where no energy saving technol-

ogy is applied

Exergy destruction due to combustion

Combustion is an unstable process which is associated with large exergy destruction

[18]. According to the conservation law of energy, if no heat loss is assumed, all of the

reaction heat due to combustion is transferred to the process stream. Figure 2.7 shows

the exergy rate of heat carried by carbon dioxide (CO2) at 1 [atm]. Heat does not stand on

its own but is carried by some substance. Thus it is needed to calculate the exergy of the
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Figure 2.6: Exergy rate transition of a thermal process where no energy saving technology

is applied

substance that carries the heat at a particular temperature. The exergy rate is calculated

by using the Shomate equation [19, 20], its calculation method is presented in Appendix

A. Considering the fact that the exergy rate of a typical fuel is around 92% [21], the fuel

immediately loses about half of its exergy when it is combusted to gain heat of around

1000 [K]. Hence, although combustion may be one of the most easiest and convenient

method to obtain heat for raising the temperature of a process stream, it is necessary to

avoid unnecessary combustion where it is possible. It is also noted that the exergy rate of

electricity is 1.0.

Exergy destruction due to heat exchange

Since temperature difference is needed for heat to transfer between one substance to

another, heat transfer is always associated with irreversibility and exergy destruction.

Fig. 2.8 shows the temperature-entropy diagram of heat exchange between two process

streams. While the cold stream is heated from T0 to Tset, the temperature of the hot stream

decreases from Ta to Tb. If no heat loss is assumed, the amount of heat provided from

reaction (a → b) is equal to the heat provided to the process stream (A → B). Thus,

Qtransfer =
∫ b

a
TdS =

∫ B

A
TdS (2.14)
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Figure 2.7: Exergy rate of heat carried by carbon dioxide at 1 [atm]

The difference between the entropy change of the hot stream, ∆Shot, and the entropy

change of the cold stream, ∆Scold is the overall entropy generation, Sgen due to heat ex-

change between the two streams.

Sgen = ∆Scold + ∆Shot (2.15)

Note that ∆Shot is negative. From Eq. 2.13, the exergy destruction due heat exchange is

Aloss = T0 (∆Scold + ∆Shot) = T0Sgen (2.16)

The exergy destruction of heat exchange between the two streams is colored yellow

in Fig. 2.8. It can be seen that the larger the temperature difference during heat exchange,

the larger the exergy destruction due to heat exchange.
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Figure 2.8: Temperature-entropy diagram of heat transfer between two process streams

2.2.4 Theoretical minimum exergy destruction in thermal processes

Industrial processes are often stable process that run for a long time once it is started.

Regardless to thermal processes, in order to keep the process stable and running, it is

needed to keep providing the exergy destroyed within the process. Exergy can be pro-

vided together with energy. The only two means of providing this exergy is by heat or

work. It is possible to provide exergy through both, but the exergy rate of work is 1.0

while the exergy rate of heat depends on the temperature as shown in Fig. 2.7. If the

required exergy is provided by heat at around 1000 [K], twice as much energy will be

needed compared to a case where the exergy is provided by work because the exergy

rate of heat at 1000 [K] is around 0.5. Work; usually provided in the mean of electricity,

is often created via heat as a result of combustion. However, electricity created in gas

turbines are usually created at a higher temperature, making it advantageous compared

to heat created on site at chemical plants.
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If we were to raise the temperature of a cold process stream to a certain tempera-

ture, heat will need to be transferred from a hot process fluid. When heat is transferred

between process streams at different temperatures, exergy destruction will occur as de-

scribed in chapter 2.2.3. If we consider a minimum temperature difference needed to heat

exchange, ∆Tmin, the entropy generation and exergy destruction will be minimum when

the temperature difference during heat exchange, ∆THEX, is equal to ∆Tmin throughout

the heat exchanging process. That is to say that there is no ”pinch point” from start to

end of the heat exchanging process and the composite curves of the cold stream and the

hot stream are completely parallel (Fig. 2.9 (left)). Fig. 2.9 (right) shows the temperature-

entropy diagram during heat exchange between the hot and the cold stream when the

temperature difference during heat exchange is kept constant at ∆Tmin. Note that the two

lines in the temperature-entropy diagram is not parallel. When the temperature of the

cold stream is raised from T0 to Tset, (A → B), the state point of the hot stream changes

from point a to b. Assuming no heat loss in within the process, the heat that is trans-

ferred, Qtransfer, is represented by area A-B-III-I for the cold stream and area a-b-II-III in Fig.

2.9 (right) are of the same size. The minimum exergy destruction in heat transfer,Amin,

when the temperature difference needed for heat exchange is set to ∆Tmin, is shown as the

colored area in the temperature-entropy diagram.In order for the two composite curves

of the process streams to be parallel, the heat capacity of the two process fluids must be

identical and can be shown by the following equation using the minimum temperature

needed for heat exchange, ∆Tmin.

C′
p (T, p) = Cp (T + ∆Tmin, p) (2.17)

where Cp and C′
p are the specific heat capacity at constant pressure for the cold process

stream and the ”ideal” hot stream. Thus, if the cold stream is the objective process stream,

the enthalpy and the entropy of the ”ideal” hot stream, I ′ and S′, can be derived by
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integrating the obtained heat capacity,

I ′ (T, p) =
∫

Cp (T + ∆Tmin, p) dT (2.18)

S′ (T, p) =
∫ Cp (T + ∆Tmin, p)

T
dT (2.19)

The entropy generation,Sgen, and the theoretical minimum exergy destruction exergy de-

struction when temperature difference during heat exchange is set to constant, Amin, can

be derived from Eq. 2.15 and 2.16.

Sgen =

(∫ A Cp(T)
T

dT −
∫ B Cp(T)

T
dT

)
−

(∫ a Cp(T + ∆Tmin)

T
dT −

∫ b Cp(T + ∆Tmin)

T
dT

) (2.20)

Amin = T0

{(∫ A Cp(T)
T

dT −
∫ B Cp(T)

T
dT

)

−
(∫ a Cp(T + ∆Tmin)

T
dT −

∫ b Cp(T + ∆Tmin)

T
dT

)} (2.21)
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Figure 2.9: Temperature-enthalpy diagram (left) and temperature-entropy diagram

(right) of process where temperature difference during heat exchange is fixed to ∆Tmin

To understand how much exergy is being destroyed when a certain amount of heat is
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transferred, the ratio of the two is defined as the evaluation factor.

Aloss

Qprocess
(2.22)

When exergy loss is minimum, i.e. Aloss = Amin, and the amount of heat transferred,

Qtransfer, is the amount of heat that the process stream requires, Qprocess, the evaluation

factor can be written as,
Amin

Qprocess

Table 2.1 and Table 2.2 shows the calculation result of entropy generation,Sgen , and

exergy destruction,Aloss , due to heat transfer when nitrogen (N2) at 1 [atm] was heated

by an ”ideal” hot stream where temperature difference during heat exchange is kept con-

stant to ∆Tmin. Heat capacity of nitrogen was obtained by the Shomate equation [19, 20].

The effect of pressure loss is neglected because usually the effect of pressure loss to exergy

destruction is quite small compared to the effect of temperature difference, especially for

heat exchange between gaseous materials. It can be seen from Table 2.1 that the theoret-

ical minimum exergy destruction due to heat exchange is proportional to the minimum

temperature difference needed for heat exchange, ∆Tmin. In Table 2.2, the minimum tem-

perature needed for heat exchange, ∆Tmin, is fixed but the set temperature, Tset is varied.

It can be seen that the larger the set temperature, the larger the evaluation factor, ϕ, be-

comes. This is because the amount of heat transferred, Qtransfer (area A-B-III-I in Fig. 2.9

(right)) increases much more rapidly compared to the overall temperature difference dur-

ing heat exchange (area A-B-a-b in Fig. 2.9 (left)) at temperatures above environmental

temperature, T0.

Fig. 2.10 shows the calculated temperature-enthalpy diagram (top) and the temperature-

entropy diagram (bottom) of heat exchange between nitrogen and ”ideal” hot stream

when the set temperature, Tset is set to 350 [K] and the minimum temperature difference

during heat exchange, ∆Tmin, is set to 10.0 [K]. The enthalpy difference, ∆H, is equal for

both process streams, while the entropy difference, ∆S, is different, which is the cause

of entropy generation, Sgen leading to exergy destruction. The smaller the temperature
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Table 2.1: Entropy generation, Sgen, and exergy destruction, Amin, of heat transfer be-

tween cold process stream of nitrogen at 1 [atm] and ”ideal” hot stream. (∆Tmin varied)

Tset ∆Tmin Qtransfer Sgen Amin Amin/Qprocess

[K] [K] [kJ · kg−1] [J · kg−1 · K−1] [kJ · kg−1] [%]

2.5 1.24 0.370 0.70

5.0 2.46 0.733 1.38

350 10.0 53.06 4.84 1.442 2.72

15.0 7.14 2.128 4.02

20.0 9.36 2.791 5.26

Table 2.2: Entropy generation, Sgen, and exergy destruction, Amin, of heat transfer be-

tween cold process stream of nitrogen at 1 [atm] and ”ideal” hot stream. (∆Tset varied)

Tset ∆Tmin Qtransfer Sgen Amin Amin/Qprocess

[K] [K] [kJ · kg−1] [J · kg−1 · K−1] [kJ · kg−1] [%]

350 53.06 4.84 1.442 2.72

400 10.0 105.19 8.31 2.478 2.36

450 157.51 10.93 3.257 2.07
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difference during heat exchange, the smaller the area surrounded by the two process

streams will become meaning smaller exergy destruction.

The minimum exergy destruction, Amin, obtained using the methodology presented

can be fixed as a target value for designing new energy saving thermal processes. It is the

minimum energy consumption that is needed for heat exchange between two process

streams. There are many conventional heat recovering technologies where part of the

process stream heat is recirculated aiming to reduce the energy consumption needed in

thermal processes. Although it is possible to gain some reduction in energy consumption

by applying these technologies, the exergy destruction caused by heat exchange cannot

be reduced to value lower than Amin. This is because temperature difference, ∆Tmin is

needed for heat exchange and additional heat source is required to raise the temperature

of the process stream heat so that it can be recovered.
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Figure 2.10: Temperature-enthalpy diagram (top) and temperature-entropy diagram

(bottom) of nitrogen (N2) at 1[atm] and ”ideal” hot stream
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2.3 Simplified evaluation index for thermal processes

A method to obtain the minimum exergy destruction due to heat exchange has been pre-

sented in chapter 2.2.4 which can be used as an evaluation factor for thermal processes.

However, the calculation results in Fig. 2.10 (right) shows that the overall entropy gen-

eration, Sgen is usually quite small compared to the entropy change of the two streams,

∆Scold and ∆Shot, i.e. the minimum temperature difference needed for heat exchange,

Tmin is much smaller than the temperature difference that the process stream is raised

(Tset − T0). The differential of the heat heat transferred, dQtransfer, is expressed as,

dQtransfer = TdScold = −(T + ∆Tmin)dShot (2.23)

Using Eq. 2.23, the exergy destruction, Eq. 2.10 can be rewritten as,

dA =
T0

T
∆TmindShot

=
∆Tmin

T + Tmin
T0dScold

=
1

(T/T0) + (∆Tmin/T0)
∆TmindScold

(2.24)

If we assume that ∆Tmin is much smaller than T0 and T, and the temperature of the cold

stream, T is close to the standard temperature, T0, the minimum exergy destruction,Amin,

due to heat transfer can simply be expressed as,

Amin ≈ ∆Tmin∆Scold (2.25)

Strictly speaking, the minimum exergy destruction obtained by Eq. 2.25 will be slightly

larger than the minimum exergy destruction obtained by Eq. 2.21.

Table 2.3 shows the comparison between Amin obtained by Eq. 2.15 and the simpli-

fied value obtained by Eq. 2.21. It can be seen that the simplified value is fairly in a

good agreement with Amin when the set temperature, Tset, is close to the environmental

temperature, T0 and the temperature difference during heat exchange, Tmin is small.

The equation to obtain the simplified Aloss is not only simple, but also easy to under-

stand viscerally through the temperature-entropy diagram because it is close to the area
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surrounded by the two composite curves of the process streams, which represents the

temperature difference throughout the heat transfer.

Table 2.3: Comparison of minimum exergy destruction during heat exchange, Amin and

simplified value, ∆Tmin∆Scold when nitrogen (N2) at 1 [atm] is the cold process stream

Tset ∆Tmin ∆Scold ∆Shot Sgen Amin ∆Tmin∆Scold

[K] [K] [J · kg−1 · K−1] [J · kg−1 · K−1] [J · kg−1 · K−1] [kJ · kg−1] [kJ · kg−1]

2.5 163.05 1.24 0.37 0.41

5.0 161.83 2.46 0.73 0.82

350 10.0 164.29 159.45 4.84 1.44 1.64

15.0 157.15 7.14 2.13 2.46

20.0 154.93 9.36 2.79 3.29

400 10.0 303.82 295.51 8.31 2.48 3.04

450 10.0 427.31 416.38 10.93 3.26 4.27
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2.4 Comparison of exergy destruction in thermal processes

2.4.1 Exergy destruction in conventional heat recovery systems

In a thermal process where there is no heat recovery as shown in Fig. 1.4, all of the pro-

vided heat is discarded. The temperature-entropy diagram of simple process where no

heat recovering technology is applied is shown in Fig. 2.11. The process stream climbs the

isobaric line when heat is given from the fired heater (1 → 2). After the subsequent pro-

cess (X) (2 → 3), the process stream descends the same isobaric line as it discards its heat.

The amount of exergy that is discarded with the effluent steam, Adiscard, can be calculated

by Eq. 2.11 and is the area colored purple. If heat at constant temperature, Theat, is created

by another source of energy with exergy rate 1.0, the exergy loss due to the creation of

heat. Aloss,FH,heat is the area colored green. Exergy destruction due to heat exchange be-

tween the feed stream and the created heat at constant temperature can be derived from

the entropy change of the feed stream, ∆Sfeed, and heat at constant temperature, ∆Sheat

during heat transfer,

Aloss,FH,HEX = T0 (∆Sfeed − ∆Sheat) (2.26)

which is the area colored in yellow. The overall exergy lost, Aloss, from the process is the

sum of the three values, Adiscard, Aloss,FH,heat and Aloss,FH,HEX.

Attempting to reduce the energy consumed in thermal processes, conventionally,

feed-effluent heat exchanger is set to recover the heat of exhaust as shown in Fig. 1.6.

The pinch analysis is one of the methods to optimize the heat exchanger network so that

maximum heat is recovered. Fig. 2.12 shows the temperature-entropy diagram of ther-

mal process with feed-effluent heat exchanger. Similar to the simple process where no

energy saving technology is applied, the process stream climbs and descends the same

isobaric line. However, due to heat exchange (1 → 2 for feed stream and 4 → 5 for ef-

fluent stream), some of the heat is recovered. The heat provided at the furnace heater is
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Figure 2.11: Temperature-entropy diagram of a simple thermal process

discarded at the cooler, Qdiscard.

∫ 2

1
TdS =

∫ 5

4
TdS (2.27)

Qdiscard =
∫ 3

2
TdS =

∫ 6

5
TdS (2.28)

The exergy destruction due to self-heat exchange between the feed and effluent process

stream, Aloss,HEX, can be expressed by the following equation,

Aloss,HEX = T0(Scold,HEX + ∆Shot,HEX)

= T0∆Sgen,HEX

(2.29)

which is the area colored red. In a conventional process with feed-effluent heat exchanger,

not all of the heat can be recovered and extra heating by the furnace is needed because

temperature difference is needed for heat transfer. For excess heating, similar discussion

to a simple thermal process explained above can be made. Exergy is destroyed in the pro-

cess of creating heat at constant temperature, Aloss,FH,heat, and in transferring its heat to

the feed process stream, Aloss,FH,HEX, colored in green and yellow respectively. It can also
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be said that the sum of Aloss,FH,heat and Aloss,FH,HEX is the exergy destroyed in the process

of changing the feed process stream state point from 2 to 3. Finally heat is discarded at

the cooler (5 → 6). Exergy associated with the discarded heat, Adiscard is represented by

the area colored purple. The overall exergy lost, Aloss, from the process is the sum of the

four values, Adiscard, Aloss,FH,heat, Aloss,FH,HEX and Aloss,HEX.
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Figure 2.12: Temperature-entropy diagram of a thermal process with feed-effluent heat

exchanger

Table 2.4 shows the breakdown of exergy loss in thermal processes with feed-effluent

heat exchanger to recover heat when nitrogen was chosen as the process stream. In a case

where no energy saving technology is applied, Qprocess is equal to the total exergy lost in

the process. Compared to Qprocess, total exergy lost in the process with a feed-effluent

heat exchanger, Aloss, is reduced up to 5%. However, it can be seen that by comparing

the values obtained for heat exchange between with an ”ideal” process stream (Table 2.1
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and 2.2), that the total exergy loss, Aloss is still 3-7 times larger than the minimum exergy

destruction needed for heat exchange, Amin. This is due to the exergy destruction in

the fired heater, Aloss,FH. Exergy rate of heat carried by nitrogen at 350-450 K is merely

around 0.3-0.4 which is much lower than the exergy rate of a typical fuel.

