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In the Japan Atomic Energy Research Institute, a hydrogen production system is being designed to

produce hydrogen by means of steam reforming of natural gas (its main composition is methane(CH4))

using nuclear heat (10MW, 1178K) supplied by the High Temperature Engineering Test Reactor (HTTR).

Prior to coupling of the steam reforming system with the HTTR, an out-of-pile demonstration test was

planned to confirm safety, controllability and performance of the steam reforming system under simulated

operational conditions of the prototype. The out-of-pile test facility simulates key components downstream

to an intermediate heat exchanger of the HTTR hydrogen production system on a scale of 1: 30 and has a

hydrogen production capacity of 110 Nm3/h using an electric heater as a reactor substitute. The test facility

is presently under construction.

Reforming of natural gas with carbon dioxide CO2 (CO, reforming) using the out-of-pile test facility is

also being considered. In recent years, catalytic reforming of natural gas with CO2 to synthesis gas (CO

and H2) has been proposed as one of the most promising technologies for utilization of those two greenhouse

gases. Numerical analysis on heat and mass balance has practical significance in CO2 reforming when the

steam reforming process is adopted in the out-of-pile test. Numerical analysis of CO2 reforming and

reforming of natural gas with CO2 and steam (CO2+H2O reforming) have been carried out using the

mathematical model. Results such as the methane conversion rate, product gas composition, and the

components temperature distribution considering the effects of helium gas temperature, reforming pressure,

molar ratio of process gases and so on have been obtained in the numerical analysis. Heat and mass

balance of the out-of-pile test facility considering chemical reactions are evaluated well. The methane

conversation rates are about 0.36 and 0.35 which correspond to the equilibrium at 1085 and HOOK for CO2

reforming and CO2+H2O reforming at each given standard condition (He temperature is 1153K),

respectively. The results show that tests of the CO, reforming and CO,+H2O reforming can be carried out

in the out-of-pile test facility without reconstruction of the facility.

Keywords: HTGR, HTTR, Nuclear Heat Utilization, Hydrogen Production, Out-of-Pile Test, Reforming of

Natural Gas, Exothermic and Endothermic Reactions, Methane, Carbon Dioxide, Synthesis Gas
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1. Introduction

1.1 Nuclear Power and the Environment

In 1998, some 434 nuclear reactors operating in 31 countries provided over 16% of global electricity

and accounted for the avoidance of about 8% of global carbon emissions. Accumulated operating experience

for nuclear power reactors has reached over 9,000 reactor-years. Improved safety and reliability of nuclear

power plants over the past decade has been evident.

Concern about global warming and climate change has led industrialized countries to agree to lower

their emissions of man-made greenhouse gases in accordance with the targets specified in the Kyoto

Protocol. Other countries have announced similar voluntary commitments. Energy produced from fossil

fuels accounts for about half of man-made greenhouse gases emissions. While there are many hopes for

'clean' energy sources, the fact is that except for nuclear or hydropower, there are not yet any other

economically viable, minimal- greenhouse gases -emission options for large scale power generation.

The global challenge is to develop strategies that foster a sustainable energy future that will be less

dependent on fossil sources. The energy choices for the future need to take account of targets and timetables

for reducing carbon dioxide emissions. Nuclear power will grow as a key part of energy strategies for

sustainable development, together with an increased use of renewable sources, improved fossil fuel

conversion and a greater efficiency throughout the energy system.

Consumption of a huge amount of fossil fuels has further aggravated global warming. In order to

relieve the global warming conditions (that is the need to reduce carbon dioxide (CO2) emissions to the

atmosphere) new energy resources and technologies need to be developed.

Hydrogen (H2) is a clean fuel in the sense that no CO2 is emitted by its use. Methods for hydrogen

production are necessary that are both economic as well as environmentally acceptably- i.e. without

anthropogenic release of CO2 to the atmosphere.

With the current abundance of natural gas (of which the main element is methane (CH4)) there is

continuing interest in the conversion of CH4 to more useful products such as hydrogen and methanol.

1.2 Hydrogen Energy

1.2.1 Hydrogen Energy

Most industrial, residential, and commercial fuel requirements can be met hydrogen using existing

technology. The expectation is that this technology will continue to improve. The hydrogen-electrical

conversion could be accomplished in fuel cells or in gas turbines. Hydrogen has many attractive features as

the principal synthetic fuel. For example: It can be manufactured by natural gas reforming, the

decomposition of water; all of the future primary energy sources are suitable for hydrogen production; When

combined with air the only by-products are water vapor and oxides of nitrogen (the NOX can be controlled

-i
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and suppressed by selection of combustion conditions); The heat of combustion per unit weight is larger than

for any other practical fuel; It can be transported cheaply by pipeline; It is an excellent general purpose fuel,

probably better than any other practical fuel; Spills dissipate rapidly under conditions of good ventilation;

And, it is less toxic than other fuels. Syngas of H2 and carbon monoxide (CO) produced by methane

reforming have many industrial process applications:

(1) Coal gasification C + 2H2 = CH4 (1.1)

(2) Direct usage in steel production Fe2O3 + 3H2 = 2Fe + 3H2O (1.2)

Fe2O3 + 3 CO = 2Fe + 3 CO 2 (1.3)

(3) To produce ammonia N2 + 3H2 = 2NH3 (1.4)

(4) To produce methanol CO + 2H2 = CH3OH (1.5)

(5) Chemical heat pipe CO + 3H2 = CH4 + H2O (1.6)

(6) To product hydrocarbon 6CO + 13H2 = C6H14 + 6H2O (1.7)

1.2.2 Methane Reforming with Steam

The major part of the world's hydrogen production is accomplished by reforming natural gas by using

steam reforming (Eq.(1.8)), followed by a water-gas shift reaction (Eq.(1.9)). Production of hydrogen by

conventional technology such as steam reforming combined with CO2 separation and sequestration, is not a

new concept.

CH4 + H2O (g) = CO + 3H2 - 206 kJ/mol (1.8)

CO + H2O (g) = CO2 + H2 +41.2kJ/mol (1.9)

Reactions (1.8) is endothermic whereas reaction (1.9) is exothermic. In order to supply the large

endothermic reaction heat and to maintain that high temperature around 1200K, additional heat is supplied

through fossil fuel combustion. Since, the conversion of methane is limited by thermodynamic equilibria,

high temperatures and low pressures aid this conversion process. It is noteworthy that only half of the

hydrogen produced originates from the hydrocarbon. The energy used for the endothermic reaction such as

steam reforming can be supplied by nuclear energy or solar energy, non fossil fuel energy etc. The

produced CO and H2 can be transported to another place demanding energy. There, at low temperature, it

is all right to do the methanation (CO + 3H2 —* CH4 + H2O), the purpose of utilization of heat can be

achieved. This is the called EVA-ADAM process operated at the KFA, Germany (1).

