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ABSTRACT

THE PEBBLE - BED HIGH-TEMPERATURE REACTOR

AS A SOURCE OF NUCLEAR PROCESS HEAT

Volume 3

SYSTEM CONSIDERATIONS ON THE NUCLEAR REACTOR

The characteristic questions concerning a process heat reactor with
high helium outlet temperatures are dealt with in this volume like
e .g . fuel element design, corrosion, and fission product release .
Furthermore, some possibilities of the technical realization of the
hot-gas ducting and intermediate heat exchangers are described . Im-
portant parameters for the design of the reactor such as core power
density, helium inlet and outlet temperatures, helium pressure and
fuel cycle burn-up and conversion and the effect of these on the
primary circuit are investigated .
The important question regarding which reactor vessel is to be
chosen for nuclear process heat plants is discussed with the aid
of the integrated and non-integrated concepts using prestressed
concrete, cast iron and cast steel . Thereafter, considerations on
the safety of the nuclear plant are given . Finally, mention is
made of the availability of the nuclear plant and of the status of
development of the HTR technology .
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Introduction

The technical questions occurring in the case of the high-tempera-
ture reactor for the production of process heat can be divided
into two categories . Firstly in a fundamental one which pertains
to the possibility of realization of reactors with high outlet
temperatures :
- Are helium temperatures realizable in the region of 950 oC with-

out too high temperatures, temperature gradients and stress on
the fuel elements?

Are the contamination values of the systems for solid fission
products sufficiently low so that the availability is not im-
paired?

Are corrosion phenomena at high temperatures tolerable?

Secondly, some special features typical for nuclear process heat

- Which form of reactor vessel is to be chosen?
- Are the novel accidents controllable?
- How are the reactor data (power density, temperatures, pressures,

fuel cycle) to be chosen appropriately?

plants result for the reactor design :
- How is the hot-gas ducting to be designed?
- Is an intermediate circuit necessary?



3 .1 Fuel Element Design for High Coolant Temperatures

The requirements regarding helium temperatures of the reactor are
given in table 3 .1-1 .

A maximum temperature as given should be applied, depending on
whether an intermediate circuit is planned or not

Table 3 .1-1

	

Helium Outlet Tem.peratures from Reactor
depending on the Processes

High-temperature reactors, which are to be used for the produc-
tion of process heat, have to show as low a contamination of the
primary circuit as possible because such plants could possibly
require inspection and repairs of the heat exchangers oftener than
would be necessary for steam generators . As the rates of release
are strongly temperature-dependent, fuel element temperatures should
be kept as low as possible during continuous operation . According
to all considerations on fuel element cycles and fissile material
distributions in HTRs which have been employed up to now, the
following method should achieve the lowest fuel element tempera-
tures at defined gas outlet temperatures [1, 21 :
Fresh ball-shaped fuel elements are introduced at the top of the
core and flow once through the core due to gravity . After reaching
their specified burn-up, they are removed at the bottom of the
reactor . The helium coolant gas flows in the same direction as
the flow of the fuel elements, and is heated to the desired tem-

Process
Reaction
temperature

Reactor outlet
tem. without IHX

Reactor outlet
temp . with IHX

1) steam reforming of
methane 800 . . .850 °C 950 0C 950 0. . . 1000 C

2)
steam gaEification of
hard coal 800. . . 900 °C 950 °C 950 . . . 1000 0C

3) steam gasification of
lignite 750 . �850 °C 900 . . . 950 0C 950 . . . 1000 0C

4)
0lefine production
from gasoline 750 . . . 850 °C 900 . . . 950 °C 950 . . . 1000 0C

5) water splitting 800. . .900 °C 950 . . .1000 oC 1000 . . . 1050 oC



peratures (see fig . 3 .1-2) .
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Fig . 3 .1-2 Typical Axial Power and Temperature Distribution in
a Reactor Core with the OTTO Loading Principle

By using this method, the following results are achieved : in the

axial direction, the fissile material content of the fuel elements

in the core decreases strongly from top to bottom . The thermal
flux and power density show the same behaviour in the axial direc-
tion . Most of the power is therefore produced in the upper part
of the core i .e . where the coolant enters in a relatively cold

state .

	

The power density of the fuel elements is very low at
the bottom of the core, only an after-burning occurs, which re-

sults in an equalization of burn-up . With such a power distribu-
tion, the coolant is very rapidly heated in the upper part of

the-core, where large temperature differences occur between the
gas and the fuel elements, while in the lower part of the core
the differences become very small .

The following review shows the conditions in a reactor with the
OTTO (once-through-then-out) fuel loading explained above . Detailed
consideration of a single element shows that for a power density
of 1 MW/m 3 , .a temperature difference of about 35 oC exists between
the gas and the coated particle . Fig . 3 .1-3 shows a typical tem-
perature profile in a fuel element in a position in the lower
part of the reactor core (on the axis) and in the middle of the

core .
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Fig . 3 .1-3 Temperature Profile in Fuel Element for Different
Core Heights

To obtain high coolant outlet temperatures the above OTTO cycle

has the best prerequisites, in which a low power density automa-

tically occurs at the coolant outlet and not through control of

various levels of enrichment in the axial direction . In general,

a two-zone loading of the core will be suitable, so that a maxi

mum temperature difference of less than 100 oC is to be expected for
the radial temperature profile. Thus the following status results
for the fuel element design : For a specified coolant outlet tempe-
rature of 980 O C, and a mean power density in the core of 5 MW/m3,

the surface temperature of the fuel element reaches a maximum va-
lue of about 1100 O C, and the coated particle reaches a maximum
temperature of about 1115 OC . As against this, the design data
for ball-shaped fuel elements usually used today, and which are
guaranteed for the THTR, have the following values : surface tempe-
rature, 1050 OC, coated particle temperature, 1250 oC . While the fuel
temperature still includes a high safety factor, the surface tempera-
ture is slightly exceeded . However, this only leads to an increase
in the reaction velocity, which can be considered in the design
of the gas purification plant (see § 3,3),

It has to be tested, however, whether predictions regarding the
typical, new type of behaviour of the fuel elements (low tempera-



tures at high dose and high temperature gradients during the
first half of reactor operation, high temperatures at low dose
and low temperature gradients in the second part) can be made from
results of the fuel element irradiation program undertaken up to
now .
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Fig . 3 .1-4 Dependence of the Relative Linear Change in Dimensions
of Ball-shaped Fuel Elements with THTR Temperature
Cycling (R2-Tests) or with Max . Surface Temperatures
of 900-1150 oC (DR-Tests) in Comparison to that of
A3-Matrix (isothermally irradiated)on the Fluency [3] .

Fig . 3 .1-4 shows the status of irradiation of ball-type fuel elements .
The burn-up conditions of process heat designs are already experi-
mentally verified with good results . A possibility of considerab-
ly lowering the release of Cs--137 as well as other solid fission
products occurs in doping the nucleii of the coated particles with
oxidizing additives like A1 203 and Si02 and so of obtaining a re-
taining capacity which is better by several decimal powers (see
fig . 3 .1,-5) . This new type of coated particles have still to be

tested .
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3 .2 Contamination of the Helium Circuit

Time (days)

Fig . 3 .1-5 Cs-Release from Fuel Material Coated with PyC during
Annealing after Irradiation (Burn-Up : 8 % FIMA [4l)

Fission products in the coolant circuits of nuclear reactors,

and here especially in the heat exchanger aggregates, are of

large importance for the following reasons :
- the accessibility to the components during operation and during

inspection or repairs is rendered difficult or even impossible
when the coolant circuit contamination is very high

- the solid fission products contained in the primary circuit and
deposited on its walls (plate-out) may be released to the en-
vironment during an accident . Furthermore, it is very difficult
to handle such components with plate-out for repairs .

- as some of the plants discussed here are open two-circuits
plants, the consumer may come into contact with tritium, which
can diffuse into the product gas stream (e .g . in synthetic me-
thane) .

and have high biological activity . Considering the above features,
the following gaseous and solid fission products are of particu-
lar importance in high-temperature reactors today (table 3 .2-1) .

From the technological safety point of view, the interesting
fission products are such which are released in large amounts
during fission, show high Y- or ~-activity, have long half-lives



Table 3 .2-1 Properties of Some Important Fission Products
(data acc . to Reactor Handbook Vol III A, Physics
Sec . l ed .

	

1962)

3 .2 .1 Steady-State Coolant Activity

The steady-state coolant activity in the HTR test reactors Dragon,

Peach Bottom and AVR has been studied for several years of opera-

tion . The measured values are extremely low due to the coated
particle techniques .

In the AVR, for example, the $-activity of the coolant is about

2 x 10 -2 Ci/Nm3 . The present activity in the primary system of

the AVR for approx . 2000 [ßm 3 gas is only about 40 Ci .

Measurements and investigations up to now of noble gas fission

products in HTRs show that in undamaged fuel elements the magni-

tude of the coolant activity is determined by the outer uranium

contamination of the fuel elements, which depends on the

fabrication process (5l "

In a process heat reactor with a coolant outlet temperature of
980 O C, a mean power density of 5 MW/m 3 and by application of the
OTTO principle, somewhat higher specific activities result . Assuming
a value of 1 Ci/MW(th) for the AVR, the

	

steady-state value for

Isotope Radiation Mean Energy Half-Life Fission Yield

^0 .018 MeV 12 .3 a===== r
.-_-

8,7 " 10_5
Kr 85 ß 0 .67 10 .8 a 0 .293
Xe 133 ~- 0 .35 5 .3 d 6 .6 "
Te 129m g- 1 .6 33 d 0,35 "
Te 132 6_

0 .22 78 h 4 .7 "
I 131 -

ß 0 .61 8 .05 d 3 .1
133 ~- 1 .4 21 h 6 .9

Sr89 g- 1 .46 50 d 4 .8 "
Sr 90 ß 0 .54 28 a 5 .77 "
Be 140 ß

_
1 .02 12 .8 d 6 .4 "

CS 134 ~" 0.6 2 .1 a

Cs 137 ~- 0 .51 30 a 6 .15 "
Ag 110m ~- 0 .09 260 d

Ag" ' ~" 1 .05 7 .5 d 0 .025 "



a 3000 MW(th) process heat plant can be expected to be approx .

10 Ci/MW(th) . This takes into account the number of fuel elements
in a definite temperature range in the AVR and in the process
heat reactor which is being discussed . The overall steady-state
coolant circuit activity would then be approx . 30 000 Ci (noble
gas) or about I Ci/Nm3 He without assuming broken fuel elements .
Such a value in normal operation represents no great problem for
the accessibility of the circuits (e .g . loading, gas purification) .

Assuming a leakage of 1 % o per day under normal conditions, a re-
lease of radioactivity to the environment via the chimney of
approx . 3 .1,0 -4 Ci/sec would occur . This value is not hazardous
from the technical safety point of view . This value can be consi-
derably reduced by an intermediate acculumulation of the leakage
gas in the containment .

3 .2 .2 Deposition of Soli d Fission Products

Many irradiation experiments have shown that solid fission pro-
ducts are released from fuel elements . The experience today ist
that these fission products are deposited on the internal installa-tions of the nuclear reactor as also on the walls of the heat ex-changers and in tube ducting . For process heat plants, it is es-pecially important to know this concentration in the heat exchan-gers, which have to be accessible for replacement of catalyst orof entire reformer tubes . The knowledge about the behaviour ofsolid fission products in the coolant is as follows : It is knownthat the deposition behaviour of individual isotopes depends strong-ly on the temperature, the material, the mass flow Velocities, thegeometrical dimensions, the surface structure and similar parame-ters .
There are a series of experiments, especially recently also inthe AVR, which show the following results :



the surface of dummy balls in the AVR were examined for
deposits [6] .
near the helium compressor of the AVR, a filtering candle was
installed . Relatively cold coolant at a temperature of 125 o C

was led through this, and the filter was analysed [7] .
In the space between the reactor core and the steam generator
of the AVR, hot-gas samples were removed and their content of
solid fission products were measured (VAMPYR-experiment) . These
experiments are continuing [8] .
In the Pegase reactor (Cadarache), irradiation experiments are

carried out in a loop on fuel element balls ; the thereby occur-
ring deposition of solid fission products is measured (SAPHIR-
experiment) [9] .

The following table 3 .2 .2-1 is obtained for some important solid
fission products and shows some values for deposited activities

on surfaces :

Table 3 .2 .2-1 Experimental Data for Solid Fission Products to Reactor
Circuits [6-9]

From other experimental measurements it is furthermore known that

isotopes such as Iodine 131 are deposited on cold spots of the

coolant circuit i .e . at 250 oC and lower temperatures . Therefore

it is not to be expected that this isotope is deposited on the sur-

face of the reformer tubes . However, attention has to be paid to

the presence of this isotope on the cold spots of the gas-ducting

system . In the case of Cs-137, it can be expected that a large

part is deposited on the ceramic bottom of the nuclear reactor ;

however, a part may also deposit on the reformer tubes .