Table 2.4: Breakdown of exergy loss in thermal processes with feed-effluent heat ex-

changer when nitrogen is the process stream

Tset ∆Tmin Qprocess Qtransfer Aloss,HEX Aloss,FH Adiscard Aloss Aloss/Qprocess

[K] [K] [kJ · kg−1] [kJ · kg−1] [kJ · kg−1] [kJ · kg−1] [kJ · kg−1] [kJ · kg−1] [%]

2.5 51.4 0.39 2.21 0.02 2.61 4.83

5.0 48.8 0.72 4.47 0.02 5.21 9.64

350 10 54.01 43.59 1.25 9.00 0.16 10.42 19.3

15 38.38 1.67 13.60 0.37 15.64 29.0

20 33.17 1.91 18.28 0.66 20.84 38.6

400 10 106.18 95.74 2.39 7.90 0.15 9.83

450 10 158.54 148.05 3.28 7.04 0.17 10.49 6.62

2.4.2 Exergy destruction in self-heat recuperative process

Although it was seen that it is possible to reduce the exergy destruction in thermal pro-

cesses by employing a feed-effluent heat exchanger, exergy destruction in the fired heater

is still quite large when the set temperature, Tset was at low temperatures. In chapter 2.2.4,

it was described that in order to obtain the minimum exergy destruction in thermal pro-

cesses, the temperature difference between the hot and the cold process stream should

always be at the minimum temperature difference during heat exchange, ∆Tmin. In a

self-heat recuperative process (Fig. 1.9), the temperature of the process stream is raised

through compression (3 → 4) and is recirculated to heat the feed process stream. The hot

and the cold process stream during heat exchange is composed of the same material so
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that the heat capacity of the two process streams are very close.

Fig. 2.13 is the energy conversion diagram of a self-heat recuperative thermal process.

In an energy conversion diagram, the number on the top represents the amount of energy

or enthalpy and the number on the bottom represents the amount of exergy. In a self-heat

recuperative thermal process, work (exergy rate of 1.0) equal to the amount of exergy

destruction due to heat transfer is provided to enable heat circulation.

Figure 2.13: Energy conversion diagram of self-heat recuperative thermal process

Fig. 2.14 shows the temperature-entropy diagram of a self-heat recuperative process.

The cycle of self-heat recuperation is composed of isobaric heating, adiabatic compres-

sion, isobaric cooling and adiabatic expansion, thus it draws a cycle similar to that of a

reverse Brayton cycle. However in a reverse Brayton cycle, the amount of heat that the

cycle gains from a heat source is different from the amount of heat the cycle gives to a

heat sink. In a self-heat recuperative process, the heat sink and the heat source is itself

and the amount of heat transferred in the isobaric heating and the cooling is the same.

∫ 2

1
TdS = −

∫ 5

4
TdS (2.30)

The exergy destruction due to heat exchange, Aloss,HEX, can be derived from the en-
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tropy change during isobaric heating and isobaric cooling,

Aloss,HEX = T0(∆Scold + ∆Shot) (2.31)

which is the area colored in red. The amount of exergy discarded with the effluent stream,

∆Adiscard, can be calculated from Eq. 2.11, the area colored purple. In a self-heat recuper-

ative thermal process, the total amount of heat transferred to the feed stream, Qprocess, is

equal to the heat transferred in the heat exchanger, Qtransfer.
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Figure 2.14: Temperature-entropy diagram of a self-heat recuperative thermal process

(adiabatic pressure variation)

Table 2.5 shows the breakdown of exergy loss in a self-heat recuperative thermal pro-

cess when nitrogen was chosen as the material for the process stream. Compression and

expansion is assumed completely adiabatic. Exergy destruction has been reduced consid-

erably compared to the case with feed-effluent heat exchanger (Table 2.4). Also it can be
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seen that by comparing the obtained value with the minimum exergy destruction for heat

transfer (Amin in Table 2.1 and 2.2), it can be seen that the total exergy destruction, Aloss,

matches quite closely. If the heat capacity of feed stream and effluent stream matches

completely, the exergy loss due to heat exchange, Aloss.HEX, is identical to the minimum

exergy destruction for heat transfer, Amin. However, because the heat capacity of the pro-

cess stream is affected by pressure, the heat capacity of the feed and effluent stream dif-

fers slightly. As the minimum temperature difference needed for heat exchange, ∆Tmin,

increases, the pressure ratio increases, resulting in larger difference between the heat ca-

pacity.

Table 2.5: Breakdown of exergy loss in a self-heat recuperative thermal process when

nitrogen is the process stream

Tset ∆Tmin Qprocess Aloss,HEX Adiscard Aloss Aloss/Qprocess

[K] [K] [kJ · kg−1] [kJ · kg−1] [kJ · kg−1] [kJ · kg−1] [%]

2.5 0.43 0.02 0.45 0.08

5.0 0.74 0.02 0.77 1.42

350 10.0 54.01 1.49 0.02 1.51 2.80

15.0 2.23 0.03 2.26 4.19

20.0 2.87 0.03 2.90 5.38

400 10.0 106.18 2.55 0.03 2.58 2.43

450 10.0 158.54 3.51 0.04 3.55 2.24

2.4.3 Discussion

In the above section, three different types of thermal processes (simple process, process

with feed-effluent heat exchanger, self-heat recuperative process) were analyzed in terms
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of temperature-entropy diagram and compared with the minimum exergy destruction

needed for heat exchange. Table 2.6 shows the total exergy destruction, Aloss, of a each

thermal processes when the set temperature, Tset, was set to 400 [K] and the minimum

temperature difference needed for heat exchange, ∆Tmin, was set to 10.0 [K] for nitrogen.

The environmental temperature, T0 was set to 298.15 [K]. Fig. 2.15 shows the comparison

of Enet/Qprocess of three thermal processes and Amin/Qprocess. In a simple process where

no energy saving technology is applied (case 1), all of the heat that is needed to raise

the temperature of the process stream is discarded along with its exergy, Aloss. In case

when feed-effluent heat exchanger is applied (case 2), some of the exergy destruction is

avoided. For a self-heat recuperative process (case 3), the exergy destruction is quite close

to that for an ideal case where the temperature difference during heat exchange is always

kept to ∆Tmin (case 4).

Table 2.6: Comparison of exergy destruction in three different process, simple process

(case 1), process with feed-effluent heat exchanger (case 2), self-heat recuperative process

(case 3) and minimum exergy destruction needed for heat transfer (case 4) for nitrogen

case Tset ∆Tmin Qprocess Aloss Aloss/Qprocess

[−] [K] [K] [kJ · kg−1] [kJ · kg−1] [−]

1 106.18 100

2 400 10.0 106.18 10.44 9.83

3 2.58 2.43

4 400 10.0 106.18 2.50 2.36
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2.5 Conclusion

In this chapter, thermal processes were analyzed in terms of exergy and irreversibility

and two evaluation factors were set so that self-heat recuperativve process can be com-

pared with different thermal processes regarding energy saving potentials. In order to

maintain steady state in chemical process and keep the process running, all of the exergy

lost during the process must constantly be provided. Thus, it is important to minimize

the exergy lost in the process. It was explained that exergy destruction in thermal pro-

cess is mainly caused by creation of low temperature heat and heat transfer between

two process streams. The two cause of exergy destruction were graphically presented in

temperature-entropy diagram so that a method to minimize the value can be derived.

A method to obtain the theoretical minimum exergy destruction in heat transfer, Aloss,

is presented. When the minimum temperature difference needed for heat exchange, is

set, exergy destruction due to heat transfer is minimum when the temperature differ-

ence during heat exchange is always at ∆Tmin. The minimum exergy destruction in heat

transfer should be the target value for thermal processes. Furthermore, a simple evalu-

ation index that can be derived only from the minimum temperature difference during

heat exchange, Tmin, and the entropy change of the feed process stream, ∆Scold. The

simple evaluation value was compared with the minimum exergy destruction for heat

exchange, Amin. It was seen that the simple evaluation value is in good agreement with

the minimum exergy destruction when the minimum temperature difference needed for

heat exchange, ∆Tmin, is small and the set temperature, Tset, is close to environmental

temperature, T0.

Three thermal processes (simple process with no energy saving technology applied,

process with feed-effluent heat exchanger and self-heat recuperative process) were com-

pared with the minimum exergy destruction for heat transfer, Aloss. It was seen that a

process with feed-effluent heat exchanger is capable of reducing the exergy destruction

to about 10% compared to processes with no energy saving technology applied. In a self-
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heat recuperative process, it is possible to further reduce the energy to about 25% of a

process with a feed-effluent heat exchanger by removing the furnace heater and circulat-

ing heat through work provision. The total exergy destruction in a self-heat recuperative

process is quite close to the minimum exergy destruction in heat transfer.
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Chapter 3

Self-heat recuperation using

magnetocaloric effect

3.1 Introduction

In a self-heat recuperative process, the recuperation and recirculation of the process stream

heat is its essence. In all of the conventional self-heat recuperative process, compressors

are applied to recuperate the heat exergy of the process stream [23–36]. However, method

to recuperate the heat exergy of the process stream through work provision is not lim-

ited to compression. In the case of compression, the provided work enforces a change in

intensive property; pressure, p. If a magnetic material is subjected to a varying field, the

entropy change of the magnetic moments inside the material enforces a reversible tem-

perature change, which is the magnetocaloric effect (MCE) [38]. With MCE, the strength

of the magnetic field, H, or the magnetic flux density, B, is the intensive property which

is enforced to change by providing work. It is also possible to enforce a change in ten-

sion, f , of a rubber or in strength of electric field, E, of a dielectric material to create a

reversible temperature change known as the elastocaloric effect [71,72] and electrocaloric

effect [73–75].

If the process stream was composed of incompressible fluids it will not be possible to

72



apply compression to recuperate its heat exergy. Also, the temperature range in which

compressors can be used are limited due to sealing issues. In order to expand the appli-

cation of self-heat recuperation, it is needed to study the other methods of recuperating

heat exergy and classify them so that it is clear in which application they should be used.

MCE has been counted as a replacement of vapor compression in refrigeration tech-

nologies because no refrigerants such as CFCs (chlorofluorocarbons) with high global

warming impact factor is not needed [76]. Electrocaloric effect was, until recently, too

small to be used in applications [77]. In 2006, Mischenko [75] reported a large elec-

trocaloric effect using thin film PZT (PbZr0.95Ti0.05O3) which brought the electrocaloric

effect as a serious alternative to conventional vapor compression and magnetocaloric

effect [78]. However, one of the largest obstacle of achieving a sufficient temperature

change by electrocaloric effect is the need to expose the material to very high electric

field. The adiabatic temperature change,∆Tad , due to electrocaloric effect depends on the

varying of electric field, E. In order to obtain a practical adiabatic temperature change of

about 3 [K], an electric field, E, of at least about 30-60 [MV m−1] is needed. Such electric

field is difficult to obtain in large area, so the electrocaloric material must have very small

thickness, which lead to insufficient mass of the material. Elastocaloric effect on the other

hand, it is much easier for the elastocaloric material to undergo variation in stress, f .

However, one of the greatest shortcoming is the fatigue life of the elastocaloric material

because it undergoes constant variation in stress for a long period of time [72].

In this chapter, we focused on magnetocaloric effect as the method to recuperate the

heat exergy of the process stream. This chapter describes the concept of a magnetocaloric

heat circulator and how it can be applied to non-magnetocaloric process materials. The

theoretical energy consumption and exergy destruction in terms of temperature entropy

diagram has been obtained through simulation using the mean field theory and its energy

saving potential has been discussed.
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3.2 Magnetocaloric heat circulator

3.2.1 Conceptual design of magnetocaloric heat circulator

In the conventional self-heat recuperative processes, compressors has been used to recu-

perate the heat exergy of the process stream. However, compressors can only be applied

to compressible process fluids. Also, in a small size application, the adiabatic efficiency of

the compressors may become quite low, resulting in excess exergy destruction and lower

efficiency. Here, we focused on MCE of a magnetocaloric material to overcome the issues

the compressors hold and expand the application of self-heat recuperation technology.

Magnetocaloric heat circulator for magnetocaloric process materials

In a conventional self-heat recuperative process, a compressor was placed after the ob-

jective process, X, (Fig. 1.9: 3 → 4) and a expander was placed after the heat exchanger

(Fig. 1.9: 5 → 6) to enforce a change in pressure from p0 to p1. In a magnetocaloric heat

circulator, compression is replaces with magnetization and expansion is replaced with

demagnetization thus, the strength of magnetic field, H, is varied in between H0 and

H1. Magnetization and demagnetization of a magnetocaloric material cause a reversible

temperature change, ∆Tad. The process stream heat is recirculated due to cyclic mag-

netization and demagnetization. Fig. 3.13 shows the schematic process flow diagram

of a magnetocaloric heat circulator for a magnetocaloric process material when the set

temperature, Tset, is above environmental temperature, T0. Instead of compressors and

expanders, the heat circulator consists of a high field region, and a feed effluent heat ex-

changer. The temperature-heat diagram is the same as the temperature-entropy diagram

for a self-heat recuperative process using compressors and expanders (Fig. 1.10).

In a counter-flow heat exchanger (HEX) the feed process stream of magnetocaloric

material is raised from the environmental temperature, T0, to the set temperature, Tset, for

a certain process that follows, X (1 → 2). Via the following process (2 → 3), the effluent

process stream is adiabatically magnetized to gain the temperature difference needed for
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Figure 3.1: Schematic of the magnetocaloric heat circulator for a magnetocaloric process

material when the set temperature, Tset, is above environmental temperature, T0.

heat exchange (3 → 4). The effluent process stream is then fed to the HEX so that all

of the process stream heat is recirculated (4 → 5). Then, the effluent process stream is

demagnetized back to the initial magnetic field (5 → 6), and finally, the rest of the heat is

discarded at the cooler (6 → 7). Thus, no heat is added but work is put in to recuperate

and circulate all of the process stream heat.

Qprocess = Qtransfer (3.1)

If the state points of 1 and 7 are the same, from the conservation law of energy, the

heat discarded at the cooler, Qdiscard, is equal to the net work input, provided that part of

the demagnetizing work, wdemag, can be recovered during magnetization. Thus,

Enet = wdemag + wmag

= Qdiscard

(3.2)

note that work is needed for demagnetization rather than magnetization even though

demagnetization and magnetization is analogous to expansion and compression respec-

tively, because the positive and negative sign of strength of magnetic field, H, and pres-

sure, p, is different (Subsection 1.4.1). The amount of net work input, Enet, is equal to the

heat discarded at the cooler, Qdiscard. This is because we are assuming a stable process,
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thus, all that is provided must be discarded.

Similar discussion can be made for cases when the set temperature, Tset, is below

the environmental temperature, T0. Fig. 3.2 shows the schematic flow diagram (top)

and temperature-heat diagram (bottom) of a magnetocaloric heat circulator for magne-

tocaloric process material when the set temperature, Tset, is below the environmental

temperature, T0. The feed process material at environmental temperature, T0, is firstly

magnetized to raise its temperature (1 → 2). The feed process stream is cooled in the HEX

(2 → 3), and then demagnetized back to the original magnetic field (3 → 4). Via the next

process (4 → 5), the effluent process stream is heated in the HEX (5 → 6) to a temperature

a higher than the initial environmental temperature. Finally, the effluent process stream

is heated to the environmental temperature, T0 (6 → 7). The energy balance is the same

as the case for magnetocaloric heat circulator for magnetocaloric process material when

the set temperature, Tset, is below the environmental temperature, T0 (Eq. 3.1 and 3.2).

The magnetocaloric heat circulator must be constructed so that the work needed for

demagnetization, wdemag, can partly be compensated by the work needed for magne-

tization, wmag [79]. One of the ways this can be accomplished is by configuring the

magnetocaloric material in a circular shape as shown in Fig. 3.3. When part A of the

magnetocaloric material circle is being demagnetized, it will be pulled by the magnetic

field with f1. At the same time, part B of the magnetocaloric circle is magnetized, where

it is also pulled by the magnetic field with f2. Thus, the force that is needed to keep the

magnetocaloric material to circulate, fnet, is

fnet = | f1| − | f2| (3.3)

in a magnetocaloric heat circulator, the force for demagnetization, f1, is larger than force

for magnetization f2. If the magnetocaloric material circle was used for a heat engine, the

force for demagnetization, f1, will be smaller than the force for demagnetization, f2, thus,

work can be extracted.
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Figure 3.2: Schematic flow diagram (top) and temperature-heat diagram (bottom) of a

magnetocaloric heat circulator for magnetocaloric process material when the set temper-

ature, Tset, is below the environmental temperature, T0
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The net work provided from outside the system, Enet, can be expressed as,

Enet =
∫

F2dl +
∫

F1dl (3.4)

where l is the length of the movement. By applying this configuration, part of the work

needed for demagnetization can be compensated, which is an analogy of recovering part

of the compression work by an expander.

Figure 3.3: Configuration of magnetocaloric material so that magnetizing work can be

recovered

Magnetocaloric heat circulator for non-magnetocaloric process materials

The above paragraphs explained the magnetocaloric heat circulator for magnetocaloric

78



process materials. However usually, process material is not magnetocaloric. In order

to apply magnetocaloric heat circulator to non-magnetocaloric process materials, the

heat of the effluent non-magnetocaloric process material can be passed to the magne-

tocaloric working material so that it can be recuperated, and then given to the feed non-

magnetocaloric process material.

Fig. 3.4 shows the schematic flow diagram (top) and the temperature-heat diagram

(bottom) of a magnetocaloric heat circulator for non-magnetocaloric process material

when the set temperature, Tset, is above the environmental temperature, T0; a heating

process. A magnetocaloric heat circulator for non-magnetocaloric process material is

made of two counter-flow heat exchangers (HEX1 and HEX2), a high field region, and

working magnetocaloric material.