1.2.3 Methane Reforming with Carbon Dioxide (2"8)

CH4 and CO2 which often co-exist in nature constitute valuable potential resources both for the storage

of thermal energy and the conventional production of synthesis gas. The reforming of CH4 with CO2 (CO2

reforming) is expressed as the following equation

CH4 + CO2=2CO + 2H2 -248kJ/mol (1.10)

There are also the environmental benefits of reducing global greenhouse gas effects by CO2 reuse as a

renewable resource. There are some applications where CO2 reforming will need to be conducted in the

absence of steam reforming, such as:

- 2 -
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- Efficient production of dimethyl ether, both as an intermediate for the production of synthetic gasoline and

as a raw material for the production of a range of industrially important ethers and esters.

- Thermochemical heat pipe applications for the recovery, storage and transmission of solar and other

renewable energy sources. This concept involves using a high temperature energy sources to supply the

heat for a strongly endothermic reaction (CO2 reforming). The reaction products (CO and H2) can be then

stored or transported to a separate site and subsequently used for the reverse reaction (2CO + 2H2 ~~* CH4 +

CO2), thereby releasing the stored chemical energy. The products of the reverse reaction are then sent back

to the endothermic reactor to complete the closed loop cycle. Therefore, in certain potential application

such as the above, CO2 reforming has unique advantages over steam reforming, and is likely to become an

increasingly important industrial process in the foreseeable future. However, CO2 reforming is highly

endothermic ( A H=260 kJ/mol, at 1073K) and hence a highly energy intensive process. Further, it yields

synthesis gas with a H2/CO ratio of less than 1.0 which is not suitable for Fischer-Tropsch synthesis

processes (which requires H2/CO ratio is between 1.0 and 2.0) and also involves rapid coke deposition,

particularly on a nickel catalyst. It is necessary to avoid feeding reactants at a lower temperature than at the

rated temperature and the limiting temperature. Because catalyst degradation due to carbon deposition

(T=950K), and catalyst degradation due to steam condensation (T=600K), causes flow choke.

Recently, new catalysts are being developed to prevent the production of carbon. A catalyst is

defined as a chemical substance, which increases the rate of a chemical reaction without itself being

consumed in the reaction. Very often, the catalytic process occurs at the surface of a solid particle that is in

contact with the gaseous mixture. This is called heterogeneous catalysis. Catalyst that has commercial

applications should have good comprehensive performances that are high activity, resistance for carbon

deposition, low temperature reducibility, as well as having high strength and stability. However, the

conventional Ni-based steam reforming catalysts are likely to coke severely if they are used for CO2

reforming alone. The catalysts are easily deactivated by carbon deposition, which is a serious problem.

The catalytic activity and the extent of coking changes significantly with the use of different supports. This

may be due to the activation of CH4 or CO2 on supports themselves working bifunctionally with metal

components. Deactivation of supported metal catalyst by carbon formation is a very serious problem. Its

causes are generally threefold (l)fouling of the metal surface, (2)blockage of catalyst pores and voids and

(3) break-up of the catalyst support material. There is thus a need to develop catalysts especially for this

reaction. This currently is of considerable worldwide research interest. Therefore, one of the major

challenges in the commercialization of the CO2 reforming reaction is to develop catalysts, which can

efficiently enhance chemical reactions without any net formation of carbon. Group VIE metals in their

elemental (reduced) forms, especially, Ni, Ru, Rh, Pd, Ir, and Pt are active catalysts for the CO2 reforming

and appear to constitute effective catalytic components. These elements are identified as the best catalytic

potential for the CO2 reforming reaction when put on suitable supports. Catalysts commonly used for CO2

reforming are as follows: Ni-La2O3-Ru, Ni-Ce2O3-Pt, Ni-MgO, Ni-SiO2, NiO-CaO, Rh-Al2O3, Ru-Eu2O3, Ir-

Eu2O3 etc. Activity comparison of catalysts is listed below:

SiO2 support: Ru> Rh> Ni> P t » Pd;
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or Ni> Ru> Rh> Pt> Pd » Co.

MgO support: Ru> Rh> Ni> Pd> Pt.

A12O3 support: Ru> Pd> Rh> Pt> Ir;

or Rh> Pd> P t » Ru;

Ni> C o » F e .

Regarding the Rh catalyst, the activity increases on support as below:

A12O3 > TiO2 > SiO2

Ni-based three-component catalysts such as Ni-La2O3-Ru or Ni-Ce2O3-Pt supported on alumina wash-coated

ceramic fiber in a plate shape were very suitable for the reforming of methane with H2O, CO2, and H2O+CO2.

It should be pointed out that sulphur poisoning also cause catalyst deactivation. Normally, sulphur will be

present in natural gas, which can be purified effectively to a tolerable content proceeding the steam

reforming. Because sulphur adsorbs so strongly on nickel, its presence on a catalyst surface usually causes

substantial loss of activity in the steam reforming. The alumina-supported Rh catalyst is founded to have

the highest activity (with higher methane conversion) compared with Pt or Pd. Thus, Rh appears

intrinsically to be the most suitable catalyst. A prominent enhancement in the methane reforming reaction

with CO2 and H2O has been observed by modifying the Ni-CeO2-Pt catalyst with a small amount (0.2 wt.-%)

of Rh. Some kinds of catalyst, such as Ni and Rh, will be examined according to the scheduled in out-of-

pile test.

1.2.4 Methane Reforming with Carbon Dioxide and Steam

Although there has yet been no large scale commercial applications of CO2 reforming, it has been used

in conjunction with the widely applied steam reforming process, with the aim of producing synthesis gases

with the required H2/(CO+CO2) ratios to meet specific end-use requirements such as methanol production.

The reforming of CH4 with CO2 and H2O (CO2+H2O reforming) consists of the elementary reactions

Eq.(1.8) and (1.10) If the molar ratio of the reactant gas, CH4: CO2: H2O is 3 : 1 : 2, the overall reaction

equation can be expressed as follows

3CH4 + CO2 + 2H2O = 4CO + 8H2 (1.11)

The molar ratio of synthesis gas products of CO to H2 is 4 : 8 (i.e. 1:2), which can be used to produce exactly

1 mole of methanol as an end product through the Eq.(1.5).