Dim, Deposition AVR-filter Saphir Saphir Vamp r

Iodine 131 Ci ^

on AVR-balls
^1-2x10--

.Y .. ~ 2 .2x10' ^T

100_ oC_-_-_
0 .5-1x10-6

500 OC
10 - 9

850 _C
-7 .6x10-

cm
Cesium 137 '~ 1-1 .5x10-9 1 .5x10 -9 5x10 -10 5x10 -9 2 .1x10 -10

Barium 140 ~' 1-1 .5x10-9 5x10 -9 5x10 -10 5x10 -10 1 .6x10 -10

Silver 111 ~~ 5x10 -6 10x10 -6 5 .2x10 -8



Also silver, which was unexpectedly detected in large amounts,

could possibly be deposited preferably on the reformer tubes .

The absolute amount of solid fission products in the coolant gas
of a 3000 MW(th)-plant can naturally at present only be roughly
estimated . It has to be expected that similar to the gaseous
fission products, an increase in the outlet temperature to 980 o C
would lead to an increase in the release of solid fission pro-
ducts as compared to the measurements in the MR .

Based on the present experimental data, the problem can be stated
numerically as follows : For the application of mixed oxide partic-
les with layers of pyrolytic carbon and an outer uranium contami-
nation of 2 .5 x 10-4 , which is technically realizable today, a
release of about 1000 Ci Cs-137/a is expected at 980 0C (see Fig .
3 .2 .22), Cs is considered today to be an especially critical isotope
as regards maintenance . Lowering of the outer uranium contamination to
2 .5 x 10 -5 , a measure which is strived at, reduces the value to
about 200 Ci/a . By use of silicon carbide layers for the mixed
oxide particles and by lowering the uranium contamination further
by a factor of 10, this value could be reduced to 5 Ci/a . . After
10 years of operation of the reformer tubes,about 0 .21 Ci/refor-
mer tube or 5 u Ci/cm2 reformer tube surface would be deposited
assuming 100 Ci/a (assumption : 4500 reformer tubes, uniform depo-
sition of all the cesium on the reformer tubes) . Catalyst mani-
pulations can be carried out for such values without any big
difficulties (s . § 4 .9) . However, the other fission products have
to be considered, too, which possibly contribute with a similarly
high contamination as Caesium .
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1 Feed-TRISO
Bread-BISO 2,5 x 10-4 30-3 Conventional

2 Mixed-RISO 2,5 x 10-4 Hone Conventional

3a Mixed-BISO 2 .5 x 10 -5 Hone Conventional

3b mixed-also 2 .5 x 10 -5 Hone Zoned

4 Fred-TRISO
Bread-TRISO 2 .5 x 10-5 10 -4 Conventional

5 Mixed-TRISO 2 .5 x 10-5 Hone Conventional

6 Mixed-TRISO 2 .5 x 106 None conventional



3 .3 Corrosion

Water leakages from the steam generator and the steam reformer

The reactivity of the reactor core is increased by transition to

higher helium outlet temperatures . Thus it has to be investigated
whether the specifications, which have been made up to now for
fuel elements and for graphite installations e .g . for the THTR,

can be applied for a reactor system with a gas outlet temperature,
which is 200 o C higher . However, it has to be observed that through
the introduction of the OTTO loading, the maximum surface tempe-
ratures of the fuel elements are not exceeded very much .

The following reactions could occur caused by the impurities in
the helium circuit :

C + H2 0 + CO + H2

CO +H20-~C0 2 +H2

C

	

+

	

2H2 -~

	

CH4

C + C0 2 + 2CO

Fig . 3 .3-1. shows the equilibrium position of the individual reac-
tions in dependence on the temperature .

--Temperulur 1
15001000 700 500 400 300

	

200 150 °C

Fig . 3 .3-1 Position of

Equilibrium

of the Reactions [111

as well as hydrogen, which permeate from the steam reformer in-

to the helium circuit, cause corrosion of the fuel elements and

of the graphite installations of the core .



It is known that fuel element graphite and reflector graphite
have strongly differing reaction rates for the various corrosive
media .

A3-graphite ; which is used for fuel elements, shows e .g . the
following dependence on temperature and pressure far reaction
with water [12) .

Rfmg/cmh)

I loci -10
1200 1100 1000 900 N800

Q5 20 7.5 8 .0 8.5 9A 9.5
-,--.-` 104

E K'' 1
T

C

R(PH 2 0 , T) ti e ^T "

	

PH20

Fig . 3 .3-2 Reaction Rate for A3-Graphite Fuel Elements [121

The following specification is derived from this for the THTR

reactor : for 1 Vol % H 2 O in helium at 1b, the corrosion rate at

900 o C is limited to 0 .5 mg/cm 2 h, and correspondingly at 1000 o C

it is limited to 1 .5 mg/cm 2 h (test duration :10 h) [13] .

For the fuel elements,a graphite corrosion of 0 .1 mm from the, sur-

face is considered to be tolerable . This means ti 1 %loss in

weight or a

	

total

	

loss

	

of',15 mg/cm 2 fuel

	

element surface .

The amount of water, which can enter the core due to this

cation, is estimated as follows :

reactor power

core volume

number of fuel elements in the
core

	

3`.25 x 10 6

number of fuel elements removed
10 6annually

3000 MW

600 m 3

weight of a fuel element

	

160 g

specifi-

This amounts to a total loss in weight of 1 .6 t C/a or an equiva-

lent amount of converted water of 2 .4 t H 2O/a . For a duration of

operation of 8000 h/a, leckage amounts of 300 9 H p 0/h can enter

the helium circuit .
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A leckage amount of 300 g H 2 O for a 3000 MW-plant seems to be tech-

nically realizable under the aspect of the THTR steam generator

specification of 60 g/h . No difficulties should therefore arise

here caused by an increase of helium temperatures . The specification

for the surface corroding can probably be somewhat disarmed due to

the handling of the fuel elements only once in the OTTO loading .

The hot core bottom should have a service life of 30 years . There-

fore,it has also to be protected from very high material corrosions :

As the reaction rate of reflector graphite as seen in fig . 3 .3-3

is a factor of 30 to 50 lower than that of A3-graphite, the design

of the core bottom causes no difficulties .

1 mm, which can be tolerated .

SIGRi-ALsw-Graphit

Carbonne Lorr PT-Graphit

Fig . 3 .3-3 Oxidation Rates for Typical Reflector Graphites 1141

The fuel element graphite is so reactive that it reacts with all
the available steam in the pebble-bed . If, however, it is supposed
that 2 - 3 % of the water can cause corrosion of the core bottom,
the following observation can be made : About 30 to 50 kg graphite/a
are converted ; in the course of 30 years of operation this leads
to a maximum corrosion of 1 .5 t C . Corresponding to a hot graphite
surface of 1000 m 2 , which is affected, this means a corrosion of

The corrosion of the fuel elements and the structural graphite
by H 2 can be rated as follows :
Assuming a tolerable corrosion of 0 .1 mm from the surface of the
fuel elements and therefore 1600 kg C/a as shown above, 5000 Nm 3
H 2 must be available as gasification medium . For 8000 hours of
operation, therefore, 0 .6 Nm 3 H 2 /h would be tolerable as leckagerate into the primary circuit . The actual rate of permeation
through the reformer tube is estimated to be < 0 .5 Nm 3 H 2 /h for a
3000 MW(th) plant . However, due to the largely differing reaction
rates for steam and hydrogen, it is not to be expected at all that



reactions can occur to such an extent . 8y the way, the effective-

ness of the gas purification just in the case of H 2 is counted as

an additional safety factor .

The following table shows a comparison of the reactivities of

H 2 O and H 2 , in which the well-known experimental results are

converted to the same conditions (for fuel element graphite) .

r

H 2 0

1000 °C

40 b

1 Vol % H20

ti10 mg/cm 2 h

6 " 10 -3 g/h .g

Medium

Temperature

Total pressure

Partial pressure

Rate of reaction

Conversion based
o n

	

C+)

Table 3 .3-4 Comparison of Reactivity of Fuel Elements for
H 2O and H 2

)related to volume

H 2

1000 °C

40 b

1 Vol % H2

=1 umole CH 4 /h , g

2 " 10 -5 g/h .g

This consideration indicates that the corrosion by hydrogen,

is much smaller than that by water .

For the structural graphite also,similarly low reaction rates in

hydrogen as for A3-graphite were obtained [151 . Taking into account

the small amount of additonally available hydrogen from the steam

reformer and the effectiveness of gas purification, it can be

shown by a similar consideration as before that here, too, no diffi-

culties occur in the design of the core bottom for a helium out-

let temperature of 950 0 C .



3 .4-Hot-Gas- Ducting between the Reactor Core and Heat Exchangers

The transport of hot helium from the reactor core to the heat ex-
changers presents a considerable problem for the technical reali-
zation of nuclear process heat .

Experience with this problem until now has only been gained from
the AVR, in which the coolant has actually attained a temperature
of 950 OC . The problem has been solved here by passing the hot
gas through structures made of graphite and carbon stone (s . fig .
3 .4-4) . However, the design concept chosen here of the place-
ment of the steam generators above the core cannot be transferred
to large-scale plants . Besides, in the new pebble-bed reactor
design concept, the direction of the gas flow has been reversed .

In the case of the HTR test reactors Dragon and Peach Bottom and
in the Windscale AGR (see fig . 3 .4-5), the coaxial ducts used are
cooled in counterflow by cold helium . However, the maximum helium
temperature here is only 750 OC, so that it is difficult to make
an extrapolation to present design concepts .In addition, these
ducts have small dimensions only as compared to large-scale plants .

In the THTR (300 MW(e)), the problem of the transport of hot gas
is solved by a ceramic duct between the reactor core and the heat
exchangers (s . fig . 3 .4-3) . In the ducts themselves, there is
additional insulation made of metal foils . Since all the - prima-
ry circuit components are integrated in the large prestressed con-
crete vessel, the problem of insulating the vessel itself against
hot gas does not occur .

In the Fort St . Vrain Reactor (330 MW(e)) (s . fig . 3 .4-2), the
above problem is solved as follows : The gas is led from the reac-
tor core through the reactor support plate to the steam generators
which are placed under the reactor core . These penetrations throughthe support plate are lined and insulated with "Kaowool", which is



pressed together by metal plates .

In all new design concepts for large-scale plants, like pod-
boiler vessels or loop systems, a new problem arises of leading
the hot gas itself through the vessel wall and/or protecting the
vessel i .e . the corresponding penetration duct, against excess
temperature . The following principles of insulation, which are
described in detail and discussed, can be used here (s . fig . 3 .4-1) :

- Insulation of the penetration duct by metal foils, wool or cera-

mic lining (variant 1)
- Use of a coaxial duct, and cooling the hot-gas duct in counter-

flow with cold helium (variant 2) to temperatures of about 550 oC

- Use of a coaxial duct, in which the hot-gas duct is internally
insulated (variant 3)

- Design of a coaxial duct system using tubular pieces of carbon

stone or other ceramics(variant 4) .

- Use of a cast chromium steel structure with holes for the

cold gas, and insulated inner duct for the hot gas (variant 5) .

G. Coaxial Ring Tubes Duct

	

5.Coaxial Wing Holes Duct

rin ; 137kg"s"l

18

6
7
8

10
Tf

Fig . 3 .4-1 Possible Types of Hot-Gas Ducting between the Reactor
Gore and Heat Exchangers
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Variant 1

0.6 0.7 QB 09 t0 11 12 13 1G

Diameter 011m)

If the dimensions of the tube ducting for the 3000 MW(th)-plants
discussed is not to exceed a diameter of 1 m, the number of loops to
be chosen should be between 8 and 12, so that the flow rate and
therefore the pressure losses in the ducts are not to become too
high . Fig . 3 .4-6 demonstrates this :

Fig . 3 .4-6
Connection between Number
of Loops, Helium Velocity
and Tube Diameter

In variant 1, the penetration ducts of the reactor vessel are in-

sulated on the inside with metal foils or with wool insulation

of sufficient thickness (s . fig . 3 .4-7 to 3 .4-11) . For the flow

of the hot gas, sheet-metal liner is necessary on the inside .

This liner e .g . Hastelloy, operates at the helium outlet tempera-

ture of the reactor of 980 OC . The temperature of the insulation

decreases linearly up to the water-cooled penetrations ducts . The

temperature of the penetration ducts is held at a maximum of 50 OC,

because of the adjoining concrete . The usual thermal conductivity

of metal foils is 0 .3 . . .0 .5 W/m oC and that of wool insulation is

(e .g . Kaowool) 0 .1 . . .0 .25W/m OC . Therefore wall thickness of about

ti 35cm or v15 cm are required . The heat flux through the penetration

ducts will in this case average ti 1 kWJm 2 . This is a value which can

be accommodated by water cooling surrounding the penetration ducts .

The advantage of this design of gas ducting is that the diameter

of the penetration ducts is smallest here as compared to the va-

riants described in the following . The following are the disad-

240
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Fig . 3 .4-7 Structure of a

	

Fig . 3 .4-8 Thermal Conductivity
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Fig . 3 .4-10 Thermal conductivitya Wool Insulation
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of Kaowool and Kerlane in Air [203

vantages especially at high temperatures :

- Operation of a material at high temperatures (T = 980 O C) formore than 30 years, whereby a replacement seems very difficult,
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Fig . 3 .4-11 Design of Internally Insulated Ducts (221

Especially for the thin-walled sheet-metal liner required here,

this can lead to difficulties

Leakage streams are difficult to avoid and can result in azi-

muthal and axial dissymmetries in the duct wall temperatures .