The feed process stream at environmental temperature, T0, is heated to the set temper-

ature, Tset, in the first heat exchanger (HEX1) by receiving heat from the magnetocaloric

working material for the following process, X (a → b). Via the next process (b → c), the

effluent process stream is cooled in the second heat exchanger (HEX2) by giving its heat

to the magnetocaloric working material (c → d). Finally, the rest of the heat is discarded

at the cooler bringing the temperature back to environmental temperature, T0 (d → e). In

HEX2, while the effluent process stream is being cooled, the working magnetocaloric ma-

terial receives all of process stream heat (1 → 2), which is an isomagnetic heating process

for the working magnetocaloric material. Then, the working magnetocaloric material is

adiabatically magnetized so that the heat exergy can be recuperated (2 → 3). The re-

cuperated heat is given back to the feed process stream in HEX1 (3 → 4), which is an

isomagnetic cooling process for the working magnetocaloric material. Finally, the mag-

netocaloric working material is adiabatically demagnetized so that it will return to its

original state (4 → 1).

It can be seen from the temperature-heat diagram (Fig. 3.4 bottom), the temperature

difference, ∆THEX during heat exchange between the process stream and the magne-

tocaloric working material in the two heat exchangers, HEX1 and HEX2, is approximately
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the half of adiabatic temperature change, ∆Tad of the magnetocaloric working material.

The amount of magnetocaloric working material is decided so that the heat capacity

of the magnetocaloric material matches the heat capacity of the process stream. Assum-

ing no heat is lost during the heat exchange, the state of the process stream at state points

a and e are the same, and the demagnetizing work, wdemag, is partly compensated by

the magnetizing work, wmag, the following equation can be realized through the energy

balance,

Qab = Q12 = Qcd + Qdiscard = Q34 + Qdiscard (3.5)

Qdiscard = Enet

= |wdemag + wmag|
(3.6)

where Qab, Qcd, Q12 and Q34 denotes the amount of heat transferred when changing from

state point, a → b, c → d, 1 → 2 and 3 → 4 respectively.

Fig. 3.5 shows the schematic of process flow diagram and temperature-heat diagram

for cases when the set temperature, Tset, is below the environmental temperature, T0, i.e. a

cooling process when the process material is non-magnetocaloric. Compared to the heat-

ing process, the high field region is moved from HEX1 to HEX2 and the magnetocaloric

working material is circulating in the opposite direction.

The magnetizing and demagnetizing force must compensate in order to recover part

of the work as it was for the magnetocaloric heat circulator for magnetocaloric process

streams. One of the configuration of a magnetocaloric heat pump for non-magnetocaloric

process material is shown in Fig. 3.6. Steyert proposed a magnetic heat pump with a

counter-flow heat exchanger [59]. A magnetic heat pump with a similar design has been

actualized by Coelho et al. [80]. In a magnetic heat pump proposed by Steyert, wheel

of magnetocaloric material circulates counter-flow to the working fluid. Magnetic field is

applied to one half of the wheel, thus as the wheel of magnetocaloric material circulates, a

part of the wheel is magnetized and while the other is demagnetized. A temperature gra-

dient is created along the arc of the magnetocaloric material so that it is possible to heat
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Figure 3.4: Schematic flow diagram (top) and temperature-heat diagram (bottom) of a

magnetocaloric heat circulator for non-magnetocaloric process material when the set tem-

perature, Tset, is above the environmental temperature, T0
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Figure 3.5: Schematic flow diagram (top) and temperature-heat diagram (bottom) of a

magnetocaloric heat circulator for non-magnetocaloric process material when the set tem-

perature, Tset, is below the environmental temperature, T0
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pump at a heat range larger than the adiabatic temperature change gained by magneti-

zation, ∆Tad. In the proposed magnetocaloric heat circulator, no heat sink or heat source

is set but the process stream flows counter-flow to the magnetocaloric wheel. With this

configuration, it is possible to circulate the heat between large temperature difference

(|Tset − T0|) than the adiabatic temperature change, ∆Tad, obtained by MCE.

Scarpa classified the different magnetic heat pump configurations [81] including the

configuration designed by Steyert. In all of the magnetic heat pump configurations, with

small modifications, it is possible to apply to self-heat recuperation technology.

X�

magnetocaloric material�

process fluid�

high field region�

4�
1� 2�

3�
a: T0� b: Tset�

c: Tset�d�

cooler!

e: T0�

heat�

Figure 3.6: Image of Steyert like magnetocaloric heat circulator with counter-flow heat

exchanger for non-magnetocaloric process material
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3.3 Magnetocaloric heat circulator cycle

The magnetocaloric heat circulator can be expressed using the temperature-entropy di-

agram as it was for a compressive self-heat recuperative process in Chapter 2. Further-

more, the magnetocaloric heat circulator is expressed using a magnetization-magnetic

field diagram so that magnetization and demagnetization work can visually be seen.

3.3.1 Temperature-entropy diagram

An self-heat recuperative process draws a cycle similar to that of a reverse Brayton cycle

as presented in subsection 2.4.2. A cycle of magnetocaloric heat circulator for magne-

tocaloric process stream is made of isomagnetic heating, adiabatic magnetization, iso-

magnetic cooling process. Fig. 3.7 shows the temperature-entropy diagram of magne-

tocaloric heat circulator for magnetocaloric process streams for heating process (left) and

cooling process (right). The two lines in gray are the isobaric line of a magnetocaloric

process material at H1(= 0) and H2(> 0).

In a reverse Brayton cycle, entropy change of the process fluid at the heat sink and

the heat source is the same because heat is transferred to outside the system. However,

in a self-heat recuperative process, the same amount of heat is circulated internally, thus,

in a process where the set temperature, Tset, is above the environmental temperature, T0,

the following equation can be realized

Q12 = −Q45∫ 2

1
TdS = −

∫ 5

4
TdS

(3.7)

Q12 and Q45 are the heat transferred during isomagnetic heating (1-2-c-a in Fig. 3.7 left)

and isomagnetic cooling (4-5-b-c in Fig. 3.7 left). The smallest temperature difference

during heat exchange, ∆Tmin, is the smaller of the temperature difference between state

points 4 and 3, ∆T43, and state points 5 and 7, ∆T57. When the temperature difference

in which the heat is circulated (|Tset − T0|) is small, the minimum temperature differ-

ence during heat exchange, ∆Tmin, is approximately equal to the adiabatic temperature
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change, ∆Tad, obtained by MCE.

∆Tad ≈ ∆Tmin (3.8)

Considering that the state points at 1 and 7 is the same, the heat discarded, Qdiscard

(6-7-a-b) is equal to the net work input as written in Eq. 3.2.

Similarly, in a process where the set temperature, Tset, is at a temperature lower than

the environmental temperature, T0, i.e. cooling process, the following equation is realized

Q23 = −Q56∫ 3

2
TdS = −

∫ 6

5
TdS

(3.9)

Q23 and Q56 are the heat transferred during isomagnetic heating (2-3-a-b in Fig. 3.7 right)

and isomagnetic cooling (5-6-c-a in Fig. 3.7 right). The smallest temperature difference

during heat exchange, ∆Tmin, is the smaller of the temperature difference between state

points 3 and 5, ∆T35, and state points 2 and 6, ∆T26. The heat discarded, Qdiscard (6-7-b-c)

is equal to the net work input as written in Eq. 3.2.
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Figure 3.7: Temperature-entropy diagram of magnetocaloric heat circulator for magne-

tocaloric process streams for heating process (left) and cooling process (right)

Fig. 3.8 shows the temperature-entropy diagram of magnetocaloric heat circulator

85



for non-magnetocaloric process streams for heating process (left) and cooling process

(right). In a magnetocaloric heat circulator for non-magnetocaloric process streams, the

temperature-entropy diagram of the process stream goes up and down the same iso-

baric/isomagnetic line and the magnetocaloric material draws a reverse Brayton cycle.

In a case where the set temperature, Tset, is above the environmental temperature, T0, the

following equation is realized,

Qab = Q12 = Qcd + Qdiscard = Q34 + Qdiscard∫ b

a
TdS =

∫ 2

1
TdS =

∫ d

c
TdS +

∫ e

d
TdS =

∫ 3

4
TdS +

∫ e

d
TdS

(3.10)

where Qab and Q12 are the heat transferred during the isomagnetic heating (a-b-IV-I and

1-2-IV-II in Fig. 3.8 left) and Qcd and Q34 are the heat transferred during the isomagnetic

cooling (c-d-III-IV and 3-4-II-IV in Fig. 3.8 left). The heat discarded, Qdiscard (d-e-I-III) is

equal to the net work input as written in Eq. 3.6. The smallest temperature difference

during heat exchange is smallest out of the temperature difference between state points

3 and b, ∆T3b, b and 2, ∆Tb2, 4 and d, ∆T4d, and a and 1, ∆Ta1.

Similarly, in a process where the set temperature, Tset, is at a temperature lower than

the environmental temperature, T0, i.e. cooling process, the following equation is realized

Qcd = Q12 = Qab + Qdiscard = Q34 + Qdiscard∫ d

c
TdS =

∫ 2

1
TdS =

∫ e

d
TdS +

∫ b

a
TdS =

∫ 3

4
TdS +

∫ e

d
TdS

(3.11)

where Qcd and Q12 are the heat transferred during the isomagnetic cooling (c-d-IV-I and

1-2-III-I in Fig. 3.8 right) and Qab and Q34 are the heat transferred during the isomagnetic

heating (a-b-I-II and 3-4-I-III in Fig. 3.8 right). The heat discarded, Qdiscard (d-e-II-IV) is

equal to the net work input as written in Eq. 3.6. The smallest temperature difference

during heat exchange is smallest out of the temperature difference between state points

3 and d, ∆T3d, a and 2, ∆Ta2, 4 and c, ∆T4c, and d and 1, ∆Td1. When the temperature

difference in which the heat is circulated (|Tset − T0|) is small, the minimum tempera-

ture difference during heat exchange, ∆Tmin, is approximately equal to double value of
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adiabatic temperature change, ∆Tad, obtained by MCE.

∆Tad ≈ 2∆Tmin (3.12)
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Figure 3.8: Temperature-entropy diagram of magnetocaloric heat circulator for non-

magnetocaloric process streams for heating process (left) and cooling process (right)

The magnetization and demagnetization is assumed to be completely adiabatic. Irre-

versibility during these process is caused by hysteresis loss and electromagnetic induc-

tion heating. The effect of these causes are discussed in subsection 3.3.2.

3.3.2 Irreversibility associated with magnetocaloric effect

In subsection 3.3.1, the cycle of magnetocaloric heat circulator for magnetocaloric and

non-magnetocaloric process stream has been evaluated in terms of temperature-entropy

diagram. The magnetization/demagnetization was assumed as a complete adiabatic pro-

cesses. However, in actuality, magnetization and demagnetization is not completely re-

versible and some amount of irreversibility is created. In a process that uses compressors

and expanders, adiabatic efficiency, η, is often used to quantify the irreversibility during

compression and expansion. For magnetization and demagnetization, the two factors
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that result in irreversibility are hysteresis loss [82] and electromagnetic induction heating

(eddy current) [83].

Losses due to hysteresis are inherent to the magnetic material, thus depends on the

material and the temperature range in which the magnetic material subjected to mag-

netic field variation. The excess magnetic work needed to bring the material back to its

original condition will result in production of heat. It is known that materials that under-

goes a first-order transition has hysteresis. It is known that generally, the more pure and

the more refined the micro structure of the solid, less hysteric the phase transition would

be [84]. Material that undergoes a second-order transition generally does not show hys-

teresis. Dan’kov measured the hysteresis of a well known benchmark material for room

temperature MCE, Gd, as close to zero [48].

Since the MCE is caused by subjecting a magnetic material through field variation,

eddy current, which is also caused by field variation is inevitable. The eddy current

caused by electromagnetic induction heating, causes joule heating due to the electric re-

sistance, r, of the magnetocaloric material. The electromotive force, ϵEI, is decided by the

rate of magnetic flux, Φ, that goes through the magnetic material over time, t. If we as-

sume area that the magnetic material cuts the magnetic flux as A, the following equation

is known,

ϵEI = A
dΦ
dt

(3.13)

From Equation 3.13, it can be seen that in order to reduce the electromotive force, ϵEI,

two method can be thought of. 1) Reducing the time differential of magnetic flux, Φ, over

time, t and 2) reducing the area, A, in which the magnetic material cuts the magnetic flux.

The eddy current, j, and the resistance, r, of the magnetic material results in joule

heating, Qjoule

Qjoule = rj2

=
ϵ2

EI
r

(3.14)

From Equation 3.14, it can be seen that the amount of heat created by joule heating, Qjoule,
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is proportional to the electromotive force, ϵEI, squared. Thus, considering the fact that

most of the magnetic materials are metals and have small electric resistance, r, if the size

of the magnetic material is small and the magnetic field is varied slowly, the amount of

heat created by joule heating can become negligible.

In order to handle the irreversibility during magnetization and demagnetization in a

thermal process as it was handled using compressors and expanders, adiabatic efficiency,

ηtotal, is set. The adiabatic efficiency is a product of efficiency due to hysteresis loss, ηhyst,

and eddy current, ηeddy and can be written as,

ηtotal = ηhystηeddy (3.15)

The adiabatic efficiency for magnetization and demagnetization, ηtotal, is ratio of the

amount of work needed for an adiabatic process, Wad, and for an irreversible process, Wir

ηtotal =
Wir

Wad
(3.16)

Kitanovski and Egolf estimated the adiabatic efficiency for magnetizing and demag-

netizing Gd near room temperature as 0.97 for hysteresis loss, ηhyst, and 0.95 for eddy

current, ηeddy, [85]. Thus,

ηtotal = ηhystηeddy ≈ 0.92 (3.17)

The adiabatic efficiency value used by Kitanovski and Egolf is a value assumed for a

single condition and can vary depending on the operating condition and material. Thus,

it is needed to estimate the efficiency for each evaluating process.

89



3.4 Performance evaluation of magnetocaloric heat circulator

3.4.1 Simulation method

To understand the energy saving potential of a magnetocaloric heat circulator, the net

energy consumption, Enet, and the amount of heat circulated, Qcir, is calculated using the

temperature-entropy diagram as explained in section 3.3. The initial environmental tem-

perature, T0, the set temperature, Tset, and the minimum temperature difference needed

for heat exchange, ∆Tmin, is set. The net work, Enet, needed to circulate the heat between

the environmental temperature, T0, and the set temperature, Tset, with the minimum tem-

perature difference, ∆Tmin is calculated when the process stream is magnetocaloric.

Similarly, the circulated heat, Qcir, and the net work, Enet, needed for magnetocaloric

heat circulator for non-magnetocaloric material is calculated. The temperature difference

needed for heat exchange, ∆THEX, between the magnetocaloric working material and the

non-magnetocaloric process stream is set to ∆Tmin.

In order to calculate the entropy, S, of a magnetocaloric material at a given temper-

ature, T, and magnetic field, H, mean field model was used [38]. The obtained energy

consumption has been compared with a benchmark process with a feed-effluent heat

exchanger (Fig. 1.6).

In a self-heat recuperative process, the amount of heat circulated, Qcir, is equal to the

required heat of the process stream to reach the set state, Qprocess. The energy consump-

tion of the thermal processes were evaluated using the evaluation factor, Qprocess/Enet.

Furthermore, the obtained value is compared with the minimum exergy destruction for

thermal processes, Amin.

Mean-field model of a magnetocaloric material

In order to derive the isothermal entropy change, ∆Sad, it is needed to know the mag-

netization, M. It is known from the mean-field model approximation, the magnetization,
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M, of a magnetic material can be written as [70],

M = Ns JgJµBBJ(X) (3.18)

where Ns denote the number of atoms per unit volume of the magnetic material, J

denote the total angular momentum, g denote the spectroscopic splitting factor and µB

denote the Bohr magneton (= 9.274 009 15(23) ×10−24 [J T−1]). The Brilliouin function,

BJ(X),is defined as,

BJ(X) =
2J + 1

2J
coth

(
2J + 1

2J
X
)
− 1

2J
coth

(
X
2J

)
(3.19)

X is expressed as follows,

X =
gµBµ0Heff J

kBT
(3.20)

where kB denote the Boltzmann constant (= 1.380 6488(13)×10−23 [J K−1]), µ0 denote

the magnetic permeability of vacuum (= 4π×10−7 [H m−1]) and Heff denote the effective

magnetic field, which is,

Heff = H +
3θCBJ(X)kB

µBgJ(J + 1)
(3.21)

from Eq. 3.20 and Eq. 3.21, we have

X =
gµBµ0HJ

kBT
+

3JθCBJ(X)

T(J + 1)
(3.22)

It is possible to derive the magnetization, M, of a magnetic material using Eq. 3.19 and

Eq. 3.22. If we rewrite

x =
J + 1

3J
X (3.23)

then, Eq. 3.19 and Eq. 3.22 can be rewritten as,

BJ(X) = 2J+1
2J coth

(
3
2

2J+1
2J x

)
− 1

2J coth
(

3
2

1
2J x

)
(3.24)

BJ(X) = T
θC

x − H
NW M0

(3.25)

where NW is the mean field constant,

NW =
3θCkB

(J + 1)gµBµ0M0
(3.26)
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M0(= gJµBNs) is the magnetic moment of the magnetic material at absolute zero. Eq. 3.24

and Eq. 3.25 suggests that x can be derived as the node of Brilliouin function and line with

gradient T/θC and intercept of H/(NWM0). From 3.18, the Brilliouin function, BJ(X) and

magnetization, M, is proportional. It can be seen from Fig. 3.9 that at constant magnetic

field, H, when the ratio of temperature, T, becomes larger, the gradient of the line be-

comes larger, resulting in magnetization, M, becoming smaller. At constant temperature,

T, the larger magnetic field, H, will mean smaller intercept, resulting in larger magneti-

zation, M.