1.3 HTTR Hydrogen Production System (9)

Nuclear energy has the advantage of being able to supply energy in large quantities for a long time and

almost free from the emission of greenhouse gases. Therefore, it continues to play an important role in the

Japan Atomic Energy Research Institute (JAERI) as they conduct R&D in advanced fields of nuclear

energies, as well as in the improving safety and the reliability of nuclear energy systems. JAERI is also

promote advanced and basic research in conjunction with nuclear energy research for progress in the

- 4 -
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utilization of nuclear energy. Nuclear reactors can satisfy a large amount of energy demands without

significant CO2 emissions, especially, with High-Temperature Gas-cooled Reactor (HTGR). These provide

a high-temperature nuclear heat source with high thermal efficiency, that are applicable to both electric and

non-electric fields. JAERI has been constructing a 30MW HTGR with a reactor outlet coolant temperature

of 1223K, named HTTR. The first criticality of the HTTR was attained on the 10th of November 1998.

Reactor performance and safety demonstration tests of HTTR will be carried out for several years, and after

that, a high-temperature nuclear heat utilization system will be coupled with the HTTR. A hydrogen

production system using the reforming of natural gas with steam is to be the first heat utilization system of

the HTTR, since technology matured in fossil-fired plants. Technical solutions demonstrated by the

coupling will contribute to all other hydrogen production systems. Also, a hydrogen production system is

considered as one of the leading nuclear heat utilization systems in the non-electric field because hydrogen

has superior characteristics as an energy carrier and its demand is expected to increase in the future.

1.4 Feasibility of Methane Reforming with Carbon Dioxide in Out-of-Pile Test Facility

Prior to the coupling of the steam reforming system with the HTTR, an out-of-pile test is planned to

confirm safety, controllability and performance of the steam reforming system under simulated operational

conditions (10' n ). After successful demonstration of the steam reforming in the out-of-pile test facility, the

CO2 reforming is considered as the next test because the steam reforming system is exchangeable with the

CO2 reforming system.

For steam reforming, the enthalpy for the reaction A Hj= -206kJ/mol;

For CO2 reforming, the enthalpy for the reaction A H2= -248kJ/mol;

The chemical heat needed in the process is almost the same. A H2 is 42 kJ/mol higher than A H^

For a complete chemical and thermal process, there is an example, at Pressure P]=P2=4.6MPa,

From water of 20°Cto steam of 450°C, the heat needed is: Qj=-68 kJ/mol;

From CO2 of 20°Cto CO2 of 450°C, the heat needed is: Q2=-20 kJ/mol;

So the total quantity of heat needed is:

Q,ota.i= AE, + Q, =(-206) + (-68) =-274 kJ/mol;

Qtoiai2= A E2 + Q2 =(-248) + (-20) =-268 kJ/mol;

The difference between Qioun and Qtotal2 is just 6kJ/mol. Therefore, the design, equipment etc. of steam

reforming system might be able to use again. When CO2 is added to the system of steam reforming, the

ratio of CO to H2 in product gas is adjustable. For example, if the molar ratio between CO and H2 is 1: 2,

the formation of methanol (expressed by Eq.(1.5)) can be conducted. And if the molar ratio between CO

and H2 is 1: 1, acetic acid forming can be conducted.

2CO +2H2 =CH3COOH (1.12)

Methanol and acetic acid can be stored and transported as fossil fuel. It should seriously be considered as a

future energy source.

- 5 -
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In this study, numerical analysis of CO2 reforming and CO2+H2O reforming were carried out using the

numerical model. Results such as the methane conversion ratio, product gas composition and the

temperature distribution of components effected by the helium gas temperature, reforming pressure, molar

ratio of process gases and so on have been obtained in the numerical analysis.

6 -
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2. Out-of-Pile Test Facility

The main objectives of the out-of-pile test are the investigation of hydrogen production performance

and transient behaviors of the hydrogen production system, and the establishment of operation and control

technologies well-matched with the reactor operation, as well as the design verification of the performance

of high-temperature components such as a reformer and steam generator. The simplified schematic

diagram of the out-of-pile test facility (1) is shown in Fig.2.1. The facility simulates key components

downstream from the intermediate heat exchanger of the HTTR hydrogen production system on a scale of 1

to 30 and has a hydrogen production capacity of 110 Nm3/h using an electric heater as a reactor substitute.

Design specifications of the HTTR hydrogen production system and out-of-pile test facility are listed in

TableZl.

The schematic diagram of a reformer is shown in Fig.2.2. The reformer has one bayonet-type

catalyst tube made of Alloy 800H whose dimensions (such as diameter and length) are approximately the

same as those of the catalyst tube of the HTTR hydrogen production system. The reformer of the HTTR

hydrogen production system has 30 bayonet-type catalyst tube made of Hastelloy XR. Process gas (CH4

and H2O) flows in the catalyst tube at an inlet temperature of 723K and helium gas flows in a channel

between the catalyst and guide tubes at an inlet temperature of 1153K.

In the fossil-fired plant, the process gas receives heat from combustion of about 1473K by radiation,

and the heat flux at the outer surface of the catalyst tube reaches 70,000-87,000 W/m2. In order to achieve

the same heat flux as that of the fossil-fired plant, it is very important to promote the heat transfer of helium

gas by forced convection because the temperature of helium gas, that is, the temperature of the heat source is

too low compared with that of the fossil-fired plant. So, disc-type fins, 2mm in height, lmm in width and

3mm in pitch, are arranged around the outer surface of the catalyst tube in the test facility in order to

increase a heat transfer coefficient of helium gas by 2.7 times, 2150W/m2K with the fins, and a heat transfer

area by 2.3 times larger than those of smooth surface, respectively. As the result, the heat transfer

performance of the catalyst tube in the test facility becomes competitive to that of the fossil-fired plant.