Possible damages to the thin-walled metal due to sudden pressure

drops limit the permisible pressure gradient per unit time

Deposition of solid fission products makes repairs and inspec-

tion work on the insulation and penetration ducts very difficult .

The proposed materials and designs cannot be tested for the

corresponding time of operation .
Risk of friction welding at adjoining spots of the sheet metal .

In this variant 2, the principle of coaxial ducts is applied . The

hot-gas duct is cooled in counterflow with cold helium at 250 OC .

The transport of hot gases at .980 oC and more is thus possible,



without wearing out metals at high temperatures . Through a suitable

choice of velocities of the hot gas and the cold gas, as well as

the wall thickness of the hot-gas duct, the duct wall temperatures

can be held under 550 O C . As the pressure difference between the

hot gas and the cold gas is only about 0 .7 b (pressure decrease in

core and core internals), the mechanical design of the hot-gas duct

can be achieved even considering all thermal stresses . In fig .

3 .4-12 the corresponding data and results are shown .

- 22 -

Temperature Profile

Fig . 3 .4-12 Data of a Coaxial Duct cooled in Counterflow withoutInner Insulation of the Hot-Gas Duct (Variant 2)

This variant has a number of design difficulties : The temperature
difference between stand-still and the operating state is over500 O C . For a hot-gas duct length of about 8 m, this means a changeof length of 5 cm has to be compensated . Use of compensators orsliding seals can solve this technical problem . However, for ductdiameters of 800 mm and more, both these solutions do not corres-pond to the status of technology . The hot-gas duct must be placed

Data
Reactor power 3000 MW
Number of Loops 6
Helium flow/loop 136 .6 kg/sec
Length of duct do m
Dimension of pipes see figure
Pressure hot gas 39 .3 bar
Pressure cold gas 40 bar
Temperature hot gas 950 oC
Temperature cold gas 250 oC
Pressuro drop hot gas 0.007 bar
Pressure drop cold gas 0.03 bar
Velocity hot gas 95 .8 m/sec
Velocity cold gas s 61 .2 m/sec
Material of hot duct NIMDNIC ALLOY 80 A

0
¢allowed (580 C) 20 kp/mm2

Amax 16 .5 km/mm2
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on roller-bearings, to allow movements during start-up and shut-
down .The hot-gas duct is firmly welded on to the cold-gas plenum
at the reactor bottom and so a clear separation of hot gas and
cold gas is possible . At the same time, the hot-gas duct can
thus be cooled indisputably by cold gas in the region of the hot-
gas plenum also . Inside the penetration duct there is an addi-
tional duct, which fulfills the following three functions :
I) heat protection duct for the penetration duct ;
this is achieved by stagnant helium between the penetration duct
and the above-mentioned duct .
2) As flow limiter for helium in case of damage to the outer

tube .
3) It serves as carrier duct, as the rollers for the hot-gas

duct are welded on to this .

For a loop design the outer pressure-withstanding cold-gas duct

must also have a compensator, which, however, only has to operate

at 250 o C and 40 b . Alternatively the duct must be water-cooled to
avoid a compensator .
In the described design concept, problems which occur by fric-

tion of metals in dry helium or. possibly by welding friction can
be solved by placing a layer of suitable material (e .g . titanium

carbide or nitride) on the bearing contact . A further design prob-

lem, which has to be solved, is the question of vibrations, which

could occur due to the circulator noises . Ribs for stiffening the

duct on the outside could solve this question .

Variant 3

Variant 3 is a compromise between the two previously described

variants . Through inner insulation of the hot-gas duct e .g . by

replacable slide-ih pieces, the temperature of the hot-gas duct

can be lowered to under 300 OC . In this way it is possible to

design the hot-gas duct with great stability without consideration

of thermal stresses, so that vibratory problems do not occur .

However, if wool insulation or metallic foil is used, here also

the problem occurs that the inner sheet-metal



In order to prevent thermal stresses in the carbon stone duct,
this can also be divided into several segments in the circumfe-
rential direction . In fig . 3 .4-13 a possible design of such a
duct is shown . The especially difficult point here is the connec-
ting part to the core structure, and the fastening of the ceramic
pieces inside the supporting tube .

Variant 4

-24-

liner takes on the temperature of the hot gas . Therefore, the

design should allow for a replacement, which is possible in a
loop construction .

In variant,4 the difficulties of the connection to the ceramic
core structure can be avoided, when the overall gas ducting is
carried out in carbon stone . Favourable temperature distributions
can be attained here, too, by counterflow cooling through borings
for cold gas arranged symmetrically around the hot-gas channel .
It still has to be found out, however, whether the occurring tem-
perature gradients of 80 o C/cm allow tolerable stress distribu-
tions . The sealing off between hot gas and cold gas can be im-
proved by a possible placement of metallic ducts in the cold-gas
borings. . The required diameter of the penetration duct or the
cold-gas duct will, however, be considerably enlarged in this
design . Other materials such as A1 2 03 or similar ceramics can be
considered, too .

Variant 5

To avoid some of the difficulties with the carbon-stone structure,
the cold-gas ducting can be constructed in the form of a telephone
disc made of cast chromium alloy . The inner hot-gas duct can beinsulated by different known materials .
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3 .5 Intermediate Heat Exchangers between the Primary Circuit
and the Chemical Process

An intermediate heat exchanger (IHX) circuit separating the nuc-

lear and the chemical plant is often proposed for the following

reasons :

- Hydrogen permeation from the process to the helium circuit can

be reduced .

- The rate of tritium permeation from the helium circuit to the
process can be lessened .

- Contamination of the process heat exchangers is prevented .
- A complete separation of the chemical and nuclear plant is
attained .

- The in-rush of water and gases into the core in case of an
accident (tube rupture in steam generator or in steam reformer)
is prevented .

- For some special processes (e .g . steam gasification of coal,
water splitting processes) it is better for the process heat
exchangers to be placed outside the containment, when solid
materials are handled .

According to the explanations in Vol 4 § 8 and 9, the first two
arguments do not indispensably justify an intermediate heat exchan-
ger circuit, as a removal of tritium, when necessary and technical-
ly feasible, could also take place in the primary circuit . The con-
tamination of the process heat exchanger causes no problem so long
as accessibility to the catalyst is guaranteed and so long as no
repairs have to be carried out on the tube bundle .

The first requirement can be fulfilled by placing the filling and
removal position of the catalyst also in a helium-filled plenum
at the same pressure as the primary circuit above the tube support-
plate . By means of a connection, the uniformity of helium pressureis guaranteed ; at the same time, however, the entry of solid
fission products into the plenum is prevented . The operation lifeof the reformer tube is assumed to be>,10 5 h, after that an ex-change of the overall tube bundle takes place . An individual re-former tube, which is damaged during its life-time, is removedfrom operation by plugging off . Reserve tubes, however, have to
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Table 3 .5-I Arguments for and against a He/He Intermediate
circuit

Aspect Plant with Mm Steam Reformer In the Primary Circuit

1) Separation of nuclear separation is very attractive be . partial inert gas filling of the con- {,)and chemical plant cause or explosive gases tainment (gas pipes in B2-filled
channels) explosive gas mixtures have
to be avoided

2) Hydrogen perreation IIIX lowers permeation rate to core measurements show that with a "201112- f1)from process to lic- ratio of 0.2 . . .1 in the process, thelium circuit permeation rate for &300 0 HSlth-plan
1s 1 imited to '- MOM, which Is no
problem

3) Tritium permeation tritiuo can he removed from IHX- tritium can be removal from primary he- (/ }from helium circuit circuit by gas purification lium circuit, too. Calculations showto process gas that if all tritium which is released
to the helium circuit permeates to
the process gas, there are no major
problems

4) Plate-out of solid steam reformer totally free of can- if fission products are plated out on re-fission products on tamination former tubes, there are no problems for
components change of cetalpts for a pebble bedreact

or at 980 C

5) Corrosion of metals the thin -walled IHX-tubes are easi- thick-walled reformer tubes (15 wr) are {-)
in primary helium ly corroded, Additionally the weal influenced not very much bsuuse the
by Impurities temperature is higher by 50 . . .70 C wall temperature Is c 900 e

in comparison to reformer tubes

6) Reactor outlet tam- either the reactor outlet tempera- 950 oC 1s sufficient for the process and
perature ture must be 1000 .

.
.1020 oC In order allows heat fluxes of the order of

to have toe same CH4"converslon, or 60 000 Kcal/m2 h
with 900 C In DIX circuit the re-
former heat transfer area must be
larger

7) Corrosion in the in case that all the reactor heat IS corrosion rate is no problem for 950 OC, (+)
reactor core transferred by the IHX, the speciff- if amounts of 112- and 820-teakages are,

cation for graphite corrosion In the Ifmlled
core and structural graphite can be
omitted

8) Accident "water in- is avoided no major problem as In steam generating
gross into core by HTR
rupture of steam ge-
nerator tube"

9) Choice of pressures possibly more flexibility for choice the best choice is preforming " PAellum i nin the circuits of reforming pressure 40 b with d slightly higher pressure
on the process Side

10) Additional barriers l more barrier possibly same effect if duplex tubes are (" )
for separation of used for the steam reformer
primary circuit from
the outside

11) maximum wall tempera- Twill ' 9500C with THc 1000 . . . 11,, 11
c 900 oC for THe 4 950 QC (-)

ture 1020 oC

12) ¢fflciency of the if the total reactor heat is trans- """ (-)
plant ferred, +, 50 aalel additional power

for IHX I$ needed

13) Heat fluxes in the in IHX of the order of 30000 KCall steam reformer bundles have "b0. . .70000
heat exchangers m2ht because thin-walled tubes Rcal/m2ht because thlck"walted tubes with

with small diameters are
~1 .51a11m~

used, war large diameters are used,Mw/p) power density
density in 1HK can be in reformer is 1.5

14) Arrangement of heat pod boiler . same conditions because nearly same power density in heat ex - /)ex
changers in reac- changers, question not important far loop system

for vessel

i5) Additional compo - - gas ducts. Inner Man. wi- 1 m (-)
rents " valves ; gi -sl m, T,ral1 900 oC and

hot, fast acting . if IHX outside Con
ta,nment

- hot penetrations for vessel and con-
tainment

kb) Technical problems - insulations if inner pigtails are used for the reformer (")
for the additional - heat exchangers, if T 950 oc tubes, the temperature for the penetrations
Components He Is Itmited to 600 C

- valves not available

- Ihk"vessel closure very difficult
because of penetrations for hot gas

17) After-heat-removal senarale auxiliary loops 0 x 50 ) can be achieved by 8. . .12 parallel prddu(- f.)

from the reactor core arc needed lien loops

IB) Reliability of the by addition of a IHX-circuit pots . -- (-)
plant higher probability for failures -

19) Status of develop- valves, pipes, penetrations . heat steam reformer bundles will be tested in i-)
ment exchangers have to be developed large sections In near future

and tested on a large scale

0) Costs by addition of IN which leans- --- (-)
fers the total power of the reac-
tor, the costs of the nuclear
heat are higher by 70 _ _

1) Safety no penetrations through vessel and accident "rupture of steam roforrier tube' (")

Containment are weak points it easy to handle, because of
°400 Nm 11

p5oductfon
" C01hI lobe is IIAlted to

no fast actin Valves are POW-
bl not softie?Cnt)y available

for decision
" (x) a" for or against IIIX . " f means that this is not strong point
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be installed from the beginning (5 . . .10 % more capacity) .

As far as the contamination values are considered, even a deposition

on the reformer tubes of 50 PCi/cm 2 , which seems to be pessimistic

The complete separation of the chemical and nuclear plant would

certainly present an optimum solution from the operational and

safety point of view, if apart from the heat exchangers it did

not require additional components, like long hot-gas pipes, compensators)

quick-acting hot-gas valves and hot-operating penetrations through

the reactor vessel and the containment .

The in-rush of water into the core, and the formation of water

gas connected with it, is a known and controllable accident for

two-circuit HTR plants . The additional penetration of hydrogen

into the core after the rupture of reformer tubes is limited

and causes no special problem .

An exact technical analysis of the problem is justified because an
IHX seems to be necessary for steam gasification of coal and be-
cause there could be the wish to possess an alternative solution .

In table 3 .5-1 all known arguments for and against the use of inter-
mediate circuits are compiled again .

Flow Schemes for I HX Circuits

The following figure 3 .5-2 shows 5 basic flow schemes ;- Steam reformer (SR) and steam generator (SG) are directly in-tegrated into the helium circuit - solution without an IHX (1)- The SR is heated by an IHX, the SG is operated directly in thehelium circuit of the reactor . The following different variantsare thinkable :
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Fig . 3 .5-2 Flow Schemes for Intermediate Heat Exchanger
Circuits

. additional SG in the IHX (2a)

" hot circulator in IHX (2b)

" recuperator in IHX (2c)

Both SR and SG are heated by an IHX, the total reactor heat

is transferred via the IHX(3)

When steam is used as an IHX medium, special circuits (4 and 5) can
be considered :
- SR is heated by steam, steam is expanded in the turbine, con-

densed and is pressurized as feed water . The SG would be opera-

ted at about 41 bar(4) at the steam exit .
- Operation of a catalyst-filled bed with a steam/methane ratio of

ti 8/1, so that the sensible heat of the hot steam is utilized as

heat for reforming . After expansion in the turbine and separation

of the reformer gases, the feed water is again pressurized (5) .
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The circuits 2a, 2b and 2c vary especially regarding the quota

of high-temperature process heat, heat fluxes as well as circula-

tor power in the IHX circuit as is shown in table 3 .5-3 .