Figure 3.9: The node of Brilliouin function and line with varied gradient and intercept

From Eq. 1.12, Eq. 3.24 and Eq. 3.25, the magnetic entropy, SM, can be derived as,

SM(T, H) = R
[

ln sinh
(

2J + 1
2J

X
)
− ln sinh

(
X
2J

)
− XBJ(X)

]
(3.27)

where R(= RNA) is the gas constant (= 8.314 4621(75) [J K−1 mol−1]).

The entropy of the lattice, SL, can be calculated using the Debye temperature, θD
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as [38],

SL(T) = −3R ln
(

1 − e−
θD
T

)
+ 12R

(
T
θD

)3 ∫ θD
T

0

x3dx
ex − 1

dx (3.28)

Finally, the entropy of the electron, SE is calculated with the electron heat capacity

coefficient γ,

SE(T) = γT (3.29)

the total entropy, Stotal, is the sum of the three entropies (Eq. 1.6).

Fig. 3.10 shows the temperature-entropy diagram calculated using the mean-field ap-

proximation for gadolinium. It can be seen that around the Curie temperature, θC, of

the magnetocaloric material (293 K for gadolinium), the entropy difference is larger com-

pared to other temperature regions. Fig. 3.11 shows the isothermal entropy change, ∆SM,

of gadolinium when magnetic field is varied to different magnetic fields. It can be seen

that the isothermal entropy change, ∆SM, is proportional to the magnetic field. Fig 3.12

shows the comparison of the adiabatic temperautre difference, ∆Tad, when magnetic field

subjected to gadolinium was varied from 0 tesla to 1 tesla for the calculated value using

the Mean Field Theory and the value measured by Benford and Brown [50]. IIt can be

seen that the mean field theory has somewhat caught the behavior of the temperautre

change in the vicinity of Curie temperautre of Gd.

The heat capacity of the magnetic material can be calculated by the following equa-

tion,

CH,p = T
(

∂S
∂T

)
H,p

(3.30)

Fig. 3.13 shows the heat capacity of Gd at constant magnetic field, H, and pressure, p, cal-

culated using the mean-field model. It can be seen that the heat capacity changes rapidly

near the Curie temperature, θC, of gadolinium. The gradient near the Curie temperature

gradually decreases as the strength of magnetic field, H, rises. Comparing the value ob-

tained for the heat capacity of gadolinium and the measured value by Dan’kov et al. [48] it

can be seen that the calculated value is fairly in good agreement with the measured value,
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Figure 3.11: Isothermal entropy change, ∆SM, of Gd subjected to various magnetic fields
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Figure 3.12: The comparison of the adiabatic temperautre difference, ∆Tad, when mag-

netic field subjected to gadolinium was varied from 0 tesla to 1 tesla for the calculated

value using the Mean Field Theory and the value measured by Benford and Brown

although it cannot reproduce the rapid rise of heat capacity at the Curie temperature.

Table 3.1 shows the parameters of major ferromagnetic materials that is needed for

calculation using the mean-field model.

3.4.2 Simulation conditions

Simulation to evaluate the theoretical energy consumption has been performed under

four different conditions; two for magnetocaloric process stream cases and two for non-

magnetocaloric process stream case using the temperature-entropy diagram. Gd was

chosen as the magnetocaloric material for all cases because its physical properties are

well known [48]. Water was chosen as the non-magnetocaloric process material and its

heat capacity, cf, was assumed constant. The initial environmental temperature, T0, was

set to 298.15 K, initial magnetic field, µH1, was set to 0 T where µ is the magnetic perme-

ability. The pressure, p, was assumed to be 1 [atm] throughout the process. The minimum

temperature difference needed for heat exchange, ∆Tmin, was set to 2 K. It was assumed
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Figure 3.13: Heat capacity of Gd at constant magnetic field, H, and pressure, p, calculated

using the mean-field model

Table 3.1: Parameters of major ferromagnetic materials

Gd Ni Fe Co

g [-] 2 2 2 2

J [-] 3.5 0.3045 1.4 0.95

θC [K] 293 631 1043 1403

θC [K] 184 385 420 375

γ [mJ mol−1 K−2] 6.38 7.04 4.90 4.40
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that no heat is lost during the heat exchange and all of the heat removed from the efflu-

ent process stream is transferred to the feed process stream. Adiabatic efficiency during

magnetization and demagnetization is assumed as adiabatic process (subsection 3.3.2).

When Gd is the process material, commencing from environmental temperature, T0,

the temperature of the process material is raised to 308 K (case 1), and 318 K (case 2).

Similarly, when water is the process material, commencing from environmental temper-

ature, T0, the temperature of the process material is raised to 308 K (case 3) and 318 K

(case 4) while Gd recuperates the process heat. The simulation conditions are shown in

Table 3.2 and Table 3.3. Each energy consumption obtained for magnetocaloric heat cir-

Table 3.2: Simulation conditions for evaluating magnetocaloric heat circulator

environmental temperature T0 [K] 298.15

initial magnetic field µH1 [T] 0

pressure p [atm] 1.0
minimum temperature difference

during heat exchange ∆Tmin [K] 2.0

Table 3.3: Process material and set temperature, Tset, for different simulation cases

case process material Tset temperature change

[K] [K]

1 Gd 308.15 +10

2 Gd 318.15 +20

3 Water 308.15 +10

4 Water 318.15 +20
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culator has been compared with the energy consumption using the benchmark process

with feed-effluent heat exchanger under the same conditions.

3.4.3 Simulation results and discussion

Simulation results are shown in Table 3.4. Note that the minimum temperature different

needed for heat exchange for calculating the minimum exergy destruction, Aloss, for case

3 and 4 has been doubled. It can be seen that compared to the benchmark process with

feed-effluent heat exchanger, by applying a magnetocaloric heat circulator energy sav-

ing of 80-95% can be obtained. Larger energy consumption was needed for process with

non-magnetocaloric process material compared to process with magnetocaloric process

material because larger magnetic field is needed to ensure the minimum temperature

difference needed for heat exchange, ∆Tmin. Also, in cases where the process stream

is non-magnetocaloric, exergy destruction occurs in the two heat exchange opposed to

cases where the process stream is magnetocaloric, exergy destruction occurs in only one

heat exchange. The temperature difference during heat exchange and the amount of heat

is approximately the same in the two HEXs for non-magnetocaloric process material case

and the HEX for magnetocaloric process material case, hence, the exergy destruction will

double for non-magnetocaloric process material case. The result of the table is summa-

rized in Fig. 3.14.

The energy consumption in magnetocaloric heat circulator increases as the set temper-

ature, Tset, moves further from the Curie temperature, θC, of the magnetocaloric material.

This is because the adiabatic temperature change, ∆Tad, becomes smaller as the temper-

ature furthers from the Curie temperature, θC, thus larger magnetic field, µH2, is needed

to ensure the minimum temperature difference needed for heat exchange in the HEXs.

Nevertheless, large reduction in energy consumption can be expected.

If the magnetization and demagnetization is an adiabatic process, the area surrounded

by the isomagnetic lines (Fig. 3.7; 3-4-5-6) is equal to the net work needed for heat circu-

lation (Fig. 3.7; 6-7-a-b). This indicates that the temperature difference during heat ex-
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Table 3.4: Comparison of strength of magnetic field, µH; total energy consumption, Enet

of magnetocaloric heat circulator and benchmark process. Value is compared with mini-

mum exergy destruction, Amin

magnetocaloric
heat circulator

benchmark
process

case Qprocess µH2 Enet Enet/Qprocess Enet Enet/Qprocess Amin/Qprocess

[J cycle−1] [T] [J cycle−1] [%] [J cycle−1] [%] [%]

1 1680 1.35 21.8 1.3 336.5 20.0 0.75

2 3366 1.93 35.9 1.1 320.0 9.51 0.65

3 41286 2.10 861 2.1 8360 20.2 1.4

4 82073 2.98 1517 1.8 8350 10.17 1.3
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Figure 3.14: Comparison of energy consumption between benchmark process, self-heat

recuperative process and minimum exergy destruction
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change, ∆Tmin, is proportional to the net work needed for heat circulation. Enet. Smaller

temperature difference during heat exchange will result in slower heat transfer, but will

result in smaller exergy destruction due to heat exchange and thus smaller energy con-

sumption. Also temperature difference is preferred small in the perspective of magnetic

field, because it is difficult to create strong magnetic field using permanent magnets and

extra energy will be consumed due to joule heating if electromagnets are used.

The effect of irreversibility during magnetization and demagnetization process has

been discussed in subsection 3.3.2. Due to the temperature gradient of the magnetocaloric

working material, the local magnetic permeability of the material may vary largely. Thus,

factor that should be taken into account is the demagnetization effect. It is also known

that the demagnetization effect tends to take place at a lower field below 2 T [86]. Since

the demagnetization effect is dependent on geometry and non-uniform properties of the

magnetic material, thus needs to be taken into account when designing the actual device.

When the process material is magnetocaloric, though there are some research per-

formed using magnetocaloric particles in suspension (i.e. ferrofluid and MR fluid) [87],

the process material is likely to be solid. If this is the case, it will be difficult to flow the

process material and exchange heat in counterflow. For the process material heat to be

circulated, a working fluid will be needed as shown in Fig. 3.15. Minimum temperature

difference needed for heat exchange, ∆Tmin, is needed for counterflow heat transfer in

the two HEXs. Thus, doubling the exergy destruction due to heat exchange and also

doubling the total net work input, Enet.

Different cycle patterns

Two patterns for processes with set temperature, Tset, above the environmental tem-

perature, T0, can be presumed depending on the temperature at which the magnetization

and demagnetization takes place and similarly, two patterns for processes with set tem-

perature, Tset, below the environmental temperature, T0, can be presumed (Fig. 3.16).

Patterns 1 and 2 are processes with set temperature, Tset, above environmental temper-
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Figure 3.15: Process flow diagram (top) and temperature ‒ entropy diagram (bottom)

of a magnetocaloric heat circulator when process material is a magnetocaloric solid and

working fluid is used to transfer heat

101



ature, T0. In pattern 1, the temperature difference is larger between state points 4 and 2

than that between state points 5 and 1 (∆T42 > ∆T51). In this case, the minimal tempera-

ture difference is ∆T51. On the contrary, in pattern 2, the temperature difference is larger

between state points 5 and 1 than that between state points 4 and 2 (∆T51 > ∆T42). Hence,

the minimal temperature difference is ∆T42. A similar discussion can be made processes

with set temperature, Tset, below environmental temperature, T0, where the minimal tem-

perature difference is the temperature difference between state points 3 and 5, ∆T35, for

pattern 3 and the temperature difference between state points 2 and 6, ∆T26, for pattern

4. The magnetic flux density is determined such that the smallest temperature difference

is larger than the minimum temperature difference required for heat exchange, ∆Tmin. In

all cases, the net work input, Enet, is equal to the energy discarded at the cooling water,

Qdiscard. All conditions calculated are categorized as pattern 2 because the adiabatic tem-

perature difference, ∆Tad, decreases with distance from the Curie temperature, θC, which

is at 293.15 K for Gd. In actuality, magnetocaloric material with optimal Curie tempera-

ture in between the magnetizing and demagnetizing temperature will need to be chosen

in order to satisfy the minimum temperature difference required for heat exchange with

limited magnetic flux density.

Comparison with an ideal process

In section 2.2.4, the theoretical minimum exergy destruction during heat exchange was

calculated for Nitrogen at 1 [atm]. Similarly, the theoretical minimum exergy destruction

during heat exchange for magnetocaloric material can be calculated. The condition that

is required to obtain the theoretical minimum exergy destruction during heat exchange

is as follows.

C′
H,p (T, p, H) = CH,p (T + ∆Tmin, p, H) (3.31)

From Eq. 2.20 and Eq. 2.21, the theoretical minimum entropy generation, ∆Sgen, and the

theoretical minimum exergy destruction, Amin, can be calculated.

Fig. 3.17 shows the temperature-entropy diagram of theoretical minimum exergy de-
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Figure 3.16: Temperature-heat diagrams of different magnetocaloric heat circulator pat-

terns. Pattern 1 and 2 are processes with set temperature, Tset, above the environmental

temperature, T0, and pattern 3 and 4 are processes with set temperature, Tset, below the

environmental temperature, T0
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struction for Gd at 1 T during heat exchange when the minimum temperature difference

during heat exchange, ∆Tmin, is set to 2 K and temperature-entropy diagram of mag-

netocaloric heat circulator for magnetocaloric process material when heat is circulated

between 298.15 K and 318.15 K (case 2). It can be seen that compared to the case when

the temperature difference during heat exchange is fixed to 2 K throughout the heat ex-

change, heat is exchanged at a larger temperature difference for the magnetocaloric heat

circulator, resulting in extra exergy destruction.

When the same amount of heat is being circulated for the ideal case (i.e. Qcir = 3366

J kg−1), the theoretical minimum exergy destruction, Amin, when the temperature differ-

ence during heat exchange, ∆Tmin, is set to 2 K is 21.8 J kg−1 and the cold process stream

temperature is changed from 298.15 to 318.15. Compared to the minimum exergy de-

struction during heat exchange case, about 1.6 times amount of net input work, Enet, is

needed for heat circulation in magnetocaloric heat circulator (Enet = 35.9 J kg−1). Larger

difference between the minimum exergy destruction and the ideal case seen compared to

the self-heat recuperative process for Nitrogen using compression (subsection 2.2.4) be-

cause Gd is subjected to differing magnetic field in the vicinity of Curie temperature, θC,

where the specific change in heat capacity variation is observed. Thus, the isomagnetic

lines furthers from parallel compared to vapor compression of Nitrogen.

In order to further reduce the exergy destruction during heat exchange in a magne-

tocaloric heat circulator, magnetic field gradient can be set so that Eq. 3.31 can be ob-

tained.

It is possible to circulate the heat of incompressible process fluids using compression

if the gaseous material was used as the working material as it was the case for using

magnetocaloric materials. Fig 3.18 shows the comparison between heat circulators which

use compression and magnetocaloric effect. The initial temperature, T0, was set to 298.15

[K], set temperature, Tset, 318.15 [K] and the minimum temperature difference needed

for heat exchange, ∆Tmin, as 2.0 [K]. The process fluid was water for both cases while the

working material for the magnetocaloric effect case was Gd and carbon dioxide for the
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Figure 3.17: Temperature-entropy digram of theoretical minimum exergy destruction

during heat exchange and magnetocaloric heat circulator
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Figure 3.18: Comparison of heat circulators of using magnetocaloric effect and compres-

sors at different adiabatic efficiency

From Fig. 3.18, it can be seen that although in the case for compressors, if the adia-

batic efficiency is at 100%, the energy consumption is very close to the minimum exergy

destruction due to heat exchange, Amin, already at around adiabatic efficiency of 95%,

because the pressure applied to gain a temperature difference of 2 [K] is very small to

affect the heat capacity of carbon dioxide, the energy consumption exceeds the energy

consumption of a magnetocaloric heat circulator.

Magnetocaloric heat circulator and magnetic heat pump

Vast amount of research has been performed on the cycle analysis of magnetic heat

pumps [88]. Kitanovski et al. has proposed new thermodynamic cycles so that further
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efficiency can be gained from magnetic heat pumping [51]. Although heat pumps are well

known to reduce the exergy destruction and energy consumption in thermal processes,

often the heat capacity of the feed and effluent process stream do not match.

Fig. 3.19 shows the temperature-entropy diagram of a magnetic heat pump system

when the heat is pumped from a heat source at Tc to heat sink at Th. The magnetic heat

pump system consist of a magnetocaloric material (1-2-3-4) and a working fluid (a-b-c-

d). The temperature of the working fluid is raised (a → b) by receiving the heat from

the magnetocaloric material (3 → 4). Then, the pumped heat, Qh , is transferred to the

heat sink (b → c). The remaining heat is transferred to the magnetocaloric material for

regeneration (c → d, 1 → 2). After, heat, Qc, is transferred from the heat source to the

magnetocaloric material and comes back to its original state (d → a). In a magnetic heat

pump, the heating capacity, Qh, or the cooling capacity, Qc, will be used to heat or cool

the process material. In a magnetocaloric heat circulator, the process material heat is

circulated.

In a magnetic heat circulator, the adiabatic temperature change, ∆Tad, is equal to the

larger out of the sum of ∆T3b, ∆Tbc and ∆Tc2 and ∆T4a, ∆Tad and ∆Td1. While in a mag-

netocaloric heat circulator, the adiabatic temperature change, ∆Tad, will be equal to the

larger out of the sum of ∆T3b and ∆Tc2 and ∆T4a and ∆Td1 because there are no heat load

to be provided or to provide. This may be advantageous for cases when large magnetic

field is difficult to produce.

3.5 Applications

A heat circulator is a system where the process stream heat can be circulated within.