- 7 -
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Table 2.1 Design specification of HTTR hydrogen production system and out-of-pile test facility

Item

He

Process
gas

Temperature at steam reformer
(inlet / outlet)

Exit pressure at steam reformer

Feed flow rate

Temperature at steam reformer
(inlet / outlet)

Inlet pressure at steam reformer

Natural gas feed flow rate

H2O / CH4 (molar ratio)

Hydrogen product

Heat source

HTTR

1153K(=880°C)
/ 873K (= 600°C)

Out-of-Pile

1153K(=880°C)
/ 923K (= 650°C)

4.0MPa

2.43kg/s 0.091kg/s

723K (= 450°C) / 873K (= 600°C)

4.3MPa

0.36kg/s (= 81kmol/h)

3.5

3800Nm3/h

Reactor (10MW)

0.012kg/s (= 2.7kmol/h)

2 ~ 4

llONrrrVh

Electric heater (380kW)

- 8 -
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Fig 2.1 Simplified schematic diagram of out-of-pile test facility
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Fig 2.2 Schematic view of steam reformer
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3. Numerical Model

3.1 Governing Equations of Gas Phase Flow

Assuming one-dimensional compressible fluid, gas flow behavior in the pipe, which is connected with

the reformer, is analyzed using following equations:

Mass equation: — + ^P U' = 0 (3.1)
dt dx

d(Pu) d(p-u) dP „ .
Momentum equation: —^ + u — = p • F - p • g • sin 6 (3.2)

dt dx dx

HT)1 fK;.
Energy equation: —L— '-^ + —l J '-*- = Qw - p • u • g • sin 0 (3.3)

dt dx
p

Gas state equation: p = (3.4)
RTlto/M)

Where F - - ( - £ - + ^ V K 2 (3.5)

e = lmrCvJ-T (3.6)

h-lmi-CPti-T-e + - (3.7)

3.2 Heat and Mass Balance of Reformer

3.2.1 Heat Balance Equations

Schematic diagram of a reformer is shown in Fig.3.1. Heat balance equations for each cell are as

follows;

AT1

Productgas C u • Wx>y -j±- = 4 ; • a'2J • (T2<J - TXJ)+ Clt} • G^j - 61J+l) (3.8)

ITI

Inner tube C2J • W2,7 - ^ - = A^ • a\y (r3,; - ^ ; ) + 4 y • a^. (r,y - T2J) (3.9)

Reactant gas

^ - ^ = < • < { r - r ) + 4 - a « ( r - r ) (3

+ 4 ; •"c.yfcj• - r 3 , y )+c 3 j y -GXj(e2J+, -e2J)-QX]

where Q3 y = / (62 y , componenty) - / (02 y + j , component •+1)

- 10 -
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dTrdTr t i \
Catalyst particle Cc> y • Wc< j —£- = AcJ • acJ [Tx j-TcJ) (3.11)

Outer pipe C4 ; • W4J

dT,

~dt

Helium C*,J b'J dt \j-Ts,j)

Heat insulating material

(inner side)

(outer side)

d2TI 1 dTI 1 dTI

ds2 s ds a, dt

d2TI 1 dTI 1 dTI

ds2 s ds a2 dt

(3.12)

(3.13)

(3-14)

(3.15)

Boundary conditions
dTI

ds
= ajT5J-TlJ

\s-sN\

-A 2

ds s-sN\

- A ,

(3.16)

(3.17)

(3.18)

And assuming the steady heat transfer in the reformer, the relationships between 6 and T can be

expressed as follows;

= T : + —^ -^-IT, ,. - J. ..
2 G • C

o ^ r " 3 , ; lc,jl
2GXj • CXj

4J '
5,./ ~ Uj I

(3.19)

(3.20)

(3.21)

Boundary conditions; 62l = dxx (3.22)

(3.23)

3.2.2 Reaction Rate Equations

In the numerical analysis for the reforming process of the natural gas which consists of many kinds of

- 11 -
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hydro carbon, following reaction equations are employed,
steam reforming reaction;

CH4 + 2H2O — * C O 2 + 4H2 (3.24)
water-gas shift reaction;

CO + H2O
 rJ~* CO2 + H2 (3.25)

CO2 reforming reaction;

CH4 + CO2
 T-2—* 2CO + 2H2 (3.26)

CnHm + xH2O
 rJ—>aH2 + bCO + cCH4 + dCO2 + eC2Hb + fC2H4 ~ 2 ~

+ gC3H8 + hC3H6 + iC4Hw + (x 12)CO2
 K ' '

C4HW—^^C4H8+H2 (3.28)

C4H10
 r6 > C2H6 + C2H4 (3.29)

C4HW
 rl > C3Hb + CH4 (3.30)

C4H8 + H2
 rJ-^C2H6 + C2H4 (3.31)

C3H% ^ ^ C2H4 + CH4 (3.32)

C3H8
 r-^-^ C3H6 + H2 (3.33)

C3HS
 rU > C2 / /6 + (l / 2)C2H4 (3.34)

C3//6 + H 2
 ;:12-^- C2tf 4 + C7/4 (3.35)

C2H6 + H2 ^ — 2CH4 (3.36)

C2H4 + H 2
 !:^—* C2 / /6 (3.37)

C2//6 + 4//2O !:i1-^" 2CO2 + 1H2 (3.38)

Rate expressions are often simple functions of reactant concentrations with a characteristic rate constant

k. It does, however, depend strongly on temperature. Svante Arrhenius described this behavior in 1899

on the basis of numerous experimental rate measurements (12). Arrhenius found that the rate constants

varied as the negative exponential tendency of the reciprocal absolute temperature, that is,

k(T) = ku exp(-E /RT) . This relationship is now known as the Arrhenius equation. In the Arrhenius

equation, the temperature dependence comes primarily from the exponential term, although the quantity k0,

referred to as the frequency factor, may have a weak temperature dependence, no more than some fractional

power of T. The units of k0 are the same as the units of the rate constant k, since the exponential term has

no units. The temperature (7) is in absolute or Kelvin units. The key quantity in the Arrhenius equation is

the activation energy E. The activation energy can be thought of as the amount of energy, which must be

supplied to the reactants in order to get them to react with other. Since this is a positive energy quantity, the

majority of reactions have k increasing with temperature.