Table 3 .5-3 Comparison of Values for Heat Transfer and Circulator
Power for Different IHX-Variants

Media for IHX

Next to helium, basically C0 2 , N 2i steam, Ne or Ar could be used as
intermediate circuit media . An analysis of the required heat trans-
fer areas as well as of the necessary pumping power (see fig . 3 .5-4)
in the IHX circuit shows helium to be the most economical medium .
C0 2 , N 2 and steam have very high pressure losses and therefore re-
quire large circulator powers . Steam as IHX medium only has advanta-
ges when it is condensed in the circuit .

Parameter 1 2a 2b 2c 3

""
. . . . . . . . . . . . . . . . . . .

kt ! "

. . . . . .n . . . . LAS . . . . . . . . " . . .

"36,000
. . . . . . . . . .

sR 60,000 36,000 36,000 36,000
mh

" 1HX - 60,000 30,000 45,000 22,000

Q " Recup . - - -

Hel IHX 40 NO 85 HNel 450 HHel 80 Hwel

$ process' 0,36 0 .22 0,36 0 .27 0 .36
$ reactor

Problems small hot large space in
amount of blower heat reactor
process in IHX trans- vessel in
heat eirtait fer integrated

areas design
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Arra n gement of IHX, SR and SG
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When an IHX is used, the following arrangements are basically

possible (see fig . 3 .5-5 and table 3 .5-5) .

2 .

6.

O lHx

Steam reformer (SR)+ Steam generator (SG)

® Reactor vessel

Containment 1N2)

Containment (air)

Fig . 3 .5-5 Possible Arrangements of Heat Exchangers in the
Primary Circuit

Fig, 3.5-6 : Possible Arrangements of Heat Exchangers in the Primary Circuit

Variant IHX
in
arranged 511 and SG Gas filling in Remarks

arrarngement containment" v """ . .vRR " . . "" v .v . "" . "- . . . . .OV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . " . . . . . . . . . . . . . . . . . . . . . . . . . . .
1 reactor vessel outside the air - fast-acting valvescontainment necessary (T - 900 OC,

0i - l m)
- long helium transport

' ducts

inside the
containment

air - danger of formation of
explosive gas mixtures
in containment

inside the
containment

inert gas - rupture of gas ducts in
containment is con-
trollable

in additional
in

cavities
reactor pressure

inert gas - largo-volumed reactor
vessel vessel in integrated

design

in the same cavities
as 111X

inert gas - use of double Fubas
-hardly any need ford
Wore place in the vessel



- 3 3 -

Variant 6 is the correspodning arrangement of variant 1 for a
loop design .

From the point of view of costs, feasibility and knowledge about

intermediate circuit components, the most attractive design seems

to be solution nr . 5 .

Data and Design of an IHX-System

In order to convey an idea of a possible design of such a heat

exchanger, a design example is given in the following in which

all the reactor heat is transferred . The IHX circuit is divided

into 2 parts : a heat exchanger for the high-temperature region

(970 . . . 550 O C) and a corresponding one for the low-temperature

region (550 . . . 270 O C) . Both heat exchangers contain the same

modules, in which the individual modules consist of coaxial ducts .

Fig . 3 .5-7 shows the principle of such a heat exchanger .

Hot Helium comes from the nuclear reactor through a coaxial duct

to the inner part of the heat exchanger, which contains the high-

temperature modules . From here the primary helium is led outside

to the low--temperature part . All the coaxial heat exchanger tubes

which are insulated from the inside to prevent too high heat losses

are welded on to a tube-plate (T ti 500 O C) . Above this tube--plate,

there are 2 gas collecting spaces for the secondary helium, one

for the gas entering at 200 o C and the other for gas at ti 480 O C .

The hot secondary helium (900 O C) is collected outside .

The diameter (ti5m) and the height (ti 15 m) of such heat exchangers

is such that they could also be integrated in a pod-boiler vessel .



Fig . 3 .5-7 Principle of Gas Ducting in an Intermediate Heat Ex-changer

Reactor power
Number of loops
Mass flow per loop
Temperature on primary side
Temperature on secondary side
Pressure on both sides
Heat flux
Area per loop
length of tubes
Diameter of bundle
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3000 MW
12
68 Kg/sec
970 --j 270 oC
200 ---~ 900 oC
nj40 b
ti35 000 Kcal/m 2h
6200 m2
n'10 m
ti5 m

Table 3 .5-8 Design Data of an Intermediate Heat Exchanger
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3 .6 Choice of Reactor Design Parameters

The important thermal design data of HTR plants, which have been
built or planned, are given in the following table 3 .6-1 . In the
last row, the data of the PR 3000 are given . Reasons for this
choice of reactor design parameters will be given in the following
by employing a qualitative analysis of the influences of changing
these values .

Thermal Core Power Helium

	

Core Inlet Core Outlet
Plant

	

Power Density

	

Pressure Temperat . Temperature
(MW) (MW/m3 ) (b) ( 0 C)

(
0 C)

AVR

	

46 2 .6 11 260 950
DRAGON

	

20 14

	

20 350 750
Peach Bottom

	

115

	

8 .3

	

24

	

343

	

728
THTR

	

750 6

	

40 262 787
Fort St .
Vrain

	

851 6 .3 48 .4 405 785

DRAGON
Reference 1250 7 .75 40 330 750
GA 1160

	

3000

	

8.4

	

49 .9

	

319

	

741

interesting
region for

	

2000 . .3000

	

4 . .6

	

30 . . 60

	

250 . .450

	

900 . .1000
NPH-plants
PR 3000

	

3000

	

5

	

40

	

280

	

980

Table 3 .6-1 Design Data of already Constructed and Planned High-
Temperature Reactors
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3 .6 .1 Power Density in the Reac tor Core

If the core power density is varied between 5 and 10 MW/m 3 , which is

considered to be interesting for HTR, results of the following form

are obtained :

1 . Regarding the fuel element design , mean power densities for the

OTTO circuit of approximately 5 MW/m 3 can be achieved without re-

sulting in unpermissible fuel element temperatures (calculation :

Tmax = 1100 o C in the fuel, ATmax ',, 300 o C in the matrix, Tmax
on the surface = 1.050 O C, limits . 1250 o C fuel temperature for
THTR, 1050 o C surface temperature for THTR)

2 . The capital costs of the nuclear art decrease with increasing
power density . At the same time, the energy costs for the in-
creased pumping power rise with increasing power density . On
the whole, the following tendency results for the total costs
influenced by the power density (see fig . 3 .6 .11.) .
The cost curve has a parabolic form with a minimum in the re-
gion of 5-6 MW/m 3 (at electricity costs of 3 DPf/kWh (el)) .
When the plant is once put up, however, (i .e . the annual capital-
dependent costs remain constant) and when simultaneously, the
electricity generation costs rise in general due to a rise in
prices, the minimum of this cost curve is gradually shifted
towards lower power densities during the period of operation .
After 20 years it would probably be at 4 MW/m 3 . On the whole,
there is no reason on economy grounds to aim towards power den-
sities of above 5 MW/m 3 .

3 . The fuel cycle costs are practically independent of the power
density . Savings in manufacture cost and low interest rates for
the first reactor core (at high power densities) are compensated
for by higher credit notes for bred fuel at low poer density
(0 .53 DPf/kWh(el) at 5 MW/m3 , 0 .51 DPf/kWh(el) at 9 MW/m 3 at
1973 ore and separation costs) .

In 30 years of operation of a plant, the influence of the credit
note towards better conversion will certainly lead to a tendency
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Fig . 3 .6 .1-1
Costs of Primary Parts
dependent on the Core Power
Density, (including Reac-
tor Vessel, Control Rods,
Core Installations, Load

T(MW/m3) -app.-

	

ing Installations and
Circulator ;) Consideration
made for a Loop Design
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towards low power densities due to the increasing uranium costs .

In addition, due to the increased throughput of fuel elements,

the influence of manufacture costs will decrease in future, too .

4 . Temperatures in the core during normal operation and accidents,

(e .g ., in-rush of water, fall-out of the coolant) are lower at

low power density .

5 . The release of fission products and the plate-out on the compo-

nents connected with it is less at low power denity because the

temperatures are lower .

6 . The irradiation dose on the side and top reflector decreases

with lower power density . At 5MW/m3 mean power density, a design

life for the upper side reflector of 30 years seems to be reason-

able .
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Despite the calculations, these parts of the reflector should

be removeable to enable repair and exchange .

7 . Flow behaviour of the pebble bed is more favourable at high

power density (smaller core diameter) . However, it can be made

sufficiently uniform by several parallel disloading exits

(3 . . .7 exits) .

By raising the power density to e .g . 10 MW/m3 , the reflectors

would have to be changed within the amortization period (17 years)

in any case .

Present investigations show that the fuel element ball flow is

uniform in the upper half of the reactor core, when the height/
diameter ratio is 0 .646 (see fig . 3 .65-1) . In the upper part of
the core the major portion of the heat is generated . Therefore,
dissymmetries in the ball flow in the lower half of the core
do not strongly affect the deviation in burn-up .

It may be necessary to increase the number of fuel ball exits
to as many as 6 to achieve adequate uniformity in a core with a
smaller height/diameter ratio . There are other possibilities for
the design of the core bottom . These possibilities have, how-
ever, to be thoroughly considered and designed yet .

8 . The stress on the fuel elements is less at low power density

At higher power density very large circulators are necessary
because the pressure drop in the core rises with power density .
This can cause space problems, especially for integrated designs .

At low power densities a larger restressed concrete vessel is
mecessary. Today vessels with internal diameters of 25 m (at 40 b)
can be constructed .

because the temperature gradients .are smaller

9 . The conversion factor increases with decreasing power density
(protactinium absorbs neutrons parasitically and this absorp-
tion is power density dependent .)This is important due to the
rising uranium prices for a high-converter system .



12 . The core has a higher heat capacity at low power density, i .e .

after accidents the starting of the emergency cooling can be

delayed depending on decreasing power density .
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This has certain consequences for the design of the emergency

cooling system (it can be much smaller) . In the case of a failure

of all active after--heat removal systems, which is a hypothetical

accident not considered in the licensing procedure today, the

core is heated up due to the heat production by ß-decay of the

fission products . Depending on the core power density the follow-

ing results are obtained using a very rough estimation :

After-heat production . PM(t) " Po x 0,13 x t-0.283

Cnergy balance

Heating up of core

--39-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fig, 3 .6 .12 Accumulated After-
Heat Production in a 3000 MW
Reactor

t

0S PH(t) x dt " Kc x cp x

t{ 0.13 x t-0 .238 dt x L
'

o

c p . 2 . 3'R 3 " PC

P C	- reactor power (3000 MR)

cp	+ specific heat of graphite (0,4 kcal/kg O C)
2

	

" number of fuel elements per unit volume (5400)

p

	

" radius of ball (3 cm)

pc

	

- density of graphite (1 .6 g/cm 3)

L

	

" core power density

AT

	

- heating up of core

AT

- AT

Fig . 3 .6 .1,-3 Storage Capacity
of the Core for After-Heat at

Varying Power Density (lkcal=

4,186 x 1.0 3 wsec)
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Fig . 3 .6 .1-4 : Dependence of Adiabatic Heating Up of the Core on
Time and Power Density (T B = Maximum Temperature of
the Fuel Element)

1G00

Fig . 3 .6 .1-4 can be interpreted as follows : When a power density of
5 MW/m 3 is chosen there areti4 hours time in which important measures
for the starting of the after-heat removal

	

or extreme manipu-
lation such as emergency disloading of the core can be accomplished .
During this time,

	

the fuel element temperatures remain under
1600 O C . At this temperature during this short time, release of
fission products is not intolerably high . At 10 MW/m 3 the fuel ele-
ment temperature during the same time would have risen above 2000 o C
and the temperature of metallic installations would already be so
high that some of these structures would have melted (e .g . suspension
of the top reflector) .
In reality a part of the heat is dissipated by the cooling arrange-
ment of the vessel liner surrounding the core structure before
such high temperatures are reached . After 10 hours, the after-heat
production is about 6 %o of the nominal reactor power . This heat
can on principal be removed by the liner cooling (normally 2 kW/m 2 ,1000 m 2 , hT(water) ti 5 O C) by increasing the heating up intervalto 100 O C . Additionally, the natural convection in the core will
dissipate heat, too .



For such a consideration it is assumed, however, that heat can
be transferred from the core limits without too large a tem-
perature elevation in the core . Small dimensions or ring
cores' with a diameter of 4 - - 5 m would be advantageous from
this aspect .

By decreasing the power density to 2 .5 MW/m3 , the conditions
for after-heat removal would again be considerably iiiiproved .

