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Abstract

The 10MW High Temperature Reactor Test Module (HTR-10) is being constructed
now. It plans to be operated in 2000. One of its objectives is to develop the high
temperature process heat application. The methane steam reformer is one of the key-
facilities for the nuclear process heat application system. The paper describes the
conceptual design of the HTR-10 Steam Reformer with He heating, and the design
optimization computer code. It can be used to perform sensitivity analysis for parameters,
and to improve the design. Principal parameters and construction features of the HTR-10

reformer heated by He are introduced.

1. Introduction

The High temperature gas cooled reactor
HTR-10 now is being constructed in - the
Institute Nuclear Energy Technology of
Tsinghua University. It plans to be operated in
2000. Than some inherent safety experiments
will be performed in the following 2 years.
After these experiments the operating
temperature will be increased to 900°C (or 950
C). At the'beginning of the 21 century, about 2
to 3 years will be used to install a nuclear
process heat application system.

The methane-steam reformer heated by He
(or Nj) is one of the key-facilities for the
nuclear process heat application system.
Generally speaking, the nuclear heating
reformer 1s a tube-shell type reformer. In
comparison with a fossil fuel reformer its heat
transfer efficiency is lower, reforming transform
ratio is smaller and price is higher. So in order
to make it commercial competitive, it is
necessary to optimize the design to increase the

productivity and decrease the cost of the
reformer.

REFORM computer code is a design
optimization computer code for the HTR-10
steam-methane reformer heated by He or N,. It
can be used to perform sensitivity analysis for
different parameters, and to improve the design.

Principal parameters and construction
features of the HTR-10 reformer by He (or N;)
are introduced.

2.Principal considerations for the
reformer design

In Comparison with a fossil fuel reformer,
the high temperature nuclear heat reformer has a
series of disadvantages. For example: The
forced convection heat transfer used in the
nuclear heat reformer is less efficient than the
radiation heat transfer used in a ordinary
reformer, so the reforming temperature 1s lower
about 50-100°C than in ordinary reformer.
From safety consideration the pressure of the
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high temperature process heat application
system must be higher than the pressure of the
intermediate heat exchanger (IHX) secondary
side.

As is known to all, according to the
dynamical balance there are two principal
reactions for the reforming process:

CH,+H,0>CO+3H, -206kJ/mol 0y
CO+H,0->CO,+H, +42kJ/mol 2)

Increase of pressure or decrease of
temperature results in decrease of Hi
productivity.

In order to increase the H, productivity
following design considerations are adopted:

— To decrease the work pressure of the
catalytic bed, To make P,=~Pye (or
Pn2)

— To increase the H,O/CH, ratio in the
raw gas low as possible.

~— To preheat the process gas by residual
heat of the production gas, to increase
the process gas temperature at the inlet
of the catalytic bed.

— To intensify heat transfer at out side of
the catalytic bed.

— To increase the temperature difference
between the H, (or Nj;) and process
gas.

— To improve heat transfer features of
the fixed catalytic bed.

2.1 To decrease work pressure of the
catalytic bed

Decrease: of the reaction pressure can
increase the transformation ratio of the CH,.
From view point of safety, it requires that the
He (or N,) can’ t be leaked into the process gas
when the catalytic tube is broken. So the
pressure of the process gas should be higher
than gas pressure in the IHX secondary side.
For HTR-10 the gas pressure in the IHX
secondary side is 3.2MPa. So the process gas
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pressure at the outlet of catalytic bed is selected
3.4MPa. The pressure drop in the catalytic bed
is about 0.6-0.8MPa. So the work pressure of
the reformer should be selected about 4. 0MPa.

The counter flow mode is adopted in the
[HX for the He (or N5) and the process gas. The
pressure difference between the two gases at the
inlet of the catalytic bed is about 0.8-1MPa, and
at the outlet of the catalytic bed—only 0.2MPa,
so that the pressure difference between the two
gases can be kept minimum at the hottest pipe
section.

2.2 To increase the H,O/CH, ratio

In the transform process of the CH,,
existed at the same time the carbon separation
effect:

CH, = C+2H,
200  CO, +C
CO+H, =C+2H,0

-82.5kJ (3)
+172.5kJ (4)
+1227k0 (5

T
3 \ //,..