Reaction rates, r , for each reaction are defined by the following equations,

r, = *, exp(- EJR-T)- {PCH4 • P^2O - PCO2 • P*21 Kx) (3.39)

r2 = k2 e x p ( - E 2 I R - T ) - {PCO • PH2O - PCO2 • PH2 IK2) (3.40)

r3 = k3 e x p ( - E 3 / R - T ) - { P C H 4 • P C 0 2 - P?o • Pw
2

2 / K 3 ) (3.41)

r4 = A : 4 e x p ( - £ 4 IR-T)- PCnHm (3.42)

- 12 -
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r5 = k5 exp(- ESIR-T)- PC4HW (3.43)

r6 = k6 exp(- EJR-T)- PC4HW (3.44)

r7 = *7 e x p ( - E 7 / R T ) - PC4tlw (3.45)

r8 = k$ exp(- £ 8 / /? • T) • PC4m (3.46)

r9 =k9exp{-E9/R-T)-PC3H, (3.47)

r10 = kw exp(- Ew/R-T)- PC3m (3.48)

r = & exp(— E /R • T) • P (3 49)

r12 = *12 exp(- Eu/R-T)- PC3H6 • PH2 (3.50)

r13 = *13 e x p ( - E l 3 I R - T ) - P C 2 H 6 • PH2 (3.51)

r14 = jfe14 exp(- El4/R-T)- PC2H4 • PH2 (3.52)

r15 = i 1 5 exp(-£ ] 5 / i? - r ) - J P C 2 / / 6 (3.53)

3.2.3 Mass Balance Equations

Mass balance equations for each component are as follows;
GH2,j = GH2,j + l + WQh +r2 + 2r3 + ar4 + r5 " r8 + rW ~ rU ~ h* + 7hs) (3-54)

Gcoj = < W i + W{-r2 + 2r3) (3.55)
GCH4j = GCH4J+l + W(-r , - r3 + fer4 + r7 + r9 + r12 + 2r13) (3.56)

GCO2,; = GCO2i;-+1 + ̂ r , + r2 - r3 + ir4 + 2r15) (3.57)

+ r6 + 8̂ + 1l ~ r13 + r14 ~ ''is) ( 3 - 5 8 )

+ r6 + rs + r9 + 0.5rn + r12 - r14) (3.59)

4̂ ~ 9̂ ~ ho ~ hi) (3-60)

j +r7 + rw - rn) (3.61)

GC4HW,j = GC4HWJ + l + W(Hr4 ~ rS ~ rb ~ rl) (3-62)

GC4//8,; = GC4HS,j + l + ^ ( g r 4 + r5 " r8) (3-63)

GC n W m , ; = GCHHmij+l - Wr4 (3.64)
G = G , j + i + W(-2r\ - r2 - xr4 - 4r15) (3.65)
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4. Numerical Analysis Results and Discussion of CO2 Reforming

4.1 Standard Condition

The standard condition at reformer for CO2 reforming is listed in Table 4.1, and molar ratio of CO2 to

CH4 in the feed gas is 1.0. The heat and mass balance of the thermal and chemical process of the out-of-

pile test facility under the standard operating condition was analyzed and the results are listed in Table 4.2.

The heat and mass transfer are in a balanced condition, the process gas flow rate is Gj=0.0456kg/s, the

helium flow rate is G3=0.0911kg/s, and the heat power is Q4=88.6k J/s.

Conversion ratio for the component i ( £ j) is defined as follows:

S i = ( G j fced — G j product) / G i, feed (4-1)

The conversion ratio of CH4 and CO2 ( 5 CH4 a n d £ C02)are 0-360 and 0.507, respectively. These values are

corresponding to the equilibrium one at 1085K and 4.3MPa. And the production rate of H2 and CO are

1.4kmol/h (= 31 Nm3/h) and 2.2kmol/h (=49 Nm3/h), respectively. Therefore, the ratio of H2 to CO in the

product gas is 0.64.

4.2 Effect of Pressure

Figure 4.1 shows the effect of the average process gas pressure in the reformer on I CH4 and £ c02,

which are indicated by the solid lines in the figure. With the increase of the pressure, I CH4 and £ Co2

decrease slightly. But the differences between the highest value and the lowest one are not so large. For

example, the highest value of £ CH4 is 0.35 at the pressure of 3.3MPa and the lowest is 0.33 at 4.3MPa. I

c02 is always higher than £ CH4> although a feed ratio of unity is used. In the water-gas shift reaction

expressed by Eq.(3.25), the selectivity towards CO formation is always higher than the selectivity towards

H2. This phenomenon implies that, in addition to the main CO2 reforming reaction, the revise water-gas

shift reaction is also taking place.

4.3 Effect of Temperature

Figure 4.2 (a) and (b) show the effect of He temperature (THe) on £ CH4 and the CH4 reaction rate, and

on £ C02 and the CO2 reaction rate, respectively. With the increase of THe, £ CH4 and £ C02 increase due to

the increase of the CH4 reaction rate and CO2 reaction rate, respectively. The effect of THe on the

conversion ratio is higher than that of the pressure. With the increase of THe from 1103 to 1253K, £ CH4

increases from 0.28 to 0.52 by 1.9 times and <S C02 increases from 0.42 to 0.66 by 1.6 times, respectively.

- 15 -
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4.4 Effect of CO2/CH4 ratio

Figure 4.3 (a) and (b) show the effect of CO2/CH4 ratio on £ CH4 and the CH4 reaction rate, and on

I CO2 and the CO2 reaction rate, respectively. In this analysis case, CO2/CH4 ratio was increased by the

increase of the CO2 flow rate, GC02, with the constant CH4 flow rate, GCH4= 2.7kmol/h. With the increase

of CO2/CH4 ratio, the CH4 reaction rate increases due to the increase of the forward reaction rate of CO2

reforming expressed by Eq.(3.26) and results in the increase of £ CH4. And, with the increase of CO2/CH4

ratio, the CO2 reaction rate increases, however, £ C02 decreases as shown in Fig.4.3(b). This is because the

increase of Gc02 is higher than that of the CO2 reaction rate. Therefore, I C02 decreases.

Figure 4.3 (c) shows the effect of CO2/CH4 ratios on the production rate of H2 and CO. With the

increase of CO2/CH4 ratio, the production rate of CO increases. On the other hand, the production rate of

H2 takes almost constant value, about 1.4kmol/h. The forward reaction rate of CO2 reforming increases

with the increases of GC02 and results in the increase of the production rate of H2 and CO according to this

reaction, however, produced H2 reacts with CO2 and synthesizes CO, according to the reverse water-gas shift

reaction which increase with the increase of GC02. In these results, production rate of H2 takes a constant

value and that of CO increases. With the increase of CO2/CH4 ratio from 0.50 to 2.0, the sum of H2 and the

CO production rate shown by the broken line increases from 3.0 to 4.3, however, the ratio of the H2

production rate to the CO (H2/C0 ratio) decreases from 0.82 to 0.46, respectively. H2/CO ratio of 1.0 and

2.0 in the acetic acid and methanol formation process is required, respectively. Theses results indicate that

the CO2/CH4 ratio should be decreased below 0.5 to obtain an H2/CO ratio above 1.0 and the high CO2/CH4

ratio is desirable only for the CH4 conversion ratio.