13 . The arrangement

	

Sat exchangers in the pod-boiler

vessel automatically leads to low power densities as certain

spacing has to be left for the heat exchangers between the

cavities (pod diameter/spacing ti 2/1 at 40 bar design pressure) .

In the case of the pod-boiler, a power density of 10 MW/m 3

for nuclear process heat cannot be realised at all because of

the space needed for the heat exchangers, as the following

consideration shows :

For a distribution according to 950 . . . 700 . . . 250 o G (steam

reforming,of,methane,steam -generation), a power density of

1. .2 MW/m 3 is possible in the steam reformer . This leads to e .g . 8

Pods of 4 .4 m each for the steam reformers and 4 pods of 4 .4 m

each for the steam generators . In order to have a sufficiently

large spacing between the heat exchangers in the container,

they have, to be placed in a circle with a diameter of approx .

25 m .

This leads automatically to a core cavity of 15 m diameter- in this

cavity, a core with 5 MW/m 3 fits in .

A power density of 10 MW/m 3 in the core can only be actually

realized by steam generating systems (with 6 steam generators,

height approx . 8 m, diameter approx . 4 m, i .e . L n, 6 MW/m 3 in

the steam generator) if pod-boiler designs are used (see fig .

3 .6 .1-5 )
In case of a loop arrangement of the heat exchangers, it would

be possible to raise the power density of the reactor core .

However, cost estimations made before show that here no economical



interests exist for increasing the power densities .

0

4.4 m
4.sm

0
Fig . 3 .6 .1-5 Dimension of the Vessel by Changing Over

from Electricity Production to Process Heat
Applications .

1) Gulf

	

1160 MW(el) pod-boiler
2) PR 3000 pod-boiler for steam reformer

(950 . . .700 O C)and steam generator
(700 . . . 250 o C)

3) PR 3000 loop system for steam reformer
(950 . . . 700 ° C) and steam generator
(700 . . . 250 O C)

From all the considerations made here, it is concluded that
increasing the core power density above 5 MW/m3 brings no ad-
vantages if economy is considered, but i.t means a lot of dis-
advantages, if the technology and the safety of the system are
discussed .
Table 3 .6 .1-6 summarizes the main aspects once more .



Table 3 .6 .1.6

	

Aspects regarding Power Density

Aspect Remarks Argument pro (ij or
against (-) A higher valu
of pow

ins
r density than

5
MV,

1) Costs - fuel cycle costs are nearly Independent
of power density (P .D .)

- investments are lower for higher P .D .
- cost for power of lie-circulators is

raised with higher P .D .
- total costs show a (s lat minimum for a

P .D . of 5 . . . 6 MW/m

2) Fuel element - with higher P .D . all temperatures (fuel
behaviour temp ., surface temp ., temp . gradients) (-)

are higher

3) Fast dose on - with higher P .D . all fast doses at top-
reflector and side reflector are raised . Reflec- (-)

for must be removed earlier

4) Conversion rate - with higher P .D . the conversion rate
drops because of higher parasitic (-)
absorption in protactinium

5) After-heat removal - heat capacity In the core is higher
for lower P .D . The time after which (-)
the after-heat system must be operated
I$ longer for lower P .D .

6) Flow of balls to core - for small cores, i .e . Cores with high
P .D . the flow of balls in core Is much
more parallel than in big cores . For ( 4 )
cores with low P .D . more discharge tubes
(4 . . .7) or special core designs (ring
core or core type bottoms) must be used

7) Diameter of cavity - for a podboiler design automatically a
and dimensions of reac- P .D . of 5 HR/m3 resuits because of
for vessel the lower power density of the heat

(I )enehangers (12 pods of 4 .5 m 0 are
needed instead of 6 as in case of
steam generating plants)

- for a loop design from the point of view
of vessel diameter a higher value of P .D . (/)
could be used, but no cost advantage Can

be seen

8) Power of the - with higher P .D . bigger blowers,
(-)

blowers, dimension possibly problems with space in
of blowers integrated designs

9) Tritium generation generators of tritium in 3 Nc and in
fuel elements and structural graphite
increases with P .D .
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3 .6 .2 Reactor Inlet Temperature T i

The determination of the reactor inlet temperature has considerab-

le influence on the following :

The design and life expectancy of the upper and side reflectors

The temperature rise of the coolant through the core, and with
it the pressure drop and the circulator power

The temperature distribution in the core, and with it the re-
lease of fission products
Insulation of the entire system
The splitting of reactor heat into process heat and electrical
power

Design of the heat exchangers, in particular the size of the
economizer in the steam generator
Fuel element design

Regarding the details, the following comments can be made :

1 . By increasing T i and keeping all the remaining data in the pri-
mary circuit constant, the temperature rise through the core
becomes smaller, and at the same time the coolant mass flow
increases . The nuclear reactor power which can be utilized for
process heat is increased .

2 . By increasing the coolant mass flow, the heat transfer to the
reformer tubes improves : The heat transfer coefficient on the
helium side can be considerably increased .

3 . The heat flux of the economizer is considerably increased by
raising the reactor inlet temperature .

4 . BY increasing the coolant mass flow, the circulator power is
raised very much . Thus the efficiency of the plant is decreased .

5 . In addition, the circulator power is increased with an increasein core inlet temperature T i .



6 . Circulators with higher inlet temperatures are more difficult
to construct .

7 . With higher coolant mass flow, the velocity or the size of all
primary gas-containing components have to be increased . In the
first case the pressure drop will be higher with corresponding
power, in the second case the plant costs are increased .

8 . The permissible fast neutron dose in the graphite installations

(the upper reflector and upper part of the side reflector) be-

comes less as the reactor inlet temperature is increased due to

the typical irradiation behaviour of reactor graphite . Thus the
service-life of these installations decreases with increasing

core inlet temperature (above 350 0 C) .

9 . The cooling of the entire primary circuit system (heat exchanger

walls, ducting, thermal shield, cold-gas plenum) is more diffi-

cult with rising core inlet temperature . This also calls for the

use of materials of higher quality . Increased insulation of all

primary gas-containing components is necessary .

11 . Bearings in dry helium cannot be lubricated with MOS 2 at a tem-

perature of more than about 250 o C - 300 O C . Therefore, increased

problems of friction and fretting have to be considered .
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The cooling of the control rods is more difficult with increasing

inlet temperature .

The principle of counterflow cooling of hot-gas ducts with

cool helium becomes less effective at a higher inlet tempera-

ture .

At an inlet temperature of more than ti 350 O C,cast steel has to

be used for the thermal shield instead of cast iron .

After weighing all of these considerations, the most appropriate

reactor inlet temperature seems to be 250 o C . For hydro-gasifica-

tion of lignite, this temperature is even necessary to make the

required energy available for the drying~of the raw coal . Also,

for all the other process heat methods discussed, considerable

amounts of energy from the lower temperature region of helium is

required for steam and gas purification, so that the superfluous pro-



duction of electrical energy is not too high . However, for appli-

cations of the chemical heat pipe (long-distance energy) an in-

let temperature of 450 o C should be aimed at in order to make the

chemical heat pipe (long-distance energy)portion as high as possib-

le (from 60 % at T i = 250 o C to 75 % at T i = 450 O C) .

3 .6 .3 Reactor Outlet Temperature T o

A raising of the reactor outlet temperature above 950 o C has the
following consequences :

2 .

3 .

4 .
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According to the present status of technology, fuel element
design is possible at gas temperatures of 3.100 o C without ex-
ceeding the technical limits for coated particles of 3.250 0 C .
The present fuel element surface specification of 3.050 o C can
be exceeded if the entire reactor heat is transferred through
an intermediate heat exchanger IHX (helium) . This is suitable
for the coupling of the reactor with steam gasification of
coal . All processes which require a steam reformer, can be opera-
ted with sufficient conversion at a reactor outlet temperature
of 950 o C (without an IHX) . Even steam gasification of hard coal
can be accomplished with 950 o C helium (including an IHX) .
At otherwise constant temperatures in the primary coolant cir-
cuit, the process heat portion of the reactor power increases
with increasing outlet temperature To . This is especially im-
portant for the steam gasification of hard coal .
The heat fluxes in the steam reformer increases with increasing
To without simultaneous higher pressure drops on the helium
The release of solid fission products (for example, Cs 137)
increases above 950 o C by a factor of 15 by raising the tempe-
rature to 1050 OC . Similar variations are expected for the re-
maining solid fission products (I, Ba, Sr, Ag, Te) as the tem-
perature is raised . Above 1000 O C, silicon carbide particle
coatings (TRISO) must probably be used,
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5 . If the raising of reactor outlet temperature results in a
higher process temperature in the steam reformer, then the
wall temperatures in the reformer tubes would rise . This
would result .i n decreased strength values as well as

increased permeation rates of hydrogen and tritium .

6 . The hot-gas ducting between the reactor core and the heat ex-

changers becomes an increasing problem with increased outlet

temperature . Probably only ceramic ducts can be applied above

1000 O C .

7 . Coolant mass flow in the primary circuit decreases with decreasing

T o , therefore the gas circulator power increases

8 . Without an intermediate heat exchanger, and with increasing tem-

perature, one must contend with increased leakages of H 2 O

and H 2 and CO 2 in core installations and fuel elements . The

gas purification of the primary circuit becomes increasingly

less effective :as the corrosion rate increases by a factor of

10 per 100 O C .

9 . The design of the hot core bottom presents no problem even at

higher values of To from the point of view of radiation damage

by fast neutrons, since with the OTTO-cycle the dose at the reac

tor bottom is sufficiently low .

A consideration of all these points shows ; a reactor outlet tempe-

rature of 950 o C is sufficient for application of

	

steam reformers .

No additional advantages result from the increase of tempe

rature .

	

For the

	

steam gasification of hard

	

coal, temperatures of

	

To >11

950 o C are desirable when an intermediate heat exchanger is used,

with a tendency towards higher temperatures .



3 .6 .4 Coolant Pressure
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A variation in the nuclear reactor pressure mainly affects the

reactor pressure vessel, the heat exchangers, the helium circula-

tors as well as the helium circuits and the containment .

In detail, the following comments can be made :

The ratio of circulator power to reactor power decreases with

increased pressure .

The heat transfer

	

coefficient on

	

the helium side varies with ti p 0 .7 .

Therefore the necessary heating surface becomes less with higher
pressure .
At a constant mass flow, an increase in pressure either de-

creases the velocities or decreases the required cross-sectional
areas for flow . It therefore decreases either the pressure drop or
the plant costs because the components become smaller .

The wall thickness of all the primary gas-containing vessels
increase with increasing pressure .

After an accidental loss of coolant, the size of the containment
must be larger for increasing system pressure, or the contain-
ment must be designed for a higher resulting pressure .

When a steam reformer is used in the primary circuit, the 'pressure
difference between the helium circuit and the process gas should
be as small as possible, in order to obtain a reliable mechani-
cal design of the reformer tubes . In this system, the nuclear
reactor pressure should be between 30 and 40 b .

The present state of development for prestressed concrete vessels
is in the pressure range of 40 to 50 b .

Components such as the gas purification system, fuel loading
system, gas circuits, control rods, and circulators, must be
constructed to withstand additional system pressure, if higher pres-sure is chosen .
The after-heat removal

	

with a separate auxiliary loop be-
comes more difficult at higher system pressure in the event of
total loss of coolant .
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- By varying the nuclear reactor pressure from 40 to 20 b or to
60 b would have the following effect upon economy, according
to presently available data :

By decreasing the coolant pressure from 40 b to 20 b, the costs
of nuclear heat increase by about 10 % ; by increasing the pressure
from 40 b to 60b,the costs remain nearly constant . There is a
marked tendency, therefore, that for two-circuit plants a conside-
rable decrease of the heat costs cannot be attained by increasing
the reactor pressure . However, a decrease in pressure is connected
with considerable economical disadavantages . According to plant

technology conceivable today, an optimum from the economical point

of view of the HTR pressure lies in the region between 40 and 50 b .

For all designs, the operational pressure was therefore taken to

be 40 b . The main argument should be to have the same pressure on

the process- and on the helium side of all process heat exchangers,

to make the mechanical design of these components feasible .



3 .6 .5 Ratio of Core Height/Core Diameter

The determination of the ratio of core height/core diameter in

the pebble-bed reactor is important for the fuel ball flow, the

core pressure drop, the control rod penetration, as well as the

dose stress of the reactor internals .

By increasing the h/d-ratio the core pressure drop is increased

very much .
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The penetration of the control rods into the core for cold
shut-down is easier for low-height cores (h < 5 m), as the
penetration depth then does not exceed 2 .5 . . . 3 m .

Low-height cores have a higher fast neutron dose in the side
reflectors in the critical temperature range of 500 - 600 O C .
Presumably this would require an earlier replacement of the
reflector .

According to the measured curves of the reactor core for 3, 4
and 6 fuel ball disloading exits, the velocity of the fuel balls
in the radial direction is the same for a h/d ratio between 0 .5
and 0 .6 at least in the upper half of the core, which is of
great importance for the power production . The dissymmetries in
the lower half of the core lead to undesirable deviations in the
burn-up (s . fig . 3 .6 .5-1) .