Iy
T TP T

e
>

oe 700 s00 ss0 1080

Fig.l The balance constants of the
reaction (3}~(5)

P
1:CO+Hy=C+HO  Kp=—tlo

co ~Pu,
P
2:2C0 =C +CO, Kp:.fio_z.
7,
PZ
3:CH,=C+2H, K,=—-%
PCH.



The balance constants of the equation (3)-
(3) and their dependence on temperature are
given in the Fig.l. For different reaction the
cffects of temperature and pressure on the
carbon separation are different. In order to
avoid carbon separation in the above three
reactions proper Steam quantity should be

selected.
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Fig.2 The effect of H,0/CH, ratio on
balance content of the CHy

The cffect of H,O/CHj, ratio on the balance
content of the CHy in the CH,4 —steam transform
process is given in Fig.2, From Fig.2 it can be
scen that increaseé H,O/CH,4 ratio is to the
benefit of transform reaction. But too big
H,0/CHj ratio results decrease of capability of
the apparatus and increase of energy
consumption. So the proper H,0O/CHj4 ratio
should be selected.

2.3 To increase the CHy —steam reforming
temperature
Reforming reaction (1) is a strong

endothermic Increase of the

reactor.
temperature is of benefit to increase of H,
productivity.

If the He temperature at the outlet of the
reactor core is increased to 950 'C, IHX
secondary side outlet temperature is increased
to 905°C, the He (or N;) temperature at the
outlet and inlet of the reformer can be increased

to 600/890°C. Both the increase of reforming

temperature and the temperature difference
between two side gases can improve the
productivity.

Serics connection operating mode for
steam reformer (SR) and steam generator {(SG)
can increase the He (or N;) temperatures at inlet
and outlet of reformer. Consequently, it can also
increase the temperature difference between the
He (or N3) and the process gas, and increase the
productivity per unit power.

2.4 To intensify heat transfer on the He (or

N;) side

Construction of the tube-shell type
reformer requires the forced convection modc
on outside of the heat transfer tube. Efficiency
of forced convection heat transfer for gas is
lower than that of radiation heat transfer. In
order to increase heat transfer efficiency it is
necessary to increase velocity and turbulence of
the gas flow.

Analysis shows that use of cross flow can
improve heat transfer more than concentric pipe.
But at the same time, the hydraulic resistance
will be more.

Application of ribbed construction on the
outside surface of the catalytic pipe can
effectively increase the gas heat transfer
coefficient. In our case, the total heat transfer
coefficient can be increased to about 30% .

2.5 To improve the heat transfer features of
the catalytic pipes

Dynamics analysis of the CHs-steam
transform shows that, existing catalyst,
relatively high reaction velocity can be achieved
under temperature 600-300 'C . In this case
reforming reaction is controlled mainly by heat
transfer and balance dynamics.

Use of increasing balance transformation
rate and to intensify heat transfer outside
catalyvtic pipes to increase transformation rate
have been analyzed above. Analysis of heat
transfer features shows the thermal resistance of
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the catalytic bed cannot be neglected. So
improvement of calalytic bed heat transfcr
fealures can also considerably increase
transformation rate.

Heat transfer processin the catalytic bed is
very complicated. It includes conventional heat
transfer between solid particles and gases, heat
conductivity in the solid particles and gases, and
radiation heat transfer in the catalytic bed. All
these processes cffect on He final results of heat
transfer. Therefore, usually empirical formulas
arc uscd for catalytic bed heat transfer
calculation. In our design effective conductivity
of the catalvtic bed is usced to character its heat

transfer [catures:

0
e _Ae
— = —=+(af)RePr
) (ap)
There
A is gas heat conductivity
4 is solid particle heat cffective heat

conductivity

A, is catalytic bed hcat conductivity when
the gas velositv=0;

a 1s ratio of sectional mass transfer velocity
to the mass transfer velocity in the flow
directiomn;

B 1s coefficient characteristic effects of
particle diameters and distances between
particles.

The effective heat conductivity of the catalytic
bed depends on empty bed velocity, porosity of
the bed, construction of the catalyst etc.
Increase of the empty bed velocity can
effectively improve heat transfer of the catalytic
bed. But this means to increase the production
intensity.

As mentioned above, catalvtic bed heat
transfer i1s a complicated process. Necessary
experiments and verification are required.

3. Computer Code REFORM

Methane-steam reformer is a counter-flow
mode, tube-shell tvpe, gas-solid fixed-bed
reaction-heat exchanger. In the reformer heating
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gas 1s coming from the secondary side of the
Intermediate Heat-exchanger (IHX). Mam
reactions occurred in the reformer are the
equations (1) and (2). The computer code
REFORM is used for reformer design
calculation and parameter selection.