4.5 Effect of Activation Energy

Figure 4.4 shows the effect of the activation energy, E , for the CO2 reforming reaction on £ CH4 and

I co2 by the solid lines. With the increase of E from 75 to 130kJ/mol, £ CH4 and £ C02 decrease from

0.36 to 0.25 and from 0.51 to 0.40, respectively. The reaction rate of CH4 and CO2 according to the CO2

reforming reaction decreases with the increase of E . On the other hand, the reaction rate of CO2

according to the water-gas shift reaction is independent on E . Therefore, £ CH4 and I C02 decrease and

the decreasing tendency of I C02 is same as that of I CH4. If activation energy is high, which means the

reaction rate is low, process gas flow rate should be decreased to obtain the high conversion ratio.
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Table 4.1 Standard calculating conditions

He

Process
gas

Inlet temperature

Exit pressure

Inlet temperature

Inlet pressure

CH4 feed flow rate

CO2 feed flow rate

H2O feed flow rate

Molar ratio of CH4:CO2:H2O

CO2 reforming CO2 + H2O reforming

1153K(=880°C)

4.1MPa

723K (= 450°C)

4.3MPa

0.012kg/s (= 2.7kmol/h)

0.033kg/s (= 2.7kmol/h)

—

1 : 1 : 0

0.011kg/s(=0.9kmol/h)

0.009kg/s (= 1.8kmol/h)

3 : 1 : 2

Table 4.2 Mass and heat balance of CO2 reforming

Parameters

(1) Reformer mass balance:

Reactant gases flow rate, inlet to reformer. Gl [kg/s]:

Product gases flow rate, outlet of reformer. G2 [kg/s]:

Hot helium flow rate, inlet to reformer. G3 [kg/s]:

Cold helium flow rate, outlet of reformer. G4 [kg/s]:

(2) Reformer heat balance (temperature):

Reactant gases temperature, inlet to reformer. Tl [K]:

Product gases temperature, outlet of reformer. T2 [K]:

Value

0.0456

0.0456

0.0911

0.0911

741.2

883.1

Hot helium temperature, inlet to reformer. T3 [K]:

Cold helium temperature, outlet of reformer. T4 [K]:

1153.1

965.8

(3) Reformer heat balance (enthalpy):

Reactant gases enthalpy, inlet to reformer. HI [kJ/kg]:

Product gases enthalpy, outlet of reformer. H2 [kJ/kg]:

Apparent heat absorbed by gases. Q1=G1 * (H2 -HI) [kj]:

CH4 flow rate inlet to reformer. G5 [kg/s]:

Product gases flow rate outlet of reformer. G6[kg/s]:

CH4 composition in product gases. Yl (wt. 100%):

CH4 flow rate out of reformer. G7=G6 * Yl [kg/s]:

CH4 conversion rate, £ CH4=(G5 - G7)/G5, (*100%):

A H for the reaction [kJ/mol]:

Chemical heat absorbed by gases. Q2=G5 * £ CH4 /16 *1000 *E. [kJ/s]:

Total heat cost by gases. Q3=Q1 +Q2. [kJ/s]:

975.4

1454.3

21.9

0.0120

0.0451

0.170

0.00760

0.363

248.0

67.3

89.2

Hot helium enthalpy, inlet to reformer. H3 [kJ/kg]:

Cold helium enthalpy, outlet of reformer. H4 [kJ/kg]:

Heat transferred from helium, Q4=G3 * (H3 - H4), [kJ/s]:

Helium specific heat, Cp [J/(kg • K)]:

Heat transferred from helium, Q5=Cp* G3 * (T3 -T4) [kJ/s]:

5984.7

5012.7

88.6

5198.0

88.7
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5. Numerical Analysis Results and Discussion of CO2+H2O Reforming

5.1 Standard Condition

The standard condition at reformer for CO2+H2O reforming is also listed in Table 4.1. For the purpose

is to obtain a gas product of which the molar ratio of H2 to CO is 2, which is the best composition for

methanol forming under the feed gas composition of CH4:CO2:H2O = 3:1:2. Table 5.1 shows the heat and

mass balance of CO2+H2O reforming under the standard operating condition and it confirms that mass and

heat transfer are in a balanced condition. The results of the numerical analysis under the standard operating

conditions are as follows;

£CH4=0.35, £CO2=0.397, £H2o=0.347.

These values are corresponding to the equilibrium one at HOOK and 4.3MPa. And the production rate of

H2 and CO are 2.4kmol/h (= 54 Nm3/h) and 1.3kmol/h (=28 Nm3/h), respectively. Therefore, the ratio of

H2 to CO in the product gas is 1.9.

5.2 Effect of He Temperature

Figure 5.1 shows the effect of THe on £ CH4 and k Coi by t n e s°l'd lines. With the increase of THe

from 1153K to 1253K, £ CH4 and £ C02 increase from 0.35 and 0.38 to 0.49 and 0.52, respectively.

Comparing with the CO2 reforming, I CH4 a t e ach temperature reveals an almost equal value with the

figures shown in fig4.1. On the other hand, I C02 of the CO2+H2O reforming is lower than that of the CO2

reforming. This is because CO2 is not only consumed by the CO2 reforming, but is also produced by the

steam reforming in the CO2+H2O.

5.3 Effect of CO2/CH4 ratio

Figure 5.2 (a) and (b) show the effect of the CO2/CH4 ratio on £ CH4and the CH4 reaction rate, and on I

C02 and the CO2 reaction rate, respectively. In this analysis case, the CO2/CH4 ratio was increased by the

increase of GC02 with the constant GCH4 and GH20- With the increase of the CO2/CH4 ratio, the CH4 reaction

rate increases slightly due to the increase of the forward reaction of the CO2 reforming, and results in the

increase of 4 CH4. On the other hand, with the increase of the CO2/CH4 ratio, £ C02 increases and takes a

maximum value 0.42 at CO2/CH4 with a ratio that equals 0.6 and thereafter slightly decreases. The CO2

reaction rate increases with the increase of the CO2/CH4 ratio as shown in the fig.5.2(b). The increase of

the CO2 reaction rate is slightly higher than that of GC02 below the CO2/CH4 ratio of 0.6, however, above this

point the increase of the CO2 reaction rate which is restricted by the equilibrium becomes slightly lower than

that of GC02. Therefore, I C02 increases and then passes the maximum value and thereafter decreases.
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Figure 5.2 (c) shows the effect of the CO2/CH4 ratio on the production rate of H2 and CO. With the

increase of the CO2/CH4 ratio, the production rate of H2 and CO decreases and increases, respectively.