Considering these features, a suitable compromise for the choice
of the core height seems to be 5 .5 ., . 6 m . For a mean core power
density of 5 MW/m 3 , the following data result for a 3000 MW(th)
plant : h = 6 m, d = 11 .3 m, h/d = 0 .53 .



Fig, 3 .6 .51 ; Model Tests on the Flow Behaviour of Fuel Elements

in a 1500 MW Reactor with 3 Aisloading Exits (231

(Model 1 :20)

(1) Section 1
(2) Section 2
3) Section 3

Section
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3 .6 .6 Burn-Up and Conversion Factor

The price trend on the uranium market in the past years and the

expectations of the continually increasing application of nuclear
reactors force the design of fuel cycles

	

of all reactor systems
to higher conversion factors and so to a smaller supply of fresh

uranium . As extensive calculations have shown [241, the pebble-bed
reactor can be operated with a conversion factor of C ti 0 .95 with-
out any big further development, if the following limiting condi-
tions are adhered to :

There has to be a small parasitic absorption . For continual load-
ing i .e . whefi there is no surplus reactivity to be kept low,
the conditions are most favourable .

The neutron leakage from the core has to be small . This is guaran-
teed for the large core dimensions discussed here and the com-
plete embedding of the core in graphite .

The parasitic absorption of neutrons in the nuclides fdp and pa
of the conversion chains (U238 + U239 _, . Np 239 _* pu 239 , Th 232
Th 233 r pa 233 _~. U233) have to be kept as low as possible . This
requirement is fulfilled by the low power density of 5 MW/m 3 already
chosen due to other reasons .

The absorption rate of the neutrons in the fertile materials
should be high . This is made possible by the presence of much
heavy metal in the core, i .e . in the fuel elements the heavy
metal content has to be increased (from 12 g to more than 30 g) .
As a further measure, which would possibly even make the opera-
tion of the reactor as breeder possible, however with a very
high doubling time (C ti 1 .01), Be0 comes into question for appli-
cation .

Calculations (25,

	

261

	

and experiments

	

[271

	

show that by an additionof a certain amount of Be0 balls in the core, about 2 % to 3
more neutrons are available through the (n, 2n)-reaction ofberyllium,

When the separation of U236 under economical conditions issuccessful, two additional advantages are attained . The parasiticabsorption of U236 is eliminated and building up of higher



isotopes, which being extremely long-lived alpha emitters cause
difficulties during the end-storage, is lessened .

The following table shows a comparison of the design up to now
of fuel elements, which due to the still high fabrication costs of

the fuel elements (small numbers) aim at a high burn-up, as well
as data for the high converter and near-breeder reactors .

Normal High Near Breeder
Converter Converter Breeder

Data

	

Dim .

Heavy metal content
of the balls

	

g

	

12

	

30

	

ti30

	

%40

Burn-up

	

MWd 100000 30000 10000 10000
t

Ball material

	

graphite graphite graphite graphite/

Conversion factor

	

Cti0 .6

	

0 .94

	

0 .98

	

1 .01

Power density
MW
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Table 3 .6 .6-1 Data of Different Fuel Cycles

Be0 ti 1/1

However, the fuel cycle costs increases largely as fig . 3 .6 .62

shows, when the burn-up is reduced from approx . 30000 MWd/t

for which the conversion factor is already 0 .94 to 10000 MWd/t .

This is due to the increased expenditure for reprocessing and re-

fabrication . Besides, a large amount of fissile material is al-

ways found in the outer part of the fuel cycle .

However, the increase of the conversion factor is in all cases of

such interest that the corresponding fuel element development has

to be carried out . Here a possibility of making a thermal, inherent-

ly safe breeder system can be seen .

1n any case, in the next twenty years, reactor systems which use the

uranium and thorium reserves much more effectively than the systems

known today must be introduced .
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Fig . 3 .6 .62 Dependence of Fuel Cycle Costs and the Conversion
Rate on the Burn-Up [241

Fig . 3 .6 .6-3
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Demand and Supply of Natural Uranium forFRG [381

Amounts ensured by contracts :
1) Contracts with EVU
2) Acceptance obligation of uranium

of uranium supply of the FRG for the near future .

Annual load factor

Efficiency

Deadline for payments :

Fissile material

	

360 d

Fabrication

	

360 d

Reprocessing after
unloading

	

360 d

Credit note for fissile
material after unloading 360 d

Interest rate

	

8

Tax on fissile material
used

	

2

Dissipation factor
during reprocessing

	

0 .99
Diminishing value factor
for fissile material during
unloading

	

0 .9

Diminishing value factor
for thorium during un-
loading

	

0

the

companies

0 .8

40

This is illustrated by fig . 3 .6 .6-3 which shows the expectations

MENEM
SIMONE

0
FEE

N
!1-000Oman=
Olle"

sM Reprocessing costs 400 DM/kg HM

Fabrication costs for HM 400 DM/kg HM
CR t Conversion rato
Fcc i Fuel cycle casts Fabrication costs per
FC : F.Wcation costs
FHC : Fissile material casts ball 20 DMRC : Reprocessing costs
BC : Breeding materiel costs

U-233 45000 DM/kg
U-235 40000 DM/kg
Th-232 50 DM/kg
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3 .7

	

Choice of Vessel Design (Loop/Pod-Boiler System, Concrete or
Cast Steel or Cast Iron)

3 .7 .1 Technical Status of the Prestressed Concrete Vessel

The present development of gas-cooled reactors with prestressed

concrete vessels shows a variety of principles of arrangement, as

shown in Figure 3 .7 .1-1 . While all the light and heavy water reac-

tors constructed up to now favour a so-called loop design (many

parallel heat exchanger circuits connected with the reactor pres-

sure vessel by ducts, entire primary cycle placed in a reactor con-

tainment building), in AGR- and HTR-reactors the aim nearly always

was to place the entire nuclear part in a reactor vessel, however,

up to now, always without a containment .

Dungeness B

	

THTR 300
Hlnkley Point
Hunterston l3

711111,11,111111

M
St .Laurent 1

	

Wylfa
St, Laurent 2

Bugey
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I
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. ~ I ~ ~ It

	

I
:

I VA I- -K A'-to II I

	

] -~

	

I .

I

	

I

Hartlepool

	

Fort St,Vrain

	

Gulf 9160

	

Loopsystem

Fig . 3 .7 .1-1 : Designs of Prestresssed Concrete Vessels (already

constructed as well as planned plants)
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3 .7 .2 Pod-Boiler and Loop Arrangements in Prestressed Concrete

For the application of nuclear process heat, 3 different principles

are possible for the arrangement of the nuclear reactor and the

heat exchangers (see fig . 3 .7 .2-1) .
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Up to now arrangement in the reactor containment was not necessary
in this type of primary circuit layout, as the prestressed concrete
vessels are considered tobe burst protected and all

	

vessel

	

closures
or terminations are doubly protected . Table 3 .7 .1.-2 shows a review
of the essential technical data of some of the prestressed concrete
vessels, either already built or under construction . In contrast
to steel vessels, which are used for water reactors and permit a
diameter of only about 5 . . . 6 m, prestressed concrete vessels can
be constructed with very large free volumes .

Arrangement of the reactor core and heat exchangers in a common

large cavity, similar to that in the THTR

Arrangement of the core inside a prestressed vessel, location

of the heat exchangers in so-called loop vessels outside the reac-

tor vessel made either of boiler steel or made in a so-called burst

protected way .

- Arrangement of the core in a central cavity in the vessel, lo-

cation of the heat exchangers in separate small cavities situated

around the core in the wall of the vessel (pod-boiler)

As fig . 3 .7 .2-1 shows, the first solution can be discarded due

to the large dimensions, when prestressed concrete is used as

vessel material . The conditions for cast iron or cast steel will be

discussed in the following . The remaining solutions for concrete :

loop arrangement and pod-boiler, have to be evaluated according to

different properties regarding their suitability for process heat

plants as is shown in table 3 .7 .2-2 .



Prestressed
Cast Steel Vessel

VORGESPANNTER
GUf1BEHÄLTER

Fig . 3 .7 .2-1 :

1. THTR-Cavily
1 . THTR-Kaverne

Process Heat-Reactor Vessel
Power =3000MWlh
Power Density

	

-

	

5MWthlrm?
Number of Loop =

	

12
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2, Loop Design with Burst Protector
2.nichtintegriert + Berstschutz

PCOxenwArme - Reaktorbehdlter
Leistung

	

= 3000MWth
Leistungsdichte = 5MWthlm3
Loops

	

= 12
Unit of Len th = m

3. Pbdboiler Design
3.Podboiler

Comparison of the Size of the Vessels for DifferentPrinciples of Arrangement and for Prestressed Con-crete and Cast Steel

As table 3 .7 .2-2 shows, all these features are in favour of achoice of the loop

	

system,

	

if the problem of a fast

	

depressuri na-tion of the primary system due to damages in the coaxial ducts orin the neat exchangers can be tolerated .



Aspect

sane AGR reactors have been built
following thIs principle
GAC Intends to use this principle
for their large HTGR-plant$
far steam reforming a plicatlons
12 big cavities for iha heat ex .
changers are used instead of 6 for
steam generation plantsi there.
fore larger vas se is have to be do-"I

loped

- for the various applications of
process heat . different vessels
are always needed (different pro-
c ;4 : . : . ar different splitting at
nuclear heat for steam reforming
and for $team generation)

- for a 3000 Huth-plant . a jessel
with a volume of 30 000 m Is needed

- vessel far a 3000 KWth-plant
using the loop principle Corres-
ponds In dimensions exactly t0
the THTR-vessel

- loop concept has been used until
now only for small HTR-pleats
(Ovayon, (each-bottom) and for
srail AGA (Wladscale)

- all light water reactors are
built using the loop concept

- one standard vessel cep be
connected with various different
process heat exchangers

4) 1xtrapolation to
larger aIItt

g) C

	

meets with big
ri1pvalved

6) pepretsvri :ation of
ths prI nary system

7) Safety ofaInst girth
quakes

" ) Imspacti(Pp and repairs

!) Net ht of the
cootalm"et

0) prefabrication of heat
exchangers

- .5g -

Pod g011er

- esttma%on for a 6000
Not

h-un
vumal wIth a diameter of 50 m

- closures for the heat exchangers

	

I- coaxial gas duets to the beat
with 4 . . .6 Alan . are new components

	

exchanger$ {i m /j require Can -
pensators or complicated cooling
systems

- If double closures are used, a ra-
pid

	

of
avoided (i l h b/ire)

- pad boiler system is inherently
safe far this accident

- all ducts and pods for heat ex-
Chanro and tore cavity are in-
1 .1 .1 :d . Ygry difficult to Inspect
samethtng

- heat exchangers must be removed to
the tof the vessel . therefore
therea tas to be more space above
the vassal

-pots must bep
onstructed at the

- rrecttan time is of the order of
4 years

Loop System

- vessel for 6000 NW has a dlamr-
!er of 77 m, number of leapscould be doubled

1f the number of loops t$ large
enough (l2) and with a special
design of the inner its dvctla
system in the reactor . the .xt-
mum pressure transient can br
11m1teA to 10 b/trc without any
burst protection . This does met
cause faIlures of structorat
which are needed for after-brat
removal

- safety agatnat earth auakat has
to be attained by englneeree
design

- all wells of the loops are made
of normal vessel steel and era
not Insulated . Therefore they
can be inspected and repaired

- halt exchanger$ can be removed
to the side and be taken out by
a central o entng In the can-
taianent . Therefore hei ht of
the .0ntsinmaot 1s suitor and
underground arrangement becomes
mare attractive

- heat exchangers together with
vessels can be prefabricated 10
a factory and be transported to
the site

" erection time of vessel possibly
shorter by 1 year

- in the order of 90 tlio ON far
the reactor vessel

- additional 60 Rio ON for the
host exchanger vessels

Table 3 .7 .2-2 Aspects regarding Integrated or Non-Integrated
KTR-Systems

This problem is important because after such an accident it has

to be possible for the reactor system to be after-cooled i .e .

damages must be prevented to the core internals or the re-

maining loops, which serve for after-heat removal .



v

Although the probability of a coaxial duct rupture is very small

according to the present status of knowledge, the consequences

of a sudden rupture or the bursting or a vessel have to be dis-

cussed .

According to recent calculations [283, the forces connected with
fast depressurization of the primary circuit working on all core in-
ternals in the gas flow are sufficiently low so as to prevent damages .
By the additional insertion of an inner flow limiting duct in the
cold-gas duct, the emanation of the coolant during damages to
the ducting is largely delayed .