Unlike a heat pump where the heat is pumped in or pumped out of a process, the heat

circulator can only be applied to processes where the heat can be circulated within. One

example of an application is separation processes. Since separation itself does not involve

reaction heat, the effect of applying self-heat recuperation is quite drastic. Fig. 3.20 shows
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Figure 3.19: Temperature-entropy diagram of magnetic heat pump system
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a schematic of a separation process. The feed process stream is cooled so that it is below

the boiling point of one of its composing gas. If the separated gas at low temperature

is needed for product, all of the energy has to be inserted, but it is often the case that

after separation, the temperature of the process stream comes back up to the initial inlet

temperature (i.e. for cryogenic air separation process for oxy-combustion, the oxygen is

created at cryogenic temperature but is fed to the furnace at a higher temperature). If that

is the case, the heat can be circulated by applying a heat circulator.

Cooler!

Heater!

Heater!

T0�

Tset�

Tset�

T0�

T0�
feed process stream�
lightweight product�
heavyweight product�

Figure 3.20: Schematic of a separation process

Fig. 3.21 shows the schematic image of a separation process where AMR heat cir-

culator has been applied. The feed process steam can be split so that its heat capacity

will match the effluent lightweight product and heavyweight product. Two beds will be

needed for heat circulation of the two split streams.
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Figure 3.21: Schematic of a separation process where AMR heat circulator is applied
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3.6 Conclusion

In this chapter a self-heat recuperative process that utilizes MCE for heat exergy recuper-

ation is proposed. A system in which MCE is applied to self-heat recuperation is called

magnetocaloric heat circulator. In a magnetocaloric heat circulator, magnetization and

demagnetization is applied instead of compression and expansion. When magnetocaloric

material is subjected to field variation, a reversible temperature change can be obtained,

thus recuperating the heat carried by the magnetocaloric material. All process stream

heat is recirculated inside the system without heat addition. It is shown that means to

recuperate the process stream heat for heat circulation is not limited to compression and

can be realized by enforcing a change of state by providing work.

The energy consumption and the ability of heat circulation of magnetocaloric heat

circulator for magnetocaloric process material and non-magnetocaloric process material

is analyzed in terms of temperature-entropy diagram. The results obtained were com-

pared with a benchmark process with heat recovery, It was made clear that the total

energy consumption can be reduced to 4.8-18.2% by applying the magnetocaloric heat

circulator. Also, the energy consumption of a magnetocaloric heat circulator has been

compared with the theoretical minimum exergy destruction during heat exchange when

the minimum temperature difference during heat exchange, ∆Tmin, is fixed. It was seen

that exergy destruction in a magnetocaloric heat circulator is quite close to the theoretical

minimum exergy destruction, Amin. The difference was due to the fact that magnetic field

variation is subjected in the vicinity of the Curie temperature, θC, of the magnetocaloric

material where specific large entropy change of magnetic spins can be observed.

Theoretical energy consumption for circulating heat of process stream using magne-

tocaloric materials as working materials where compared with case when gaseous ma-

terial where used as working material. It was seen that the effect of adiabatic efficiency

has large impact on the energy consumption when the temperature range in which the

heat is circulated is small. This indicated that the magnetocaloric heat circulators maybe
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applied to small size applications with small temperature range for heat circulation, due

to its high adiabatic efficiency.

Although heat circulation is temperature is limited by the Curie temperature of the

ferromagnetic material, the magnetocaloric heat circulator can be counted as one of the

future options for energy saving in certain thermal processes.
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Chapter 4

Conceptual design, mathematical

model of AMR heat circulator

4.1 Introduction

The concept of applying MCE to a self-heat recuperative process has been proposed and

its theoretical energy saving potential has been analyzed in Chapter 3. A process for

magnetocaloric working material and non-magnetocaloric working material is proposed,

but usually the process materials that we want to heat or cool is non-magnetocaloric.

In this chapter, an active magnetic regenerative (AMR) heat circulator, which enables

exergy recuperation for non-magnetocaloric process material is proposed. An AMR cycle

is used to enable a quasi-counterflow heat exchange between the magnetocaloric working

material and the process stream. A mathematical one-dimensional model is constructed

to understand its thermal characteristics and its energy saving performance.

Initially, the concept of AMR has been presented by Brown as explained in subsec-

tion 1.4.3. In a magnetic heat pump that uses active magnetic regeneration, the regener-

ator made of magnetocaloric material works as a regenerator and for heat exergy recu-

peration. Many designs of magnetic heat pumps are proposed with difference magnetic

field source, AMR configuration, and different magnetocaloric materials [44, 89].
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In order to understand the thermal behavior and to implement the AMRR to appli-

cations, much effort has been put into transient modeling the device. Allab et al. built a

simple one-dimensional model of a reciprocating AMR where the magnetocaloric mate-

rial is a thin plate [90], in a model by Shir et al., the dominating equation was divided for

the magnetocaloric material and the fluid in the regenerator [91]. Siddikov et al. fitted

the heat capacity and the entropy change of the magnetocaloric material to an equation

so that it can be calculated from the temperature and the applied magnetic field [92].

Peterson et al. constructed a two-dimensional model [93], made a comparison with a

one-dimensional model [94] and concluded that a one-dimensional model is insufficient

to obtain the temperature profile and the energy consumption of an AMRR. Then, a

three-dimensional model was made by Bouchard et al. for detailed understanding of the

dynamics inside the regenerator bed. Instead of a three-dimensional model, Nielsen et

al. included the parasitic thermal losses in a two-dimensional model [96]. Aprea and

Maiorino [97] and Sarlah et al. [98], built a dimensionless model so that it is flexible and

possible to compare different geometries and magnetocaloric materials. Kim and Jeong

considered the impurity of the magnetocaloric material and implemented them into the

model [99]. Park et al. included a third equation where the heat temperature evolution of

the wall is included [100]. In the work by Rowe, a simple model where the overall energy

balance of the AMRR can be obtained easily was presented [101, 102].

In all of the previous applications of the active magnetic regenerator, the use was for

heat pumping, especially for refrigeration. The mathematical models were also made

for heat pumping applications. In the AMR heat circulator proposed in this chapter, the

AMRR is modified so that it can be used for heat circulating applications. Fig. 4.1 shows a

schematic diagram of an active magnetic regenerator for heat pumping applications. In a

magnetic heat pump, the device is closed and the heat pumping load is obtained from the

heat exchanger at both ends. The heat that the working fluid receives from a heat source,

Qc is pumped utilizing the MCE of a magnetocaloric material. If an AMR heat pump was

used to heat the process fluid at environmental temperature T0, the pumped heat is given
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to the process fluid at the hot heat exchanger as, Qh, to reach its set temperature, Tset, for

a particular application at X.

Magnet�

Magnet�

magnetocaloric 
bed!

working 
fluid!

X�
T = Tset�

Qc! Qh!

process 
fluid!

T = T0�

Figure 4.1: Schematic diagram of an active magnetic regenerative heat pump system
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4.2 Active magnetic regenerative heat circulator

In an AMR heat circulator, the device is open so that the heat is transferred directly to

the process stream as opposed to AMR heat pumps where the device was closed. The

process stream itself runs through the magnetocaloric AMR bed. A heat pump pumps

heat from a certain heat source to a certain heat sink, but the heat load and heat capacity

of the process stream are often different from those of the pumped heat. Where in a

heat circulator, the heat sink and the heat source is the process stream itself. Thus, the

heat load and capacity of the process stream will always be close to equal, resulting in

to smaller temperature difference throughout the heat exchange and reduction in exergy

destruction.

Fig. 4.2 shows the schematic diagram of an AMR heat circulator for self-heat recu-

peration using MCE for non-magnetocaloric process materials. A magnetized bed of

magnetocaloric material and a demagnetized bed of magnetocaloric material is set with

temperature gradient so that both bed is hot on the right side of the figure and cold on

the left side of the figure. The process stream enters the magnetized bed at environmen-

tal temperature, T0, and receives heat from the magnetocaloric material so that it exits

the bed at set temperature, Tset, for the next process X. Via the next process, the process

stream at set temperature, Tset, enters the demagnetized bed where it gives its heat to

the magnetocaloric material and is cooled close to environmental temperature, T0. The

same amount of heat received from the magnetized magnetocaloric material is given to

the demagnetized magnetocaloric material. The process stream is cooled at the cooler to

environmental temperature, T0. Gradually, the temperature of the magnetized bed will

decrease and the temperature of the magnetized bed will increase. After a certain period

of time, the magnetized bed is demagnetized while the demagnetized bed is magnetized.

The process fluid is always provided to the magnetized bed. From cyclically switching

magnetization and demagnetization, quasi-counterflow heat exchange between the mag-

netocaloric working material and the process stream can be obtained and the process
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stream heat can continuously be circulated.

Work is needed to demagnetize the magnetocaloric bed, wdemag, and part of the work

can be recovered during magnetization, wmag. The net energy input, Enet, will be the sum

of the two works as it was for the magnetocaloric heat circulators discussed in Chapter 2.

The two beds can be configured as shown in Fig 4.3. Okamura et al. [65] constructed

an AMRR based on a configuration with revolving magnetocaloric material beds for heat

pumping. Here, the device is open so that it can be used for heat circulation. The two beds

revolve so that one bed is magnetized while the other is magnetized. The torque needed

for revolving the bed will be the difference between the torque needed to demagnetize

the bed and torque that is applied by the magnetic field when magnetizing the bed. Also,

as the bed revolves, the process fluid always automatically enters the magnetized bed.

In an AMR heat circulator, no make-up heat is added to raise the temperature of the

process fluid to its set temperature, Tset. After the heat of the process fluid is transferred

to the ferromagnetic material, it is recuperated through magnetization. The recuperated

heat is given back to the process fluid so that it is recirculated. The temperature differ-

ence during heat exchange between the process fluid and ferromagnetic material is kept

minimal, leading to a drastic reduction in energy consumption.

Many AMR heat pump configuration has been proposed by past researchers. Scarpa

et al. classified these researches [81]. In most of the AMR heat pumps classified by Scarpa

et al., the configuration can be modified so that it can be used as heat circulators instead

of heat pumps.

The magnetocaloric material inside the bed can be configured as plate, particles,

bulk . . . etc. Although the adiabatic temperature change, ∆Tad, is merely a few Kelvins

per Tesla, and the strength of the magnetic field is limited to about 2 T at most when

using permanent magnets, the heat exchange between the process fluid and the mag-

netocaloric material is direct, meaning that heat can be exchanged with very small tem-

perature difference, ∆Tmin, if configured well. Here, the bed consists of magnetocaloric

material particles so that large surface area and heat transfer coefficient can be obtained.
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Figure 4.2: Schematic diagram of an AMR heat circulator for self-heat recuperation. Af-

ter a certain period of time, the magnetized bed is demagnetized while the demagnetized

bed is magnetized (top to bottom). The process fluid is always provided to the magne-

tized bed.
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Figure 4.3: AMR heat circulator with revolving magnetocaloric beds

Figure 4.4 shows heat pump and heat circulator using active magnetic regeneration.

Since the objective of a heat pump is to pump the heat of a cold reservoir to a hot reservoir,

it requires two heat exchangers at the two ends. The working fluid flows back and forth

to carry the heat. On the other hand, in the case of heat circulators, it does not supply or

take away heat from an outside system, besides the small amount of heat discarded at the

end of the cycle. Thus, the two heat exchangers are taken away, and the system is open,

so that the process stream is able to flow in and out. For a process where a raise in the

temperature of the process fluid is needed, all of the heat at the hot end will be returned

to the bed.
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Figure 4.4: Heat pump and heat circulator using active magnetic regeneration
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4.3 Construction of a mathematical model

4.3.1 Active magnetic regenerative heat circulator cycle

In order to verify the energy saving potential and understand the heat circulating capa-

bility of a magnetocaloric heat circulator, a simple one-dimensional mathematical model

is constructed. The AMR heat circulator design shown in Fig 4.2 and 4.3 are made of

two packed bed of magnetocaloric materials. Focusing on one of the two magnetocaloric

beds, the cycle of AMR heat circulator consists of four cyclic steps 4.5.

1. Magnetization: Magnetic field is applied to the magnetocaloric bed, leading to an

increase in the temperature of the magnetocaloric material. The temperature of

the process fluid follows the temperature of the magnetocaloric material. During

magnetization, the flow of the process stream is stopped.

2. Cold blow: Process fluid at environmental temperature, T0, flows into the magne-

tocaloric bed. The process fluid receives heat from the magnetocaloric material and

leaves the bed at temperature near the set temperature, Tset. The magnetic field

is still applied, thus it is an isomagnetic cooling process from the point of view of

magnetocaloric material.

3. Demagnetization: Magnetic field is removed from the magnetocaloric bed, leading

to a decrease in the temperature of the magnetocaloric material. The temperature

process fluid follows the temperature of the magnetocaloric material. The flow of

the process stream is stopped.

4. Hot blow: Process stream at set temperature flows into the magnetocaloric bed.

The process fluid gives its heat to the magnetocaloric material and leaves the bed

at a temperature above environmental temperature, T0. The process fluid is then

cooled the cooler so that its temperature is T0. The magnetic field is not varied,

thus it is an isomagnetic heating process from the point of view of magnetocaloric

material.
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The four cycles are repeated continuously so that the heat is stably circulated. In a mag-

netocaloric heat circulator in Chapter 2, the process consisted of a isomagnetic heating,

adiabatic magnetization, isomagnetic cooling and adiabatic demagnetization. Here, dur-

ing magnetic field variation, heat exchange between the magnetocaloric material and the

process fluid, thus the cycle of AMR consists of isomagnetic heating, polytrope magneti-

zation, isomagnetic cooling and polytrope heating. If the magnetization and demagneti-

zation is done quickly, they can be assumed as adiabatic. Since the two beds undergo the

same cycle but only with a phase difference of half a cycle, in the mathematical simulation

focusing on one bed is enough.
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Figure 4.5: The four steps for self-heat recuperation in the open active magnetic regen-

erator: (a) magnetization step, (b) cold blow step, (c) demagnetization step and (d) hot

blow step

Fig. 4.6 shows the time variation and magnetic field strength µH(t) and mass flow

rate of the process fluid ṁf(t). The strength of the applied magnetic field is between µH1

and µH2. It is noted that the flow of process fluid is stopped during the magnetization
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and demagnetization steps.
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Figure 4.6: Characteristic of time in an open active magnetic regenerator cycle. The mag-

netic field is applied and removed during the magnetization step and the demagnetiza-

tion step respectively. The flow rate is at maximum during the cold blow step and at

minimum during the hot blow step

4.3.2 One-dimensional mathematical model

Some assumptions were made in constructing the mathematical model as shown below:

1. The inlet temperature profile during the hot blow is equal to the outlet temperature

profile of the cold blow thus no heat is discarded at the hot end.

2. The fluid flow is parallel and uniform in any cross section so that the problem can

be assumed one-dimensional.
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3. The solid in the bed is uniformly distributed.

4. The adiabatic efficiency during magnetization and demagnetization is 100/

5. There are no demagnetization effect.

Considering the assumptions made above, a mathematical model of an AMR heat

circulator was constructed. The energy balance of the working magnetocaloric material

and process fluid is as shown in Fig. 4.7. The energy input to the working material is the

sum of heat input by conduction, work input by magnetocaloric effect and heat input due

to convective heat transfer with the process fluid. The energy input to the process fluid

is the sum of heat input by conduction and mass transfer and convective heat transfer

with the working magnetocaloric material. The difference of input and output energy is

stored as the internal energy. From the energy balance, the following equations can be

realized

ρfcfAcsϵ ∂Tf
∂t + ṁfcf

∂Tf
∂x = Acsϵkf

∂2Tf
∂x2 − has(Tf − Ts) (4.1)

ρscs Acs(1 − ϵ) ∂Ts
∂t = Acs(1 − ϵ)ks

∂2Ts
∂x2 + has(Tf − Ts) + (MCE)s (4.2)

ρ, c, k, and T denote density, heat capacity, heat conductivity and temperature respec-

tively, and the subscripts f and s denote fluid (process fluid) and solid (working material)

respectively. Acs, ϵ, ṁf and as denote the cross sectional area, porosity, flow rate and heat

transfer surface. h is the solid-fluid heat transfer coefficient for a packed bed of spherical

solids and is calculated using the equation by Whitaker [103]:

hdp

kf

ϵ

1 − ϵ
=

(
0.5Re0.5

p + 0.2Re
2
3
p

)
Pr

1
3 (4.3)

where dp, Pr and Rep are the diameter of the spheres, Prandtl number and Reynolds

number of the process fluid, respectively.

The final term in Eq. 4.2 represents the energy input by the MCE due to the differing

of the magnetic field at constant temperature. The amount of work input by differing the
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Figure 4.7: Energy balance for the process fluid and the working material during the open

active magnetic regenerator cycles
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magnetic field at constant temperature is defined as:

(MCE)s = Acsµ0(1 − ϵ)Ts
∂M
∂Ts

∂H
∂t

(4.4)

where M is the strength of magnetization.

The strength of magnetization, M, is calculated by using the molecular field model

explained in 3.4.1. Fig. 4.8 shows the comparison of adiabatic temperature change, ∆Tad,

of gadolinium between calculation by molecular field model and values measured by

Benford and Brown [50].