Compared with the CO2 reforming process, the production rate of H2 for CO2+H2O reforming is higher than

that for CO2 due to the forward reaction of the steam reforming. In this analysis condition, the H2/CO ratio

is 2.0 at a CO2/CH4 ratio of 0.3 and 1.0 at a CO2/CH4 ratio of 1.0. Therefore, CO2+H2O reforming in the

out-of-pile test facility is available for the production of synthesis gas of which the composition can be

adjusted by the CO2/CH4 feed ratio.

5.4 Effect of H2O/CH4 ratio

Figure 5.3 (a) and (b) show the effect of the H2O/CH4 ratio on £ CH4 a°d the CH4 reaction rate, and on

£ CO2 and the CO2 reaction rate, respectively. In this analysis case, the H2O/CH4 ratio was increased by the

increase of GH20 with the constant GCH4 and GC02. With the increases of the H2O/CH4 ratio, the CH4

reaction rate increases and results in the increases of £ CH4- On t n e other hand, the CO2 reaction rate

decreases and becomes lower than 0 above a H2O/CH4 ratio of 1.45. This means that the CO2 flow rate

increases at the outlet of the reformer compared with that at the inlet. Therefore, the forward reaction rate

of the water-gas shift reaction which produce CO2 exceeds the forward reaction rate of the CO2 reforming

which consumes CO2 , above a value of H2O/CH4 equaling 1.45.

Figure 5.3 (c) shows the effect of the H2O/CH4 ratio on the production rate of H2 and CO. With the

increase of the H2O/CH4 ratio, the production rate of H2 and CO increases and slightly decreases,

respectively. With the increase of H2O/CH4 ratio, that is the increase of GH20, the forward reaction rates of

the steam reforming and the water-gas shift reactions increase. Therefore, the production rate of H2

increases and that of CO decreases. The H2/CO ratio increases from 1.76 to 4.43 with the increase of the

H2O/CH4 ratio from 0.54 to 2.6. The production ratio of H2/CO in which the ratio = 2.0, is the optimum

condition for methanol production, and can be obtained in the condition of a feed ratio of CH4 : CO2 : H2O

= 3 : 1 : 2 . 1 .
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Table 5.1 Mass and heat balance of CO2+H2O reforming

Parameters

(1) Reformer mass balance:

Reactant gases flow rate, inlet to reformer. Gl [kg/s]:

Product gases flow rate, outlet of reformer. G2 [kg/s]:

Hot helium flow rate, inlet to reformer. G3 [kg/s]:

Cold helium flow rate, outlet of reformer. G4 [kg/s]:

(2) Reformer heat balance (temperature):

Reactant gases temperature, inlet to reformer. Tl [K]:

Product gases temperature, outlet of reformer. T2 [K]:

Hot helium temperature, inlet to reformer. T3 [K]:

Cold helium temperature, outlet of reformer. T4 [K]:

(3) Reformer heat balance (enthalpy):

Reactant gases enthalpy, inlet to reformer. HI [kJ/kg]:

Product gases enthalpy, outlet of reformer. H2 [kJ/kg]:

Apparent heat absorbed by gases. Q1=G1 * (H2 -HI) [kJ]:

CH4 flow rate inlet to reformer. G5 [kg/s]:

Product gases flow rate outlet of reformer. G6[kg/s]:

CH4 composition in product gases. Yl (wt. 100%):

CH4 flow rate out of reformer. G7=G6 * Yl [kg/s]:

CH4 conversion rate, £ CH4=(G5 - G7)/G5, (*100%):

AH for the reaction [kJ/mol]:

Chemical heat absorbed by gases. Q2=G5 * 4 CH4 /16 *1000 *E. [kJ/s]:

Total heat cost by gases. Q3=Q1 +Q2. [kJ/s]:

Hot helium enthalpy, inlet to reformer. H3 [kJ/kg]:

Cold helium enthalpy, outlet of reformer. H4 [kJ/kg]:

Heat transferred from helium, Q4=G3 * (H3 - H4), [kJ/s]:

Helium specific heat, Cp [J/(kg- K)]:

Heat transferred from helium, Q5=Cp* G3 * (T3 -T4) [kJ/s]:

Value

0.0316

0.0316

0.0911

0.0911

854.3

934.6

1153.1

1008.5

1962.6

2263.6

9.51

0.0120

0.0316

0.247

0.00780

0.350

227.0

59.6

69.1

5984.8

5234.1

68.4

5198.0

68.5
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6. Concluding Remarks

(1) Significance

By means of its high coolant temperature, the HTGR reactor system offers various possibilities to use

the resulting process heat economically. Establishment of a basic hydrogen production technology for the

direct utilization of nuclear heat through the out-of-pile test facility of HTTR is of great significance for

commercial process heat applications of HTGRs in the near future, and also to contribute the solution for the

environmental issues regarding CO2 emission. In order to check the feasibility of the CO2 reforming in the

out-of-pile test facility (which was originally designed for steam reforming) it appears a numerical

simulation will need to be developed and evaluated in advance. With the numerical simulation of the CO2

reforming in a catalytic reformer, it is relatively easy to assess the effect of various parameters and to

estimate the extent of potential CO2 usage.

(2) Conversion Ratio

From the numerical analysis of the CO2 reforming and the CO2+H2O reforming, the CH4 conversion

ratio of 0.36 and 0.35 which correspond to the equilibrium one at 1085 and HOOK under the given standard

calculating conditions ( He temperature is 1153K) was obtained, respectively. The conversion of reactant

gases depend significantly on the operating parameters such as the reforming temperature, which affects the

thermodynamic equilibrium and reaction kinetics. The CH4 conversion ratio increases with the increase of

the helium temperature and the CO2 flow rate, and the decrease of the catalyst activation energy.

The results show that tests of the CO2 reforming and the CO2+H2O reforming can be carried out in the

out-of-pile test facility without reconstruction of the facility.

(3) Preferable Conditions for Methane Reforming

The chemical reaction is restricted by the chemical equilibrium depending on both temperature and

pressure. With a process gas reaction condition of 1073K and 4.2 MPa, the CH4 conversion ratio in the

steam reforming is nearly 0.60. There are three methods to improve the conversion ratio which are as

follows;

(a) Increase of reaction temperature

If the reaction temperature increases up to 1223K, the CH4 conversion ratio of steam reforming becomes

about 0.90 in the reaction conditions of 4.5MPa and the feed flow ratio of steam to CH4, S/C=3.5. In order

to achieve this conversion ratio, He gas temperature at inlet of a reformer should be more than 1273K.