The following rough estimation gives a picture of the press»ro
gradient after a rupture of a co-axial duct .

m 1 F . T " p
0

m1 +m 2 -0

pv = m2 RT

To

_

	

' --Jf = F

p = Po . e -F , C

C
- TmaX ' 2RTo

t

f 1

reactor volume

- 6 0 -

- (L--)~" j
P O

1AW

T p

	

.	7 -0

ti mean temperature of helium

p0 - initial system pressure
k - 1 .33 f . helium
An evaluation of these formulae for the different
shows the following results (see fig . 3 .7 .2-3) .

reactor vessel types



In contrast to the integrated designs THTR and GAC ].160, high
pressure gradients occur at the beginning of the loss of coolant acci-
dent for loop systems without burst protection. It has to be
shown, therefore, that a pressure change of ti 3,0 b/sec can cause no
damages to the core internals, insulations or other remaining loops,

which have to be used for the after-cooling capacity of the care . The

depressurization tests on metal foils. and fibre insulations carried

out up to now [22] show that damages can be avoided by appro-

priately constructing these components . Use of carbon stone for
the hot-gas ducting would considerably lessen the problem . These
core internals

	

cause no problems when they are suitably de-

signed according to the calculations carried out (283 . In any

case, it is aimed at decreasing the free outlet area when the

duct ruptures so that the pressure gradients are further de-

creased . A further step possibly in this direction could be the

introduction of flow limiters in the hot-and cold-gas ducts .

Such a measure, however, causes high pressure loss and the eco-

nomy of the system is impaired .
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PR 3000-Loop
1with burst
protection)

Fig . 3,7 .2-3 : Change of Pressure for the Emanation of Coolant

from the Different Reactor Vessels

An additional possibility, which has been proposed already

for light water reactors, is to surround the loop with a

so-called burst protection, which would limit the

flow

	

rate during accidents so that pressure change rate could

be retained to a few bar/sec . These burst protection measures could
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consist of rings either of cast iron or concrete or cast steel,

which are surrounded by axial and radial bracing cables . The problem

thereby is to keep the free volume between the vessel wall and burst

protection as small as possible to minimize the free volume . At the

same time there must be the possibility of removing the structure

between the vessel wall and the burst protection to be able to carry
out inspections .

The following table 3 .7 .2-3 shows a comparison of data of the

known integrated reactor concepts and the corresponding data for
loop systems in case of a depressurization of the system .

Table 3 .7,23 : Conditions for Total Loss of Coolant for the Diffe-rent Reactor Concepts

As is explained already, an important stipulation for whether loop
systems are constructable from technical safety aspects is that
the pressure gradients do not affect the after-cooling capacity
of the core . Other technical questions, such as the behaviour of
the system in case of earthquakes, have to be considered carefully .
As all other arguments are in favour of the loop system

Reactor PR 3000-Loop PR 3000-Loop
Parameter THTR GAC 1160 with Burst without Burst

Protection Protection

Operation pressure 40 b 48 b 40 b 40 b

Containment 1 b 4 b 3 b 3 b
pressure

Maximum free
area 33 cm2 645 cm 2 1000 cm 2 15000 cm 2

Reason for Rupture of Damage to Rupture of a Rupture of aaccident a duct free area loop vessel loop vessel
NW 65 NW 290 or a coaxial or a coaxial

duct duct

Time required for
pressure i-
zation

equal
with con- ti 2 h ti230 sec ti150 sec ti10 sec

tainment

;Maximum pressure
'transient 0 . .045b/sec 0 .45b/sec 0 .6b/sec ti15b/sec



this principle should find application for
nuclear process heat plants, if all safety requirements can be
fulfilled .

3 .7 .3 Use of Cast Iron or Cast Steel as Vessel Material

Prestressed concrete as vessel material can be replaced by cast

iron or cast steel . When cast iron is used, it is arranged in the

form of blocks around the liner and the penetration tubes . The

vessel is stressed on the outside by radial and axial rables such

that there are only pressure stresses in all parts of the vessel .

rtiLcallendan

aptn~g lot sleam
gmtrola

Waontal
leafm

apeenng to
cuCulaW
pumps

Cat

Cast "uai
xgmml

key
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Fig . 3 .7-3-1 : Design of a Prestressed Cast Iron Vessel (291

The separate blocks are connected by shearing wedges . Special de-

signs are required for the liner attachment to the blocks . The

necessary burst protection of the vessel is guaranteed by many

parallel cables and successive shearing wedges . In operation, the

Prestressing is partly compensated by the reactor coolant pressure

of 40 b .



liner

pressure release and
leakage detection
system

fixation at Imer
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Fig . 3 .7 .3-2 : Attachment of Liner in the Design in Fig . 3 .7 .2-1 [291

By use of cast steel as vessel material, there is a possibility
of avoiding the liner and the penetration tubes . The steel blocks
are connected and sealed by stress-free welding seams between them
and the arrangement is thus made helium-tight . These welding seams
are on the outside of the vessel and so can be tested and repaired .
In this design, cooling of the vessel occurs through water-filled
cooling chambers in the blocks or by holes which are drilled inside
the blocks .

The replacement of concrete by cast iron or cast steel has a num-
ber of big advantages :

Use of well-known, well specified materials, not sensitive to
temperatures up to about 400 O C(concrete in comparison cannot
be heated above ti 80 O C)

High strength coefficients
Good and well-known long-time behaviour, no creep and shrinkage
as in concrete

Definite behaviour for limiting stresses (important in the case
of accidents)

Small thickness of wall of the 'vessel , saving of weight as com-



pared to concrete

A smaller size of containment foundation plate and much smaller

dimensions of the vessel as compared to concrete (see fig . 3 .7 .2 - I)

Vessels can be constructed in large dimensions, especially for a ring-

shaped reactor core (i .e . vessel with a supporting middle column) .

More flexibility in the arrangement of reactor vessel and loops

Prefabrication of the individual parts of the vessel in the fac-

tory, short final installation seems possible

Shortening of the construction time of the reactor plant

Possibility of exchange or repair of individual blocks

Inspection of the vessel walls possible

Demounting seems possible after shutting-down of the reactor

plant

-65-

Possible saving of costs, for the reactor vessel due to pre-

fabrication and shortening of construction time

In the case of the cast steel blocks, the following are the

additional advantages over cast iron :

No need for liner and penetrations, because steel is gas-tight

for helium and easy to weld .

Gas-tight welding seams on the outside of the blocks are easy to

inspect and repair .

Design of the top easier, which allows many penetrations for

the control rods and the feed equipment ducts .

Problem of connection between the liner and the cast iron blocks

are avoided .

However, the costs of cast steel are considerably more than those

for cast iron . Therefore it is necessary to confirm that the higher

costs of cast steel are compensated by the saving of costs for

the liner and penetration required with cast iron . According to

existing information, this seems to be the case .
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In table 3 .7 .3-3 there is a comparison of the most important data

of the materials which can be used for cast iron or cast steel

vessels . Especially the strength values for thick-walled cast

iron blocks are relatively unknown today and have to be confirmed
by development programmes .

Table 3 .7 .3-3 : Comparison of the Material Data for Cast Steeland Cast Iron

COmoari$On of the Properties between Steel, Cast Iron and Cast Steal the table is an enlarwar~s~i iZn
DIN valve)

H a t e r i a 1 11 a r k i n g

GS GS GOO GG SKHU
Material Data

45 .3 22 Ho 4 j 42 .3 20 84

DIN

Firm .-----Siem elkam

01m. ocmP,

Tensile Strength 20 62 50 45 45 ^ 60 42- 50 20 19
OZB

mm 3110 15

lald-P0nt 20 3
as mm 100 18 .811
200,2 300 18 .5I a0, c

Compressive Strength 20
adB mm

~ ,~ 100
300

Shear Strength 1 200 28
mm 300

Bending Strength qbB k 20
100
.

40
300

1laxpble Surface
Pressure

tul mm
30200

7 8

impaia value ly 0tH k in 20
DIN 50115 aK 2j 150-g tm

Impact Strength ,k m~,~_ 201) eye, ,0lex
la5
m. 9 20 one 100 0.352}

21 0!H 5 300 0,5
0 .4

Hardness

m
20

"0[8350351 195

avn91 Hodulus E k 20
300

21000 21000 21DOD 17500 105D0 1D50ß
17000

Elongation dr

Density a

oafflcent of therm,
xP .nsion a

, �

eat Conductivity a
�
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1 Pod-boiler principle
2 THTR cavity principle steam generator + reformer tube bundle)
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13

	

~sG + individual reformer tubes)

it

	

tt

	

(for use of reformer tubes)

5) hoop system(steam reformer + steam generator both in same loop

vessel)
6)

	

tt

	

SR + SG in separate loop vessel)
7

	

tt

	

~l

	

only an additional vessel for all heat exchangers)

8

	

It

	

tt

	

only two

	

additional

	

vessels for all

	

heat exchangers }

Fig . 3 .7 .3-3 : Degrees of freedom in the Design-of the Reactor

Primary Circuit Using Cast Steel
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The use of prestressed cast iron or cast steel allows a series of

design possibilities as shown in fig . 3 .7 .3-3 . Th e principle of the
TWTR cavity does not lead to prohibitively large dimensions

here as is the case for concrete .

The variants 3) and 4) seem to be possible alternatives only for
cast steel vessels because of the plurality of penetrations in the
vessel top .



3 .8 Reflector Design

The reflector graphite is damaged in the course of operation by

high-energy neutrons . Due to this radiation damage, neutron-induced

changes in dimensions occur in the graphite(Wigner shrinkage) and

neutron-induced creep occurs . Also the physical . properties of the

material (e .g . Young's modulus,heat conductivity) change under

neutron radiation . A typical course of change in dimensions is

shown in fig . 3 .8-1 for an isotropic graphite .

0

O
w
s
ä

k 0, VA,Li\%il M
-3

0.4
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Fast Neutron Dosis Dln/cm 1
(FDN >0,1MeV)

0.8 1 .2 1 .6 2 .0

6131,
3550°C

Fig . 3 .8-1 : Curves for'the Dose and Temperature dependent

Shrinkage of Isotropic Reflector Graphite [303

A first approximation for the allowed design range of reflector gra-

phite can be, obtained from a curve, in which points of maximum shinkag

are connected and a curve which joins the zero passages in fig .

the method of finite elements are

during normal and transient opera-
3 ..8-1 . More exact calculations using

used today to calculate the stresses

tion of the reflector blocks .

The fast neutron dose actually occurring during the life-time of

the graphite reflector should in a first approximation always stay

below the curves in fig . 3 .8-2 in order to avoid stresses in the

core internals .
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Fig . 3 .8-2 : Connection between Tolerated Dose and Radiation
Temperature

0

	

T (LL ) = 0

The design of the reflector, which according to fig . 3 .8-2 causes
difficulties when the, reflector is simultaneously subject to high
temperature and high fast neutron fluxes (upper part of the side
reflector), causes no problem in the hot region of the HTR after
introduction of OTTO-loading . This is because the fast dose at
the core bottom decreases by a factor of 10 in comparison to the
top reflector or the upper part of the side reflector . Fig . 3 .8-2
shows the dose distribution on the inner side of the side reflector,
whereby places are marked by their temperatures in the axial direc-
tion . According to this, parts of the side reflector in the tempera-
ture region around 600 oC are especially endangered (i .e . places
about 1 m below the core surface) . Without any counter measures
this part of the side reflector would have to be changed after about
17 years (load factor 0 .9) . In order to realize a service-life of
30 years in spite of everything, the following meausres which limit
the dose in the side reflector are conceivable and appear to bring
success :

swelling to zero

ma~ $iY7r1iTQ E

11

r



Poisoning of the side reflector and therefore decreasing the
flux at the core edge

Arrangement of a wandering layer of graphite balls in front of
the side reflector to reduce the fast flux (ball layer of ti0 .2

. . . 0 .3 m width)

Cooling of the upper part of the side reflector through bypass

of small amounts of cold gas (ti 5 % sufficient) and so shifting

of the temperature profile to regions of higher allowed fast

dose .

In any case, the extension of the top-and of the side reflector,

must be possible, because nobody can really guarantee for the life-

time of the reflector .

The top reflector, which has a temperature of about 320 o C due to

the core inlet temperature of 280 o C raised by y-heating of the

graphite structure, causes no problems for an extrapolation of

the existing radiation values (up to 370 O C) . If these values can-

not be confirmed for low temperatures, an increasing of the core

inlet temperature to 300 . . . 320 o C is recommended .

For application to the reactor system discussed here, the following

holds good Through a small bypass of coolant gas through the re-

flector surface, which in any case could not be completely avoided,

the temperatures are so lowered that not undesirable dose values

are obtained in the critical temperature region . In spite of this,

concepts were worked out for exchanging the upper parts of the side

reflector as well as the top reflector . The same consideration, how-

ever, must be made for the total graphite structure of the core .

The following limiting conditions and aspects were thereby consid-

ered :

The reflector should be designed at first for the reactor life-

time (ti 27 full-load years) based on the radiation data and the

expected stress relief caused by the neutron-induced creep .

The possibility of changing of direct core structures can be

looked upon as a back-up . solution 1) in case 'of unexpected

material behaviour 2) for controlling any hypothetical accident

effects 3) to enable an adaptation to the varying different ope-



ration cycles of the pebble-bed core 4) for carrying through

of reactor operation possible in principle for HTR, maybe even

for longer than the planned power-producing operation life,

by substitution of the corresponding construction parts which

have a limited life-time 5) to facilitate the necessary removal

after the final shut-down .

A periodical, regular access (like for GAC Design : Change of

reflector after 8 years, annual change of a quarter of the fuel

elements),

	

therefore, does not have to be planned in the ope-

ration scheme . Therefore, such possible measures do not have the

same economic aspects as a before-specified operation does, but
they should be undertaken realistically with the smallest possib-
le danger to the personnel .