The heat capacity of the process material; water was assumed constant and unaffected

by the temperature, strength of magnetic field and pressure. The heat capacity of the

magnetocaloric working material differs largely when temperature or strength of applied

field is varied. Thus, the transition of heat capacity can be calculated integrating Eq. 3.30.
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Figure 4.8: Comparison of adiabatic temperature change, ∆Tad, of gadolinium when

strength of magnetic field was varied from 0 to 1 [T] between calculation by molecular

field model and values measured by Benford and Brown [50]
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The initial condition for the process fluid and the magnetocaloric working material

was set to the environmental temperature, T0 = 293.15[K]:

Tf(0, x) = Ts(0, x) = T0 (4.5)

The boundary condition during the magnetization and demagnetization step is

∂Tf

∂x
=

∂Ts

∂x
= 0 (4.6)

at both ends so that the bed is maintained adiabatic. The boundary condition during the

cold blow step is

Tf(T, 0) = T0 (4.7)

while the boundary condition during the hot blow step is

Tf(t, lb) = Tf

(
t − 1

2 f
, lb

)
(4.8)

where f denotes the frequency of the cycle and lb denotes the length of the bed. No heat

is discarded by the process fluid during the cold blow step and all of the heat that exits

the bed during the cold blow step returns and enters the bed during the hot blow step.

It is assumed that a temperature gradient between the hot and the cold end of the bed

will gradually increase. Eventually, the temperature of the hot end should saturate at a

temperature where the heat will be circulated. The cycle is run a number of times until

the temperature of the process fluid saturates and fulfills the following condition

Tf(t, x) = Tf

(
t − 1

f
, x
)
+ δ (4.9)

where δ is the set tolerance. Until Eq. 4.9 is satisfied, the AMR heat circulator is still at its

starting sequence. When Eq. 4.9 is satisfied, the cycle is assumed to have saturated and

the heat circulation has begun.The set temperature, Tset, is determined as the average

temperature of the process fluid at the hot end of the bed during the cold blow.

In order to determine the net work input, Enet, the heat discarded, Qdiscard, can be

calculated with the below equation,

Qdiscard =
∫ tm+tcb+td+thb

tm+tcb+td

ṁf(t)cf (Tf(t, lb)− T0) dt (4.10)

127



From the energy balance, it is known that the heat discarded, Qdiscard, is equal to the net

work input, Enet, for self-heat recuperative processes.

Also, the heat that is circulated after the temperature gradient has saturated, is deter-

mined by

Qcir =
∫ tm+tcb

tm

ṁf(t)cf (Tf(t, lb)− T0) dt (4.11)

The geometry of the AMR bed and the parameters of the mathematical simulation

area summarized in table 4.1.

Table 4.1: Modeling parameters for the active magnetic regenerative heat circulator sim-

ulation

parameters units value

environmental temperature T0 [K] 290.15

pitch 1/ f [s] 4.0

bed length lb [mm] 50.0

bed diameter db [mm] 7.8

cross sectional area Acs [m2] 3.14 × 10−4

void ratio ϵ [-] 0.66

maximum mass flow rate ṁf [kg s−1] 1.6 × 10
3

sphere diameter dp [mm] 0.85

high magnetic field µH2 [T] 1.00

low magnetic field µH1 [T] 0.0

set tolerance δ [K] 0.02

Comparison with mathematical model of AMRR

Figure 4.9 shows the difference in mathematical model of AMR heat pumps and AMR
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heat circulators. In both cases, the energy balance of the bed is the same, thus the govern-

ing equation is the same. However, the boundary condition of the two are different. In

an AMR heat pump, there are two heat exchangers at the two ends of the bed. Thus, the

temperature of the two ends of the bed is the temperature of the cold and the hot reser-

voir. Heat leaves from the hot end of the bed and enters at cold end of the bed but the

working fluid stays in the bed. On the other hand, in the boundary condition for AMR

heat circulators, the temperature of the cold end is fixed to the environmental tempera-

ture, T0. The system is open, so the process fluid flows in and out of the system, but all of

the heat that flows out from the hot end is returned.

������������ Th�Tc�

Qhot�Qcold�

������������T0�

Qdiscard�

AMR heat pump� AMR heat circulator�

Figure 4.9: Comparison of boundary conditions for AMR heat pump and AMR heat cir-

culators
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4.4 Simulation results

4.4.1 Heat circulating potential

Fig. 4.10 shows the temperature profile of the hot, middle and cold end of the mag-

netocaloric bed at start up. It can be seen that the temperature difference between the

hot and the cold end gradually increases, thus the temperature gradient of the magne-

tocaloric bed is increasing. The temperature of the cold end is kept at around 290.15 [K]

because the process fluid is always provided at environmental temperature, T0, 290.15

[K]. The rate in which the temperature gradient increases gradually decreases as it un-

dergoes the AMR cycles. This is because as the temperature gradient grows larger, the

amount of heat discarded with the process fluid and heat conduction of the bed increases,

while the heat provided by the MCE of the magnetocaloric working material decreases as

the temperature moves further from the Curie temperature, θC. Eventually the amount of

heat discarded and provided matches leading to the saturation of temperature gradient.

After about 2000 [s] (500 cycles), the temperature gradient of the magnetocaloric bed

saturates, so that the heat of the process stream is circulated in between 293 [K] and

308 [K]. In a self-heat recuperative process, the heat which is the subject of circulation

is required to be provided initially. Thus, in a self-heat recuperative process with com-

pressors, an additional fired heater was needed for the providing of heat at the start up

sequence. In the AMR heat circulator, the initial heat which is the subject of circulation

can be provided without an additional heat source.

Fig. 4.11 shows the temperature profile of the process fluid at the hot end of the bed

after saturation. The temperature of the process fluid increases during the magnetization

step, decreases during the cold blow step, decreases further during the demagnetization

step and increases to the initial temperature of the cycle during the hot blow step. Process

stream heat is transferred to the magnetocaloric working material during the demagneti-

zation and hot blow steps, recuperated, and transferred back to the process fluid during

the magnetization and cold blow steps. The following process X (Fig.4.2) is maintained
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Figure 4.10: Temperature profile of the hot, middle and cold end of the magnetocaloric

bed at start up
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in the temperature range between 305.5 and 307.5 [K].

Figure 4.11: Temperature profile of process fluid at the hot end of the regenerator bed

Fig. 4.12 shows the temperature profile of the process fluid and the magnetocaloric

working material at the middle of the bed. It can be seen that the temperature of the mag-

netocaloric working material increases when the bed is magnetized and decreases when

the bed is demagnetized. The temperature of the process fluid follows the temperature

of the magnetocaloric working material. The magnetization and the demagnetization is

performed in 0.5 [s], the temperature of the magnetocaloric material changes rapidly in

those regions.

Fig. 4.13 shows the temperature of the bed before and after each AMR cycle steps;
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Figure 4.12: Temperature profile of the process fluid and working material at the middle

of the bed
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magnetization step, cold blow step, demagnetization step and hot blow step after satura-

tion. It can be seen there is a temperature gradient in the AMR bed from cold to hot end.

The temperature profile changes as the bed undergoes the cycle. It can be seen the tem-

perature at the middle of the bed changes largely compared to the two ends. Since the

AMR heat circulator applies a quasi-counterflow heat exchange, it will consume larger

energy compared to self-heat recuperative process that implies a counterflow heat ex-

change. Since each micro-sections in the bed draws its own cycle, large temperature

change will result in larger energy consumption. Detailed discussion is made in Sec-

tion 4.4.2.
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Figure 4.13: Temperature of AMR bed before and after each AMR cycle steps
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4.4.2 Energy consumption

The total energy consumption determined from the heat discarded at the cooler, Qdiscard,

is 0.338 [J cycle−1] in the temperature range between 293 [K] and 308 [K]. The circulated

heat is the heat carried by the process fluid during cold blow step, and can be calculated

as 14.4 [J cycle−1]. If the heat that was circulated by the heat circulator was provided

with a heat pump, the energy consumption is equivalent to a heat pump with coefficient

of performance (COP) of 42.6. The heat of the process stream can be circulated with mere

2.35 % of the amount of heat circulated.

The reverse Carnot efficiency when the heat was circulated in between 293 [K] and 308

[K] can be calculated as 18.9 [-], which is much smaller than the COP equivalence value

of an AMR heat circulator. This is because, in the case of a heat pump, waste heat or

environmental heat needs to be pumped to heat the process stream and the heat capacity

and the temperature in which the heat can be provided to the heat pump does not match

the heat capacity and the temperature of the process fluid. Where in the case of a heat

circulator, the heat capacity and the temperature of the heat source, which is the process

stream itself, matches the heat capacity and the temperature of the heat sink, hence the

exergy destruction due to heat exchange, AHEX, can be reduced.

The Net work input, Enet, needed for heat circulation can also be derived from a

temperature-entropy diagram of the working magnetocaloric material. Fig. 4.14 shows

the temperature-entropy diagram of the magnetocaloric working material for one AMR

cycle after the temperature gradient in the AMR bed has reached saturation. In Fig. 4.14,

the temperature-entropy diagram is divided into 12 micro-sections. Each micro-section

in the AMR bed draws its own cycle and the net work input, Enet, is equal to the sum of

the areas of the cycles drawn for the micro-sections.

From Fig. 4.14, it can be seen that the cycle of the micro-sections are extended, in-

dicating the wide temperature range in which the micro-sections go through. Fig. 4.15

shows the temperature-entropy diagram of the working magnetocaloric material plotted
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Figure 4.14: Temperature-entropy diagram of the working magnetocaloric material di-

vided into micro-sections
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versus position. The volume of the figure multiplied by the weight per cross sectional

area in which the magnetocaloric working material occupies in the AMR bed is the net

work input, Enet.

Figure 4.15: Temperature-entropy diagram of the working magnetocaloric material plot-

ted versus position

From the isomagnetic lines in the temperature-entropy diagram, in a magnetocaloric

heat circulator where the heat was circulated in between 293 [K] and 308 [K], with a

counter-flow heat exchanger, the amount of net work, Enet, needed for heat exchange

is 0.175 [J cycle−1] which is 1.22 % of the amount of heat circulated (equivalent to heat

pump of 81.9). The minimum temperature difference needed for heat exchange, ∆Tmin,

is 0.7 [K]. The minimum exergy destruction when the temperature difference was fixed
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to 0.7 [K] is 0.128 [J cycle−1] which is 0.89 % of the amount of heat circulated (equivalent

to heat pump with COP of 112.3). It can be seen that the net work input, Enet, needed

for heat circulation in the AMR heat circulator shows a value reasonably close to these

values. These values will be the limits in which the amount of net work input, Enet, can

be reduced to by further optimization of parameters and changing the ways in which the

heat of the process stream is recuperated. The results are summarized in Table 4.2.

Table 4.2: Comparison of minimum (case 1), derived from temperature-entropy diagram

(case 2), and derived from simulation (case 3) net work input, Enet, and the heat circu-

lated, Qcir

case Qprocess Enet Enet/Qprocess

1 0.128 [J cycle−1] 0.89 %

2 14.4 [kJ cycle−1] 0.175 [J cycle−1] 1.22 %

3 0.338 [J cycle−1] 2.35 %

The reason why AMR heat circulator consumes more energy than the case where

heat exchange is counter flow is because some heat circulated by the working material

does not exit the bed. Fig. 4.16 shows a schematic temperature-entropy diagram of an

AMR cycle. The bed is divided into three micro-sections. The heat that the working

material circulated is the sum of the area colored yellow, blue and red. However, the

heat that actually exits the bed is the area surrounded in green. Some of the heat that the

working material circulated are used for raising the temperature of the bed and never

leaves the bed. In order to gain the maximum efficiency, the parameters of the bed has to

be optimized so that small amount of heat as possible is used to raise the temperature of

the bed, i.e. the temperature fluctuation of the bed is minimized.
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Figure 4.16: Schematic temperature-entropy diagram of an AMR cycle
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4.4.3 Effect of parameters

In order to gain the maximum efficiency for the needed temperature difference, the effect

of aspect ratio of the bed, cycle length, particle diameter, flow ratio and time needed for

field variation was investigated. The energy balance of the magnetocaloric bed is made

of three aspects, the magnetic work input, Enet, heat that is discarded through conduction

of the process fluid, Qcond, and heat that is carried out with the mass of the process fluid,

Qmass. When the temperature of the bed has saturated, the value of the three balance,

which can be written as Enet = Qmass + Qcond, in another words,

∫ τ ∫ lB
ṁfcf

∂Tf

∂x
dxdt +

∫ τ ∫ lB
Acsϵkf

∂2Tf

∂x2 dxdt =
∫ τ ∫ lB

has(Ts − Tf)dxdt (4.12)

If Enet > Qmass + Qcond, more energy is being supplied compared to the heat discarded,

thus will be stored as internal energy and the temperature of the bed will rise. When

Enet < Qmass + Qcond, more energy is being discarded compared to the energy being

supplied, thus the temperature of the bed will decrease.

Since the temperature in which the AMR heat circulate changes, it is difficult to com-

pare efficiency. Here we have decided to use the ratio of net work input, Enet, and mini-

mum exergy destruction, Amin. The ratio can be written as,

Enet

Amin
=

Enet

Qactual

Qactual

Qcir

Qcir

Amin
(4.13)

=
Qactual

Qcir

Enet

Qactual

Qcir

Amin
(4.14)

when using Gd as the working material, the magnetic field is varied between 0 and 1

[T], and the temperature in which the heat is circulated is limited to few 10 Kelvins near

the Curie temperature, Enet
Qactual

Qcir
Amin

is around 1.7. This value is the closest you can get to

Amin as long as you are under those conditions. Thus, it can be assumed that the ratio

between Enet and Amin will approach asymptotically to 1.7 through optimization of the

parameters.

Fig. 4.17 shows the relation between energy efficiency and set temperature and aspect

ratio of the AMR bed. The aspect ratio was varied so that the volume (i.e. the amount
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of Gd) does not change. It can be seen that with higher aspect ratio, due to the effect of

heat conduction, the saturating temperature, Tset, will increase. The effect will saturate as

the aspect ratio increases. The ratio between net work input, Enet, and minimum exergy

destruction, Amin, increases slightly. It can be assumed that this is the result of amount

of circulated heat increasing. In the simulation, heat loss has been neglected, so in actual

case, higher aspect ratio will result in higher heat loss and thus lower efficiency and

lower saturating temperature, Tset, depending on how much effort is made to insulate

the system. Also, large area of magnetic field will be needed to uniformly magnetize a

bed with high aspect ratio. Despite those factors, it can be said that higher aspect ratio is

desired, for higher saturating temperature, Tset, can be obtained and the effect to energy

efficiency is slight.

25#

Figure 4.17: Saturating temperature and energy consumption versus aspect ratio of the

AMR bed
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Fig. 4.18 shows the effect of fluid flow rate to Enet/Amin and Tset − T0. It can be seen

that Tset − T0 has an optimal point where maximum value can be obtained. The heat

that is carried out from the bed is either result of conduction or carried out by the fluid

flow. With low flow rate, the effect of conduction is large and with high flow rate, the

effect of heat carried out by the fluid becomes large. When the fluid flow rate is low,

Enet/Amin is low because, a large portion of the circulated heat does not exit the bed.

As the flow rate increases, much heat is carried out of the bed so the Enet/Amin value

decreases. Although the effect of pressure loss is very small, Enet/Amin increases slightly

at high flow rates. Thus it can be said that there is an optimal fluid flow rate where the

maximum Tset − T0 and the minimum Enet/Amin can be gained.

26#

effect of
conduction�

Figure 4.18: Saturating temperature and energy consumption versus fluid flow rate

Fig. 4.19 shows the effect of cycle length or frequency and particle size to Tset − T0
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and Enet/Amin. It can be seen from the shape of the figure that the effect of cycle length

is similar to the effect of fluid flow rate. An optimal point for Tset − T0 where the effect of

conduction and heat carried out by the process fluid is minimum exists. For Enet/Amin,

the value decreases as the cycle length increases and increases slightly after 8 [s] due

to pressure loss. With smaller particle size, a higher heat transfer coefficient can be ob-

tained. Due to higher heat transfer coefficient, smaller particle size results in generally

higher Tset − T0 value and higher Enet/Amin value.The Biot number for the three particle

sizes are all well below 1 (around 0.3-0.4), thus, the effect of heat conduction in the parti-

cles are neglected. The optimal cycle length where the maximum Tset − T0 can be gained

decreases with higher heat transfer coefficient. It can be said that although higher satura-

tion temperature can be obtained with higher heat transfer coefficient, the efficiency will

become low.
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Figure 4.19: Saturating temperature and energy consumption versus cycle length with

different particle diameter
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Fig. 4.20 shows the effect of field variation time to Tset − T0 and Enet/Amin. Faster

magnetization and demagnetization time will result in larger heat transfer temperature

during heat exchange, ∆THEX, thus larger Tset − T0 can be gained. As for Enet/Amin,

slightly higher value can be obtained with faster field variation time, because the cycle

draws close to adiabatic magnetization. Faster field variation tie is advantageous for both

energy efficiency and saturation temperature perspective.

28#

Figure 4.20: Saturating temperature and energy consumption versus time needed for

magnetization and demagnetization

In actually installing AMR heat circulator to an application, the required set temper-

ature, Tset will be set. Also, it is likely that the amount of usable magnetocaloric material,

magnetic field and required amount of heat circulated is set. Thus, it will be needed to

optimize the parameters so as to satisfy these requirements with the highest efficiency. It

was seen that the larger aspect ratio, lb/db, and smaller particle diameter is desirable to
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obtain larger saturation temperature. There is an optimal point where the effect heat con-

vection and heat carried out by the fluid is minimized for fluid flow rate and cycle time.