(b) Decrease of reaction pressure
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If the reaction pressure decreases down to l.OMPa, the CH4 conversion ratio of steam reforming becomes

about 0.90 in the reaction conditions of 1073K when S/C=3.5. Assuming a He gas pressure of 4.0MPa and

a process gas pressure of l.OMPa, the external pressure of 3.0MPa acts on a catalyst tube of the steam

reformer which is a pressure boundary between He and process gases. As a result, the catalyst tube will

collapse due to creep. In the design of the catalyst tube, it is desirable that the internal pressure at the

process gas side is larger than the external one at the helium gas side because the metal tube is strong enough

for internal pressure but is easily affected by external pressures in a high temperature atmosphere. As for

the HTTR hydrogen production system, the catalyst tube is specially designed taking into account the

condition of an internal pressure larger than an external pressure, meaning the process gas pressure is more

than 4.2MPa. Therefore, high pressure is required because of the associated HTTR, and to compensate for

this high pressure, an increase in temperature (the high temperature of helium) is required,

(c) Membrane reformer-removal of product gas

The possibility of incorporating selective solvents or membranes into a reformer opens great improvement

possibilities, since selective removal of one of the products would shift the equilibrium and create more

favorable thermodynamic conditions for the process. This kind of reformer has a membrane, which

removes hydrogen along with the reaction. However, this kind of reformer is still at a research stage

because a high performance membrane has not yet been developed for large hydrogen permeability and good

durability in a high temperature atmosphere.

The methods mentioned above to improve the CH4 conversion ratio are not practical yet. There is one

method to keep CH4 from being wasted, which is, the recycling of residual CH4. The residual CH4 in a

product gas after reforming is recycled to the reformer with a gas separator for reuse as a raw material.

Acknowledgements

The authors would like to acknowledge the valuable discussions and comments provided by Dr. Hino,

and want to express their gratitude to Dr. Ogawa for his continuous encouragement and support of the

present study.

- 28 -



JAERI-Tech 2000-022

References

(1) J.Singh, H.F.Niessen, R.Harth, H.Fedders, H.Reutler, W.Panknin, W.D.Muller and H.G.Harms, The

nuclear heated steam reformer - design and semitechnical operating experiences: Nuclear Engineering

and Design, 28.179 (1984)

(2) J.H.Edwards and A.M.Maitra, The reforming of methane with carbon dioxide - current status and future

applications: Natural Gas Conversion II, 291 (1994)

(3) R.Levitan, M.Levy, H.Rosin and R.Rubin, Closed-loop operation of a solar chemical heat pipe at the

Weizmann Institute solar furnace: Solar Energy Materials 24, 464 (1991)

(4) O.Takayasu, C.Soman, Y.Takegahara, and I.Matsuura, Deactivation of Ni-catalyst and its prevention by

mechanically mixing an oxide for the formation reaction of CO+H2 from CO2+CH4: Catalyst

Deactivation 1994 Studies in Surface Science and Catalysis, 88, 281 (1994)

(5) Z.L.Zhang, V.A.Tsipouriari, A.M.Efstathiou, and X.E.Verykios, Reforming of methane with carbon

dioxide to synthesis gas over supported Rhodium catalysts- I . Effects of support and metal crystallite

size on reaction activity and deactivation characteristics: Journal of Catalysis, 158. 51 (1996).

(6) T.Inui, K.Saigo, Y.Fujii, K.Fujioka, Catalytic combustion of natural gas as the role of on-site heat supply

in rapid catalytic CO2-H2O reforming of methane: Catalysis Today 26, 295 (1995)

(7) Z.Zhang, X.E.Verykios, Carbon dioxide reforming of methane to synthesis gas over Ni/La2O3 catalysts:

Applied Catalysis A: General 128, 109 (1996)

(8) V.R.Choudhary, A.M.Rajput and B.Prabhakar, Energy efficient methane-to-syngas conversion with low

H2/CO ratio by simultaneous catalytic reactions of methane with carbon dioxide and oxygen: Catalysis

Letters, 22, 391 (1995)

(9) K.Hada, T.Shibata, T.Nishihara and S.Shiozawa, Universally appliance design concept of stably

controlling an HTGR-hydrogen production system: Journal of Japan Atomic Energy Society, 38, 834

(1996)

(10) Y.Inagaki, R.Hino, K.Hada, K.Haga, T.Nishihara, T.Takeda, and S.Shiozawa, Out-of-pile demonstration

test program of HTTR hydrogen production system by steam reforming of natural, Proceedings of ICON

5: 5th International Conference on Nuclear Engineering 1997 France , ICONE5-2342, 1 (1997)

(11) Y.Inagaki, T.Nishihara, T.Takeda, K.Hada, M.Ogawa, S.Shiozawa, Y.Miyamoto, Development program

on hydrogen production in HTTR: Seminar, IAEA 1998, held on November 2-5, in Beijing, China. 9

pages.

(12) M.V.Twigg, CATALYST HANDBOOK (second edition): Wolfe Publishing Ltd, 252 (1989)

- 29 -



JAERI-Tech 2000-022

Symbols

A :heat transfer area [m2]
C specific heat [J/(kg K)]
D equivalent diameter [m]
e internal energy [J/kg]
E :activation energy [J/mol]
/ :friction factor [-]

F :force of friction per unit length [N/m]
g gravitational acceleration [m/s2]

G :gas flow rate [mol/s]
h :enthalpy [J/kg]
k -.frequency factor [mol/(m3 s Pa*)]
K equilibrium coefficient [Pa**]
L :length of channel [m]
mi :mass fraction of component i [-]

Mi :molecular weight of component i [-]

P :pressure [Pa]

Q :quantity of heat for the endothermic reaction [J/s]

Qw : input thermal energy per unit volume [J/(s m2)]

r -.reaction rate per unit catalyst weight [mol/(kg-s)]
R :gas constant [J/(mol K)]
s :cell diameter of the heat insulater [m]
T temperature of a cell [K]
77 temperature of heat insulating material [K]
u :flow velocity [m/s]
W -.catalyst weight [kg]
a :heat transfer coefficient [W/(m2 K)]
q xorrection factor [-]
8 temperature of a cell boundary [K]
A :thermal conductivity [W/(m K)]
p :density [kg/m3]

Superscripts
0 : internal wall
1 : external wall

Subscripts
i :radial cell number of heat insulating (=1, 2 ,• • •, N l , • • •, N2)
j :axial cell number (=1, 2 ,• • •, N)

1 :product gas
2 :inner tube
3 :reactant gas
4 :outer pipe

5 :He gas
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