3.1 Main equations of the fixed-bed reaction
apparatus
+ The mass conservation equation:

Fdx=r\dw Fdy=r,dw

There
F is entering rate of the raw gas, kmol/s;
x 1s methane transformation rate;
y is CO; formation rate;
w is weight of the catalyst, kg;
r; is reaction rate of the equation (1);
r; 1s reaction rate of the equation (2).
* The energy conservation equation:

EmCodl =u 4 (T —~T)dZ +u, 4, (T, - T)dZ
~ FdxAH | - FdyAH ,

There .

4 Hy and & H; is reaction heat of the
reactions (1) and (2), respectively;

m; is mass of the i component, kmol/s;

Cp; is specific heat (at constant pressure) of
the 1 conponent kJ/kmol « K;

T 1s process gas temperature in the catalyvtic
tubes, K;

Ts1, Tg7 1s heating gas temperatures, K:

u 1s heat transfer coefficient, Km®sK:

Ay, A 1s heat transfer area per length of the
tube, m2/m;

Z is length of the tube (beginning at the
nlet), m.

* The momentum conservation equation

2
1__
dp = f‘(—’:{” N~—68dz
s gB

There
¢ g Isporosity of the catalytic bed:
p is density of the fluid;
u 1s average empty bed velocity;
ds 1s equivalent diameter of the particle.



3.2 The main hypotheses

» The code REFORM is developed on the
basis of quasi-homogeneous phase model.
In other words, the solid particles and the
fluid are considered as a homogeneous
phase system. .

* Only one dimension axial flow is
considered. That means the fluid
temperature and concentration in a
cross section are equal.

* The fluid integral moving mode! is
used in the code.

* The ideal gas equations can be used
for the mixed gas.

* The temperature distribution of the
heating gas along the tube 1s linear.

3.3 The reformer parameters analyses
Using the computer code REFORM,
relationship  between  the  methane
transformation ratio and the heat transfer,
optimized reforming power and effect of

reactor outlet temperature on the
transformation ratio are analyzed.

From analyses, it is suggested that for
the HTR-10, the core outlet temperature

should be raised up to 950 °C and the
helium-helivm IHX would be used. Series
connection operating mode can be adopted
for the process heat application system. The
parameters can be selected as follows:
Reformer power =2.5MW, steam generator

power=2.5MW, reforming temperature =

840 °C. In this case the transformation ratio
is about 0.7. The process heat application
system is show in Fig.3.

4. Construction and Main Parameters of
the HTR-10 Reformer Heated by He
gas

Following design parameters and
geometrical dimensions of the reformer are
also selected by the same analyses as
mentioned above.
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Fig.3 HTR-10 Nuclear process heat application system
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Fig.4 The construction of the reformer
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4.1 Main parameters

Power of the reformer 3.090MW
Work pressure of the helium 3.0MPa
He flow rate 5.73T/hr.
He temperature at the 600/890 °C
outlet/inlet
Composition of the process
gas
Raw gas CH4/Hy
3 0=14 ;
Product gas CH4:3.11% |
. i CO: 632% |
COp: 574
%8s
Hy : 42389
%
HyO: 4193
%
Process gas flow rate i 1.57kg/s
Process gas temperature at the  840/500 °c
outlet/inlet of the catalytic bed |
Process gas pressure at the i 3.7/3.4MPa

outlet/ inlet of the catalytic
bed

4.2 Construction parameters of the reformer

Parameters of the tube-
bundle

Number of the reformer 30
tube
Diameter of the tube bundle 14001mun
Diameter of the catalytic o}
. lube 116x8mm
Active section length of the 10140mm
camltiewbe o
| Diameler of the helium coat | @ 140x4 '
tUbe -
Diameter of the centre guide 3x®18x1.5
tube
Parameters of the vessel
Working pressure 4.4MPa
Working temperature 350 °C
QOutside diameter, mm 2276 mm
Height, mm 20010mm
Parameters of the regenerator
Working pressure 4.4 MPa
Outletinlet temperature
Raw gas 320/500 °C
Product gas 6007400 °C
Diameter of the spiral tube D 18x1.5
Number of the tubes 3x30
Outside diameter of the 54
helical tube
Height 3.72m

4.3 Construction figures

The construction of the reformer is

shown in Fig 4.

97