The effect of these parameters are not so large from the energy efficiency point of view

and the ratio between the net energy consumption and the minimum exergy destruction,

Enet/Amin, converge to a value around 2.0.
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4.5 Conclusion

In this chapter, an AMR heat circulator for realizing self-heat recuperation using MCE to

save energy in thermal processes was proposed. Taking the magnetocaloric heat circula-

tor proposed in Chapter 2, one step further, a method to actually circulate process stream

heat has been proposed. In the AMR heat circulator, instead of employing compression,

the process stream heat is recuperated by the MCE of magnetocaloric materials. Rather

than using the active magnetic regenerator for heat pumping, it was applied for heat cir-

culation. The process fluid heat is recirculated by magnetocaloric working material that

undergoes an AMR heat circulation cycle of magnetization and demagnetization. No

additional heat is added to increase the process stream temperature from environmental

temperature, T0, to its set temperature Tset, but demagnetization work was provided.

A mathematical one dimensional model was constructed in order to evaluate the

heat circulating and energy saving potential of the AMR heat circulator. It was seen

that the AMR heat circulator was capable of circulating the heat within the system at

very low work input. The required work needed for heat circulation was reasonably

close to the minimum exergy destruction during heat exchange, Aloss, derived from the

temperature-entropy diagram. The difference was due to the temperature change of the

magnetocaloric working material during the hot and cold blow step. The temperature-

entropy diagram indicated that the AMR heat circulator has the potential to drastically

reduce the total energy consumption in a thermal process. Furthermore, the effect of

parameters such as the aspect ratio, fluid flow rate, particle diameter, cycle frequency

and field variation time has been investigated and the overall trend has been elucidated.

There is an optimal fluid flow rate and cycle time which maximized the effect of con-

duction and minimizes the effect of heat carried out by the fluid, to obtain the largest

saturation temperature. Smaller particle size and larger aspect ratio is advantageous in

order to gain large saturation temperature. The effect of these parameters where small

for energy efficiency.
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Chapter 5

Experimental study of AMR heat

circulator

5.1 Introduction

In Chapter 4, active magnetic regenerative (AMR) heat circulator which enables self-heat

recuperative processing using magnetocaloric effect has been proposed and a simple one-

dimensional mathematical model is constructed. The basic behavior and its energy sav-

ing potential has theoretically been confirmed. However AMR heat circulator includes a

complex heat transfer between the process stream and the working material. Thus, the

model is in need of verification.

This chapter examines the measurement of the temperature evolution of the mag-

netocaloric bed and the work needed to circulate the heat using gadolinium and water

as magnetocaloric working material and process fluid, respectively using a newly con-

structed AMR heat circulator. The experimental result has been compared with the math-

ematical simulation using the model constructed in Chapter 4.
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5.2 Experimental method

The basic concept of AMR heat circulator has been explained in section 4.2. Similarly

to the mathematical model, in the experiment, a single packed bed of magnetocaloric

material is considered. An experimental setup of the AMR heat circulator has been newly

constructed to examine its heat circulation potential and its energy saving consumption.

The schematic of experimental setup configuration is shown in Fig. 5.1.

In this research, Gd was used as the magnetocaloric working material for its well

studied magneto-thermal properties [48]. Water as the process fluid. The temperatures

of the two ends and middle of the magnetocaloric bed were measured by using T type

thermocouples. The temperature were measured for a certain period of time so that the

change of the temperature gradient in the bed of magnetocaloric material can be moni-

tored. A pressure sensor was placed just outside the two ends of the magnetocaloric bed

so that the time evolution of process fluid velocity and the effect of pressure loss to the

total energy consumption can be calculated. Permanent magnet is placed to creates the

magnetic field. In order to control the magnetization and demagnetization of the bed, an

actuator pushes and pulls the bed in and out of the permanent magnet. Synchronized

with the control of magnetization and demagnetization by the actuator, a tubing pump

was used to control the flow rate and the flow direction of the process fluid. The process

fluid exchanged heat with the cooling water before entering the cold end of the bed to

ensure that the initial temperature, T0, was kept constant. Thermocouples were used to

measure the temperature of the cooling water. A piezoelectric sensor was inserted be-

tween the actuator and the bed of magnetocaloric material so that the magnetizing and

demagnetizing work can be calculated from the output force and the distance that the

bed was moved.

The permanent magnet was manufactured by TOWA Industrial Co, Ltd., and is capa-

ble of providing a maximum magnetic field of 1.07 [T] and over 0.7 [T] within 30 [mm]

radius from the point at which the field was at a maximum. The distribution of the
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Figure 5.1: Schematic of the experimental arrangement for the active magnetic regenera-

tive heat circulator

strength of the magnetic field at the middle of the space between the magnet is shown in

Fig. 5.2. The experimental apparatus is depicted in Fig 5.3.

The sampling frequency of the thermocouple, pressure sensor and force sensor was

set to 100 Hz. For the thermocouples, in order to ensure time and temperature resolution,

a circuit using an instrumentation amplifier (LT1167) was set. The controlling of the

system and the logging of the measured values were done by using LabVIEW 2013 by

National Instruments.

Crushed Gd, passed through an 850 [mm] sieve, was packed inside an acrylic tube

with an inner diameter of 8.0 [mm]. The bed length, lb, was 50 [mm] and the void ratio,

ϵ, was 0.65. The fluid flow rate, ṁf, was varied between 0.4 and 6.9 [g s−1]. The frequency

of the AMR cycle, f , was set to 0.25 [Hz]. The process fluid goes through an aluminum

tube (diameter: 1.0 [mm]) with cooling water set to 290.15 [K]. Fig. 5.4 shows a schematic

diagram of the magnetocaloric material bed used for experimental investigation of AMR

heat circulator. A photo of the magnetocaloric bed is shown in Fig. 5.5.

Photos of the experimental apparatus are shown in Fig 5.6. The photo on the top is

the permanent magnet as the field source and the magnetocaloric bed controlled by the
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Figure 5.2: Distribution of magnetic field strength by TOWA Industrial Co, Ltd.
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Figure 5.3: Configuration of the experimental arrangement for the active magnetic regen-

erative heat circulator
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Figure 5.5: Photo of AMR heat circulator magnetocaloric material bed
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actuator. The bed is pushed into the permanent magnet for magnetization. The photo

on the bottom is the experimental apparatus drawn back. The tubing pump controls the

direction and the flow rate of the process fluid, the flexible tube leads to the cooler above

the photo.

Table 5.1 shows the parameters for the AMR heat circulator experiments summarized.

Table 5.1: Parameters for the active magnetic regenerative heat circulator experiments

parameters units value

environmental temperature T0 [K] 296.15

AMR cycle frequency f [Hz] 0.25

bed length lb [mm] 50.0

bed diameter db [mm] 8.0

void ratio ϵ [-] 0.65

set mass flow rate ṁf [g s−1] 0.04 − 0.69

Gd particles diameter dp [mm] < 0.85

maximum magnetic field µH2 [T] 1.07
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Figure 5.6: Photo of AMR heat circulator experimental apparatus. Magnet and magne-

tocaloric bed (top) and actuator and tubing pump (bottom)
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5.3 Experimental results

5.3.1 Time evolution of bed temperature

Fig. 5.7 (top) shows the temperature evolution of the magnetocaloric packed bed when

magnetic field was varied from 0 to 1.07 T, while the bed was filled with water as process

fluid. The sharp peaks are due to electromagnetic induction when the thermocouples

were inserted to the magnetic field and are of no relevance, thus it was removed from the

results as shown in Fig. 5.7 (bottom). Due to the MCE of Gd, it can be seen the tempera-

ture of the bed had been changed. A temperature difference of about 0.6 K was seen for

magnetization and demagnetization. Considering the void ratio, ϵ, as 0.65 and the heat

capacity of water (cf = 4.18 × 106 [J m−3 K−1]) and Gd (cs ≈ 1.19 × 106 [J m−3 K−1]) the

adiabatic temperature difference, δTad, of magnetocaloric material can be calculated to be

about 3.3 [K], which is correct value that the MCE of Gd should be showing.

Fig. 5.8 shows the time profile of the bed temperature when the fluid flow, ṁf, was set

to 0.16 [g s−1]. Initially, the bed temperature was uniformly at 292 [K]. The temperature

difference between the two ends of the bed gradually increases as it undergoes the AMR

cycles. After 120 cycles, the temperature difference between the hot and the cold end,

∆T, was around 6.5 [K]. This point is where the heat provided by MCE balanced with the

heat discarded from the process fluid. Which will be the startup sequence, because in a

self-heat recuperative process, the heat that will be circulated will need to be provided

initially. From 120 cycles onwards, the temperature difference between the hot and the

cold end of the magnetocaloric packed bed has saturated and will not change, meaning

the heat of the process fluid is circulated in between 290.5 [K] and 297.0 [K]. The reason

that the temperature difference between the two ends of the magnetocaloric packed bed

saturates is because the largest entropy change for the magnetocaloric material can be

gained in the vicinity of the Curie temperature; θC = 293.0 [K] in the case of Gd. As the

temperature moves further from the Curie temperature, θC, the entropy change gained

by the MCE will decrease so that smaller adiabatic temperature difference, ∆Tad, i.e. less
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Figure 5.7: Temperature of the magnetocaloric packed bed subjected to a varying field

from 0 to 1.07 T, raw data (top) and effect of electromagnetic induction removed (bottom)
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heat is gained from the magnetocaloric material after its magnetization. With the set

condition, it will take 120 cycles (480 [s]) for start up and is capable of circulating the heat

between 6.5 K.
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Figure 5.8: Time profile of the magnetocaloric packed bed temperature in the active mag-

netic regenerative heat circulator

Fig. 5.9 shows the effect of flow rate on the temperature difference between the hot

end and the cold end, ∆T, when it has reached saturation (i.e. where the heat started

to circulate). It can be seen that above about 0.16 [ml s−1], the larger the flow rate the

smaller the temperature difference. This is because a larger quantity of heat is discarded

with the process fluid as the flow rate increases. The heat provided by the MCE balanced

the heat discarded from the process fluid. A decrease in the temperature difference in the

region with a flow rate below 0.16 [g s−1], can be predicted because the effect of thermal

conduction becomes significant compared to the heat being carried with the process fluid.
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Figure 5.9: Temperature difference between the two ends of the magnetocaloric packed

bed at saturation versus the flow rate of the process fluid
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It was seen from the experimental results that it is possible to circulate the process

stream heat near the Curie temperature, θC, of the working magnetocaloric material by

applying MCE to self-heat recuperation technology. Although the temperature range in

which the process stream heat can be circulated is limited by the Curie temperature of the

process material, it is possible to widen the temperature range by using a so called layered

bed technique, where magnetocaloric materials with different Curie temperatures are

lined in the bed [104].

5.3.2 Energy consumption

The net work, Enet, input for the AMR heat circulator can be obtained from the force

prevailing, f , during the magnetocaloric packed bed as it is inserted and removed from

the magnet and the distance, x, travelled by the bed.

Wmag,demag =
∫

f dx (5.1)

Fig. 5.11 shows the output from the piezoelectric sensor for a flow rate of 0.16 [ml s−1].

The force after temperature saturation (120 cycles) has been measured and subtracted

from the force measured without the magnet, to cancel the effects of friction and acceler-

ation. The smaller peaks reflect the magnetic force owing to magnetization and the larger

peaks as a result of demagnetization.

The area of the peaks when the time axis has been converted to distance represent the

work needed for magnetization and demagnetization. The total distance that the actuator

moved in one run was 67.6 [mm], maximum speed of 300.0 [mm s−1], and the acceleration

and the deceleration was both set to 2.0 [mm s−2]. An average of 5 cycles (120-125 cycles)

has been taken to obtain the magnetization work, wmag, of 0.32 [J cycle−1] (minimum

0.27 [J cycle−1], maximum 0.37 [J cycle−1]) and demagnetization work, wdemag, of 0.48 [J

cycle−1] (minimum 0.38 [J cycle−1], maximum 0.52 [J cycle−1]). The difference between

the two work values is the net work input, Enet, 0.16 [J cycle−1], provided that the work

during magnetization is recovered. Assuming that the process fluid temperature moves
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Figure 5.10: Measured force of the magnetocaloric packed bed with and without the

magnet (top) and the arithmetic difference between the two forces (bottom)
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between 289.5 and 297.0 [K] at 0.16 [g s−1], the circulated heat during one cycle can be

calculated as, 8.70 [J cycle−1]. This indicates that the system has the potential of reducing

the energy consumption to mere 1.8% in contrast to the case where heat is provided

external to the system.

When the minimum temperature difference during heat exchange, ∆Tmin, is decided,

the minimum work input needed for heat circulation can be calculated as shown in sub-

section 2.2.4. The exergy destruction during heat exchange when the heat exchange be-

tween the hot and cold fluid was ∆Tmin, throughout the heat exchange is the minimum

work input needed, thus, when the heat capacity of the hot and cold fluid matches. The

minimum temperature needed for heat exchange, ∆Tmin, was derived from the temperature-

entropy diagram when the magnetocaloric material; Gd was subjected to a magnetic field

of, H1 (= 0 [T]) and H2 (= 1.07 [T]). In between 289.5 and 297.0 [K], the smallest adiabatic

temperature change ,∆Tad, is obtained at 297.0 [K]. From the mean field approximation

introduced in subsection 3.4.1, the adiabatic temperature change can be calculated as,

∆Tad (297.0[K], 0[T], 1.07[T]) = 3.2[K] (5.2)

The smallest temperature difference during heat exchange should be approximately the

half of the adiabatic temperature change, ∆Tad where it is minimum. Thus, the minimum

temperature difference during heat exchange, ∆Tmin, is assumed as 1.6 [K]. The minimum

work input derived from the exergy difference during heat exchange is 18.2 [J kg-Gd−1]

when 1.66 [kJ kg-Gd−1] of process stream heat is circulated. Which means that theoret-

ically all of the process stream heat can be circulated with mere 1.1 % of the total heat

circulated.

The difference between the theoretical minimum exergy destruction when the min-

imum temperature difference during heat exchange when, ∆Tmin, is set and the experi-

mentally obtained value can be assumed to be caused by (1) heat loss, (2) dependency of

heat capacity to the magnetic field near the Curie temperature, θC, of the magnetocaloric

material, (3) pressure loss, (4) distribution of magnetic field and (5) loss due to overlap-
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ping of the cycles AMR cycles when the bed was divided into micro-sections.

From Fig. 5.2 it can be seen that the effect of distribution of magnetic field is not

so large since the strength of magnetic field is quite uniform near the region where the

strength of magnetic field is maximum.

Fig. 5.11 shows the magnetocaloric heat circulator cycle drawn on a temperature-

entropy diagram when heat was circulated in between 290.5 and 297.0 [K]. The strength

of the magnetic field, H1 and H2, are 0 [T] and 1.07 [T] respectively so that it matches

the experimental conditions. In this case, the input work needed for heat circulation is

20.9 [J kg-Gd−1] when process stream heat of 1.66 [kJ kg-Gd−1] is circulated which means

that the process stream heat can be circulated with 1.3 % of the total heat circulated if the

process stream heat was circulated using MCE of Gd at 0 [T] and 1.07 [T]. The comparison

of net work input needed for heat circulation are summarized in Table 5.2. It can be seen

that experimental value are showing a reasonably close value to the theoretical minimum

work input and that the dependency of Gd’s heat capacity to the strength of applied

magnetic field accounts for about 30 % of the extra work needed for heat circulation.

Table 5.2: Comparison of minimum (case 1), numerically derived (case 2), and experi-

mentally derived (case 3) net work input,wnet, and the heat circulated, Qcir

case Qcir Enet Enet/Qcir

1 1.66 [kJ kg-Gd−1] 18.2 [J kg-Gd−1] 1.1 %

2 1.66 [kJ kg-Gd−1] 20.9 [J kg-Gd−1] 1.3 %

3 8.70 [J cycle−1] 0.16 [J cycle−1] 1.8 %

Fig. 5.12 shows the comparison between the theoretical minimum exergy destruction,

Amin, energy consumption derived from temperature-entropy diagram of Gd and energy

consumption derived experimentally. The amount of heat circulated, Qcir, is set to 8.70
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Figure 5.11: Magnetocaloric heat circulator cycle drawn on a temperature-entropy dia-

gram when heat was circulated in between 290.5 and 297.0 [K]

[J cycle−1]. Error bar representing the uncertainty of force measurement has been set on

the experimental bar graph.

When there is pressure loss, all of the pump work is transformed into heat at process

stream temperature, meaning that if the temperature of the process stream is low, large

amount of exergy will be destructed. Fig. 5.13 shows the evolution of the pressure dif-

ference, ∆p, at the two ends of the magnetocaloric bed in the case when the maximum

flow rate, ṁf, was set to 0.16 [g s−1]. The maximum pressure loss is around -10.0 [kPa].

If we assume that the evolution of the mass flow rate changes as shown in Fig. 5.13, the

pressure loss after one cycle can be calculated as, 2.5 [mJ cycle−1]. Which only accounts

for mere 1.6 % of the total work input for the experimental value (case 3). Thus, it can

be said that although pressure loss also leads to irreversibility during heat transfer, the

effect is usually very small.

The AMR heat circulator applies a quasi-counter flow heat exchange between the
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process stream and the magnetocaloric working material. In the case of calculation of

net work input for magnetocaloric heat circulator, the heat exchange between the magne-

tocaloric working material and the process stream is assumed to be performed in counter

flow. During the hot and cold blow step, as the magnetocaloric working material ex-

change heat with the flowing process stream, the overall temperature will be changed,

and the temperature difference between the process stream and the magnetocaloric work-

ing material will decrease. If the AMR bed was divided into small sections, each section

will draw a heat pump cycle as shown in Fig. 5.14. The net work input for the AMR

heat circulator is the sum of the areas surrounded by the heat pump cycle drawn for each

divided sections. This means that the net work input for the AMR heat circulator will

become larger than the net work input for the case where a counter-flow heat exchange

is applied. By increasing the frequency of the AMR cycle, f , it will become possible to re-

alize the net work input being reduced to a value closer to the theoretical net work input.

Detailed discussion of the effect of quasi-counter flow heat exchange has been made in

section 4.4.2.

Through experimental investigation the heat circulating potential of the AMR heat

circulator has been confirmed. Although the temperature difference in which the heat

was circulated was merely 6.5 [K] in the experimental investigation, with different mag-

netocaloric materials, it will become possible to enlarge the temperature difference. Also

the amount of input work needed to circulate the heat was very small due to small tem-

perature difference, ∆THEX, during heat exchange and application of self-heat recupera-

tion technology.
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5.4 Mathematical model verification

5.4.1 Implement of parameter

In Chapter 4, a mathematical model of an AMR heat circulator has been constructed.

Fig. 5.15 shows the time profile of the magnetocaloric packed bed temperature when

the parameters for the experiment was implemented to the one dimensional mathemat-

ical model. It can be seen that compared to the experimental value, in the mathemati-

cal model, much larger temperature gradient is created. The difference can assumed to

be caused by heat loss, the molecular field model of MCE, and non-uniformity of the

Gadolinium particles resulting in lower heat transfer coefficient, h.

0 200 400 600 800 1000
time [s]

290

295

300

305

te
m

pe
ra

tu
re

 [K
]

hot end
cold end
middle end

Figure 5.15: Time profile of the magnetocaloric packed bed temperature when the param-

eters for experiment were implemented to the mathematical model

Fig. 5.16 shows the temperature-entropy diagram of the AMR bed divided into micro-

sections calculated by the mathematical model after saturation. The temperature-entropy
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diagram does not follow the isobaric line of 0 [T] and 1.07 [T] because the magnetic field

created by the permanent magnet was not uniform (Fig. 5.2). Thus, less heat is provided

through the MCE at the two ends where the magnetic field is weak.
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Figure 5.16: Temperature-entropy diagram of the magnetocaloric packed bed divided

into micro-sections when the parameters for the experiment were implemented

5.4.2 Model enhancement

In the simulation, the temperature range in which the process stream heat was circulated

was much larger than the temperature range obtained in the experiment. Since in the

constructed model, the bed was assumed adiabatic towards the environment, heat con-

duction through the acrylic wall, heat convection between the wall and the process fluid

and heat convection between the wall and the environment was considered [99]. The
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governing equation derived from the energy conservation of the wall is,

ρwcw
∂Tw

∂t
= kw

∂2Tw

∂x2 + hiawi(Tf − Tw) + hambawo(Tamb − Tw) (5.3)

Tw, Tamb, ρw, cw, kw, hi, hamb, awi and awo denotes the temperature of the wall, temper-

ature of the ambient (= T0), density of the wall (= 1180 [kg m−3]), specific heat capacity

of the wall (= 1.47 × 103 [J kg−1 K−1]), heat conduction rate of the wall (= 0.19 [W m−1

K−1]) heat convection rate between the wall and the process fluid, heat convection rate

between the wall and the ambient, specific heat transfer area between the wall and the

process fluid and specific heat transfer area between the wall and the ambient.

The heat convection rate between the wall and the process fluid, hi was assumed the

same as the heat transfer rate between the process fluid and the magnetocaloric working

material, h by Whitaker [103]. The heat convection between the wall and the ambient

was derived from the following equation,

hambdbo

ka
= 1.03 × CTRa0.25 (5.4)

dbo and ka are the outer diameter of the AMR bed (= 10 [mm]) and heat conduction rate

of air (= 2.57 × 10−2 [W m−1 K−1]). CT is

CT =

(
0.75Pra

2.4 + 4.9Pr0.5
a + 5Pra

)0.25

(5.5)

Pra is the Prandtl number of air. The Rayleigh number, Ra, is

Ra = gβ
(Tw − Tamb)d3

boPr2
a

ν2
a

(5.6)

g, β are the gravitational acceleration (= 9.80665 [m s−2]) and coefficient of thermal ex-

pansion of an ideal gas.

A term for the heat transfer between the wall and the process fluid has been added to

the energy balance governing equation of the process fluid

ρfcf Acsϵ
∂Tf

∂t
+ ṁfcf

∂Tf

∂x
= Acsϵkf

∂2Tf

∂x2 − has(Tf − Ts) + hiawi(Tw − Tamb) (5.7)
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Figure 5.17: Temperature profile of the AMR heat circulator calculated using the en-

hanced mathematical model

The temperature profile of the AMR heat circulator calculated enhanced mathemati-

cal model is shown in Fig. 5.17. It can be seen that after saturation, the heat is circulated in

between 290.5 and 295.7 [K], which is in better agreement with the experimental results.

Other factors that has influence on the difference between the experimentally ob-

tained results and the mathematical model are, the amount of heat calculated by MCE

and non-uniformity of the Gd particles resulting in lower heat transfer coefficient.
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5.5 Conclusion

In this chapter, an AMR heat circulator was newly constructed for experimental investi-

gations. The objective of the experimental investigation was to evaluate the heat circu-

lation and AMR heat circulator and energy saving potentials. In the newly constructed

AMR heat circulator, MCE is applied to recuperate the heat exergy of the process fluid so

that it can be reused to heat the feed process fluid and realize self-heat recuperation.

In the newly constructed AMR heat circulator, Gd particles under 850 [¯ m] were used

as the working magnetocaloric material. Water was used as the process fluid. The AMR

bed underwent the AMR cycle in between 0 [T] and 1.07 [T] and was able to circulate

heat of 8.70 [J cycle−1] in between 289.5 and 297.0 [K] with mere 0.16 [J cycle−1], which is

only 1.8 % of the amount of heat circulated.

The work obtained experimentally was compared with the theoretical minimum ex-

ergy due to heat exchange. The obtained result was reasonably in good agreement, indi-

cating that the high energy saving potential of AMR heat circulator.

Additionally, the obtained results were compared with the mathematical model con-

structed in Chapter 4. The mathematical model was enhanced so that heat loss was con-

sidered in the model. The saturation temperature of the AMR bed temperature was in

better agreement with the experimental value. However, although the saturation tem-

perature was in a better agreement, the temperature fluctuation and the time needed for

saturation still does not match the experimental results and thus, the model is still in need

of intensification.

In this chapter, the energy saving potential of the AMR heat circulator based on the

concept of magnetocaloric heat circulation has been verified.
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Chapter 6

Conclusions and future works

6.1 Conclusion

The first paper published on self-heat recuperation technology was in 2009. Since then, it

has proven to have great potentials in energy reduction for vast amount of processes. In a

self-heat recuperative process, the feed process stream is adiabatically compressed to gain

enough temperature difference needed for heat exchange. Then, all of the process stream

heat is circulated within the process with no make-up heat added. If the application

of self-heat recuperation technology can be extended, it will have a large impact in the

amount of fuel consumption and CO2 emission.

In the conventional self-heat recuperative processes, compressors were used to recu-

perate the heat exergy of the process stream. However, compressors can only be applied

to gaseous process streams and the adiabatic efficiency can become quite low when im-

plemented to small size applications. In this research, a self-heat recuperative process

which utilizes magnetocaloric effect instead of compression has been proposed. First, in

order to properly evaluate thermal processes and a reference factor which accounts for

the minimum exergy destruction, Amin, for heat exchange has been set. Then, the mag-

netocaloric heat circulator has theoretically been evaluated. Active magnetic regenera-

tive heat circulator has been presented to actualize self-heat recuperation using magne-
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tocaloric effect. The AMR heat circulator has been analyzed by a one-dimensional model

and experimentally to verify its heat circulating and energy saving potentials.

In Chapter 2, thermal processes were analyzed in terms of irreversibility and exergy.

The exergy destructions due to heat transfer and combustion were graphically presented

in the temperature-entropy diagram. Also, a method to obtain the minimum exergy de-

struction for a thermal process when the minimum temperature difference during heat

exchange, ∆Tmin, has been presented. It was seen that exergy destruction for thermal

process is minimum when the temperature difference during heat exchange, ∆THEX, is at

∆Tmin throughout the heat exchange. The value can be used as a reference factor when

evaluating different thermal processes. The exergy destruction of a simple thermal pro-

cess, thermal process with feed-effluent heat exchanger, and self-heat recuperative ther-

mal process were compared with the minimum exergy destruction during heat exchange.

The results showed that the self-heat recuperative process has the least exergy destruc-

tion because, 1) exergy is not destroyed in the process of creating heat for provision, and

2) since the heat source and the heat sink is the process stream itself, the amount of heat

and the heat capacity matches, leading to small exergy destruction during heat exchange.

In Chapter 3, amongst the several methods to recuperate the heat exergy of the pro-

cess stream, magnetocaloric effect was chosen and applied to self-heat recuperation. The

presented magnetocaloric heat circulator can be applied to process stream that is liquid.

The theoretical limit of energy reduction by applying a magnetocaloric heat circulator

has been evaluated in terms of temperature-entropy diagram. From the evaluation, it

was seen that the magnetocaloric heat circulator has potential of drastic energy reduction

by circulating the process stream heat in the vicinity of the Curie temperature, θC, of the

magnetocaloric working material. The energy consumption of heat circulator using mag-

netocaloric effect and compressors were compared. It was seen that the effect of adiabatic

efficiency is large when the temperature range in which the heat is circulated is small. In-

dicating the potential of magnetocaloric heat circulators for small size applications.

In Chapter 4, an active magnetic regenerative heat circulator to realize self-heat recu-
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peration using magnetocaloric effect has been proposed. The AMR heat circulator adopts

a quasi-counterflow heat exchange between the process stream and the magnetocaloric

working material. In an AMR heat circulator, the heat exchange between the process

stream and the magnetocaloric working material can be made small due to heat exchange

in packed bed form. A one dimensional mathematical model of an AMR heat circulator

has been constructed. From the simulation using the mathematical model, it was seen

that the AMR heat circulator has great potential to reduce energy consumption in ther-

mal processes in the vicinity of Curie temperatures, θC, of the magnetocaloric working

material. Furthermore it was found that in order to obtain high saturation temperature,

there is an optimal point for fluid flow rate and cycle time where the effect of convection

is maximized and the effect of heat carried out by the process fluid is minimized. Smaller

particle size and larger aspect ratio, lb/db, is advantageous if one is in need of large satu-

ration temperature. The effect of these parameters to the energy efficiency; here defined

as the ratio of net energy input and minimum exergy destruction, Enet/Amin.

In Chapter 5, an AMR heat circulator has newly been constructed to verify its po-

tentials seen from the simulation performed in Chapter 4. Gadolinium was used as the

magnetocaloric working material and water as process fluid. The time evolution of the

temperature gradient inside the magnetocaloric bed was measured along with the mag-

netic work needed for heat circulation. The ability to circulate the heat of a liquid process

stream in the vicinity of the Curie temperature of the magnetocaloric working material

with small work input has been verified. The obtained results were compared with the

value obtained by the simulation. The model was intensified with by including the heat

capacity of the wall surrounding the bed. Although the saturation temperature was in

better agreement with the experimental value, the saturation time and the temperature

fluctuation during the AMR cycle does not match as well as the saturation temperature.

The two reference factor set for evaluating self-heat recuperative processes, Enet/Qprocess

and Amin/Qprocess can be used to understand the energy saving potential of self-heat re-

cuperative process and also understand how far the process is from the theoretical mini-
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mum. The proposed heat circulator that uses magnetocaloric effect showed great poten-

tial of energy saving compared to conventional energy saving technologies based on heat

recovery, but requires more energy than the heat circulator which utilizes compression.

The difference is caused by the dependency of heat capacity to magnetic field and the fact

that active magnetic regeneration implies a quasi-counterflow heat exchange thus a part

of input energy is used to raise the temperature of the AMR bed. The simulation model

built was able to capture the trend of the temperature profile during the AMR cycle and

the effect of parameters, but is still in need of intensification to predict the saturation

temperature.
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6.2 Future works

6.2.1 Minimum exergy destruction

In Chapter 2 a method to obtain the minimum exergy destruction, Amin, in thermal pro-

cesses when the minimum temperature difference during heat exchange, ∆Tmin, is de-

cided. In the method, exergy destruction due to combustion and exergy destruction due

to heat exchange has been taken into account. Here, in a heat exchanger, it is assumed

that the exergy destruction due to heat transfer is much larger than the exergy destruc-

tion due to pressure loss. However, since the exergy destruction due to heat exchange is

proportional to the minimum temperature difference during heat exchange, if the heat ex-

changer is enhanced to decrease the minimum temperature during heat exchange, there

will be trade off between the exergy destruction due to heat exchange and exergy destruc-

tion due to pressure loss (i.e. the heat transfer coefficient, h, can be increased drastically

by applying a fluidized bed, but the pressure loss will increase severely as well). Thus,

it can be said that there will be some optimal point where the sum of exergy destruction

due to heat transfer and exergy destruction due to pressure loss will be minimized. We

will be needing to develop methodology to obtain the minimum exergy destruction for

thermal processes including pressure loss.

6.2.2 Enhancement of magnetocaloric heat circulator

In Chapter 3, a method to obtain the theoretical energy consumption for a magnetocaloric

heat circulator using a temperature-entropy diagram is presented. Chapter 4 and 5 de-

scribes the Active Magnetic Regenerative heat circulator which can actualize the con-

cept of magnetocaloric heat circulation. It was described that the applying of a quasi-

counterflow heat exchange between the process fluid and the magnetocaloric working

material, results in extra energy consumption. The AMR heat circulator consists of num-

bers of parameters including geometries of the regenerative bed, characteristics and the

flow rate of the process material, characteristics of the magnetocaloric working material,
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cycle frequency. . . etc. A method in which to optimize these parameters to obtain the max-

imum temperature difference for heat circulation, or the maximum efficiency is needed.

The characteristics of the magnetocaloric working material also relies on the material

which is used. Since in order to obtain the maximum entropy change due to field vari-

ation, the magnetocaloric working material is used in the vicinity of the turning point,

making their physical parameters difficult to characterize. It is needed to enhance the

mathematical model of the AMR heat circulator so that it can be implemented to various

magnetocaloric working material and configure an optimization method. Furthermore, it

is possible to have different magnetocaloric materials with different Curie temperatures,

θC, a so called ’layered bed technique’ to enlarge the temperature difference in which the

AMR heat circulator circulates. If this method is to be implemented, additional parame-

ters such as the number of layers, length of each layer must be optimized as well.

For the enhancement of the device itself, a method to obtain the “ideal” adiabatic

temperature change, ∆Tad, during heat exchange is needed. It was described in Chapter 2

the method to obtain the minimum exergy destruction, Amin, for thermal processes is

when the temperature difference during heat exchange is ∆Tmin from start to end. If

the gradient of the magnetic field can be controlled so that the adiabatic temperature

change, ∆Tad, is equal to the minimum temperature difference needed for heat exchange,

∆Tmin, it will become possible to minimize the exergy destruction for magnetocaloric heat

circulators. Another method to obtain the ideal distribution of adiabatic temperature

change, ∆Tad, is by layering different magnetocaloric materials with a distribution of

Curie temperatures, θC. A precise model of a magnetocaloric heat circulator is needed

for optimizing the magnetic field, or the distribution of the magnetocaloric materials.
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Appendix A

Calculation of heat exergy

Often, the exergy rate of heat is expressed by Eq. 2.8. This can be applied if the heat

source which holds the heat can has a heat capacity of infinite. The case can be realized

with latent heat. Fig. A.1 shows the temperature-entropy diagram for heat source with

heat capacity of infinite. Since the integration of temperature by entropy resembles heat,

the area surrounded in purple is the amount of total energy that the heat holds. The

maximum work that can be obtained from this heat can be calculated by the well known,

Carnot efficiency as

wmax = Q
T − T0

T
(A.1)

Thus, the area colored in yellow is the amount of maximum work, or the exergy which

the heat holds.

When we evaluate the exergy of heat at a certain temperature, it is important to con-

sider the carrier of the heat. If the carrier of the heat is sensible heat, the amount of exergy

that the heat holds can be calculated by Eq. 2.11. Fig. A.2 shows the temperature-entropy

diagram of heat source for sensible heat. The area surrounded by the purple line is the

total amount of heat which is held by the sensible heat. It is noted that the area shape is

not rectangular as it was the case for latent heat. The maximum work can be calculated

as

wmax = Q − T0(S − S0) (A.2)
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Figure A.1: Temperature-entropy diagram showing exergy of heat for latent heat
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The yellow area represents the maximum work, Wmax, or the amount of exergy that the

sensible heat holds.

Figure A.2: Temperature-entropy diagram showing exergy of heat for sensible heat

Fig. A.3 shows the comparison of heat exergy rate carried by different carriers. Carnot

resembles the latent heat case, and the rest are for the sensible heat. It can be seen that

there are slight differences between the carriers due to the difference of heat capacity.
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