Schnitl A-B
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1

	

,estressed concrete vessel
2 penetration duct
3 goldo toot
4 cast iron shielding material
5 control rod
6 rod guide
7 carbon stone
8 thermal top shield
9

	

cold-gas
pie .,

Um
10 riplaeoable top reflector
11 coolant inlet
12 liner
13 carbon stone
14 kaoweol
15 thermal shield
l6 side reflector
17 graphtte
1o replaceable side reflector

Fig . 3 .8-3 Design of the Reactor Top in which Exchange Proce-dures can take place [311

The following succession of structures surrounding the core is
characteristic for the core design : graphite reflector, thermal
shield and carbon stone insulation in blocks up to the liner ofthe pressure vessel . As shown in fig . 3 .8-3 and fig . 3 .8-4, these
layers can be removed through the top of the vessel .
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1

	

carbon stone
2 there, ; shield
3 cold " 9as Plenum
4 coolant Inlet
5

	

graphite top reflector
6 rail guide
T

	

sliding pulley of a reflector suspension
8 gas inlet
9 Pull rod
l6 block suspension
11 bolts
t2 position for suspension
IS control rod position
14 fuel clement inlet duct

Fig, 3,8-4 Typical Design of Top of a HTR with Ball-Shaped Fuel

Elements
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3 .9

	

Considerations on Safety and Accidents in the Nuclear Plant

3 .9 .1 Shut-Down of the Reactor

For the fast shut-down of the reactor, the control rods are used

as the first shut-down system . These are inserted in about

to a depth of 0 .5 m into the pebble-bed and thus guarantee a sure
shut-down .

The only compulsion for scram is the in-rush of water during a
steam generator tube rupture . The fuel element temperatures do
not rise considerably hereby .

The second shut-down system consists either in the use of boron
trifluoride, which is put into the core after the failure of all
the control rods or of small absorbing balls which are thrown in-
to the core [321 . These small balls wander from the more important
upper core half from the neutron physical point of view into the
lower burnt-up core-zone after the ending of the accident . They
are removed by taking out small . amounts of fuel elements from the
core .

A further very effective shut-down system is the strongly negative
temperature coefficient of the reactor .

3 .9 .2 After-He at Removal

The normal condition for the

	

removal

	

of after-heat is a he-
lium pressure of 40 b in the primary circuit . In this case, one
of the production loops is sufficient in order to cool the core .
Using this principle of after-heat removal,designs with as many
loops as possible are most suitable as it is naturally of interest
to have sufficiently large redundancy . Otherwise 3 or 4 auxiliary
loops could be used parallel or additionally . The energy supply
of the circulators has to be ascertained by auxiliary diesel en-
gines, the feed water supply of the heat sinks (steam generator
of the production loops or separate coolers) have to be guaranteed
by a redundant design .
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If a total loss of coolant from the primary circuit occurs

caused by rupture of larger or smaller helium ducts, e .g . in auxi-
liary systems also,so there is a resulting . mixture pressure of
about 4 b in the containment . In this case one loop is still able
to sufficiently cool the core . However, it has to be guaranteed

by the design form of the primary circuit that during an acci-

dent the other remaining,loops have not been damaged by pres-

sure waves (s . § 3 .7) .

If the containment is simultaneously damaged, a pressure of I. b

results for the after-heat removal .

	

There is no chance of

this accident occurring according to the present safety measures,

but should be however discussed as it is of interest to estimate

the residual risk of nuclear plants . In such a case 7 loops would

be sufficient to cool the core under the assumption of a plant

with 12 production loops .

For the still more improbable case that there is no active after-

heat removal

	

system, which can be operated,which can have

catastrophic results for all known reactor systems, there is the

possibility of a suitable design preventing core-evaporization .

The experiment carried out i.n the AVR of a breakdown of coolant

circulation [33] and calculations for small plants [341show that

even in this extreme case the temperatures of the fuel remain un-

critical . In the AVR a temperature constancy should be attained

by natural convection . Calculations show that for reactors with

5 MW/m 3 power density and dimensions of about 4 m diameter, the

maximum fuel temperatures remain below 2000 o C for a very long

time even without natural convection . This does not yet have ca-

tastrophic results for fission product release . The reason for

this favourable behaviour is that at high temperatures heat is

transported by radiation from the core of the pebble-bed reactor .

In this case, the liner cooling, which can remove more than 1

Of the after-heat, can be activated for this purpose .

For an extrapolation of these ideas to larger units (3000 MW),

the removal of after-heat according to the above-mentioned

principle is then alleviated when the geometrical distance is

small for the heat from the place of generation to the heat sink

i .e . in the order of magnitude of ti 2 m .

	

This indicates the



suitability of a ring-core with a ring width of approx . 4 m .

This core geometry could,in addition to advantages of after-heat

removal,

	

also favourably influence the constructability of

large prestressed cast steel vessels (due to the introduction of a

central column), shut-down and regulation(effective use of reflector

rods) as well the ball flow behaviour (c'harateristic dimensions simi-

lar to AVR ) .In any case HTR systems are thus conceivable in

which even improbable accidents could be without grave effects

for the surroundings .
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very high core power density of ""500 MW/m 3 .

Table 3 .9 .1-1 : Comparison of the Conditions for the After-HeatRemoval of Different Reactor Systems

For

	

fast breeders this

	

time

	

limit i s

	

even

	

shorter

	

caused

	

by

	

the

In comparison to the other reactor systems, the requirements for
the after-heat removal are much less for a HTR-system caused bythe small power density, the large heat capacity in the core,the low fuel temperatures and the high sublimation temperature

System

Data LWR HTR

Core power density 100 MW/m 3 5 HW/m 3
Structural material in
core zircoloy 4 graphite
Neling point of structural
material (subl . ter>>p .) 1700 0C 3500 oC
Melting point
of fuel (U0 2 ) ""2800 o C rj 2800 o C
Heat capacity in
core ti 1tZry + 2,8 tuo, ,U 0,9tC

3 3
m m m

Maximum operation
temp . i n fuel ""2300 o C ""1100 o C
Time limit after which
the after-heat removal
has to start 20 sec >2 h



of graphite as table 3 .9 .1-1 shows . In case of the hypothetical

accident that no after-heat removal works, there is a large

delay time for the fission product release .

3 .9 .3 Accidents in Heat Exchanger Systems

According to the present considerations, the following accidents

could occur which are directly connected with process heat ex-

changers :

-

	

77

	

-

rupture of one or more reformer tubes

breaking off of a reformer tube

rupture of an internal collector

rupture of a lid penetration for process-or product gas through

the primary circuit closure

rupture of a collector or a gas .duct in the containment (for

process gas as well as reformer gas)

rupture of one or more steam generator pipes

rupture of an internal steam collector

rupture of a steam penetration through the primary circuit

closure

rupture of a steam collector or a steam duct in the containment

sudden pressure loss on the helium side

sudden pressure loss on the process side

rupture of the tube-plate for the reformer tube

earthquake connected with intolerable vibration of the steam

reformer bundle

catalyst damage caused by carbon deposition or mechanical in-

fluences .

The following figures 3 .9 .1-2 and 3 .9 .1-3 show the schematic

principle of the primary circuit as well as the. distribution of



the reformer babes and collectors for the design shown before in Vol . 1

(concrete variant with pod-boiler vessel)

3

	

Fuel element discharge room
4

	

xrR
Steam reformer

5 Sfeom generator
7

	

Safety relief Volvo
8

	

Mixed cooler
9 Fife-
10 Stock
11 Cooler
12 Cooler
13

	

Feedwnfer pumps

1

	

Containment tN2 1
2

	

Room für cantrolrods and loading systems
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Fig . 3 .9 .1-2 : Schematic Principle for Safety Considerations
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Fig . 3 .9 .13 ; possible Connecting Up of Reformer Tubes underthe Aspects of Safety



Rupture of Steam Generator Tubes

The most important inner accidents of the heat exchanger are
the following :

After the in-rush of water,there is an increase of pressure in

the primary circuit, the reactivity of the core increases, corro-

sion of the fuel elements and the graphite installations occur .

The following measures have to be taken after this accident occurs :

the reactor is shut down by inserting the control rods to a

depth of about 0 .5 m

the water supply to the corrosponding loop is stopped

the safety valve of the primary circuit operates at 48 b, the

mixture of helium and steam is blown into a mixing cooler (water

vessel) . Steam is condensed there, helium is introduced into

the containment and a mixing pressure of ti 4 b results

the after-heat removal

	

is put into operation, the core is

cooled very quickly below the temperature which is critical

for corrosion .

The amount of water during the rupture of a tube should be about

2 t . This is attained by dividing up the pipes in the steam ge-

nerator and by appropriate choice of the response times of the

shut-off valves in the feed water ducts .

Dama ges to the Reformer Tubes

a) When the pressure in the reforming process is so chosen that

it is always higher than the helium pressure, the process gas

mixture

	

(H2 ,

	

CO,

	

CO2 ,

	

CH4 and

	

H20)

	

flow into the primary cir-

cuit in case of tube damages . This accident can be handled

exactly like that of rupture of a steam generator pipe . The

only difference it that the throughput of a reformer tube is

considerably smaller than the throughput of a steam generator

strand . A tube produces about 400 Nm 3 H 2 +CO/h on an average .

The amount of reformer gas which enters the reactor core depends



b)

- so -

very much on how many tubes are connected together internally

in the primary circuit . When each reformer tube is separate

and can be plugged off separately,about 3 Nm 3 H 2 + CO per acci-

dent enter the core . According to the proposal of connecting

the tubes to collector systems, which is shown in fig . 3 .9 .1-3,

about 3.2 Nm3H 2 + CO enter the core . This amount can easily be

removed by the gas purification . The safety valve for blowing
off primary circuit gas does not have to be operated thereby . No
activity is released to the surroundings by this accident .

If the pressure on the process side is under that of the prima-
ry circuit, helium enters the reformer gas during rupture of
a reformer tube .

The flow area for helium is limited to the cross-section

of the pigtail so that a fast depressurization of the
primary circuit is prevented . However, the input of process
gas must be stopped and valves have to be placed behind the
first step of waste heat utilization in order to prevent the
contaminated helium entering the chemical plant . The tempera-
ture of the reformer gas is sufficiently low here so as to
allow technical realization of the valve . Helium is led to
the,containment via safety valves . This step of waste heat
utilization is thus placed in the containment from the techni-
cal safety point of view . In any case, contaminated helium comes
out of the containment by this choice of pressures .
According to present knowledge regarding safety,solution a)
is more advantageous .

Damages to Steam Ducts in the Containment

In this case the pressure in the containment increases . It should
not exceed 4 b . Through suitable limitation of the cross-section
and sufficiently short response time of the shut-off valves, the
pressure increase in the containment can be limited,



Damages to Collector Ducts for Process Gas a nd Reformer Gas in the
Containment

The mass flow must. b e suitably limited here, too, to avoid intole-

rable pressure increase in the containment . The ducts must be

surrounded by inert gas to prevent the formation of explosive

mixtures . Conditions for explosions in the containment can be

seen from the curves in fig . 3 .9 .1-4, which were obtained for the

AVR in connection with a similar problem-posing .

Fig . 3 .9 .1-4 : Conditions for Explosions in the Reactor Containment
(121

Additionally, the conditions of gases in the gas production plants

must be considered carefully to prevent explosions on the outside

of' the containment . This can be realized e .g . for the hydrogasifi -

cation of coal or all other steam reformer applications by a large

enough distance between, the reactor and the chemical plant and by

special measures for the connecting gas pipes .



3 .10 Availability of the Nuclear Plant

For the economy of nuclear process heat plants, a high work-and

time-availability of the nuclear part is of decisive importance .

Due to the continual loading in the pebble-bed reactor, it seems to be

able to achieve the required 8000 h/a .

Fig . 3 .10-1 shows that in the AVR test reactor5a work-availability

of more than 7000 h/a was attained .

total number of operation interruption

.operation Interruptions caused by

4k CC idents

-sz-

196$ 1969 1970 1971

Fig . 3 .10-1 : Availability of the AVR [331

1973

	

" -1968 1969 1970 1971 1972 1973

The components requiring inspection such as circulators, control
rods, gas circuits, gas purification and measuring instrumenta-
tion are so developed and well-known today that with a 4-year
maintenance rhythm the desired high availability can be expected .
The steam reformer as new and susceptible component should be so de-
signed that the stresses (e .g . according to the pressure difference in
the hot part of duct) are at a minimum . Furthermore,it is expe-
dient to install 5 % more reformer tubes so that after rupture
and plugging off of a tube, the plant can continue to be operated
without removing the heat exchanger . According to today's know-
ledge, it is expected that after the projected service-life of 1.0 5 h,
a removal of the whole tube bundle will take place .

One component, which could limit the availability of the HTR, is
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the upper part of the side reflector . According to the status
of knowledge today a life-time of 30 years will be reached at a
power density of 5 MW/m 3 and slight cooling of the side wall of
the core structure by slowly flowing cold helium . In any case, the
entire side and top reflector parts should be replaceable . The
time required for such a manipulation lies in the region of about
3 months [35) . Considerations on being able to inspect and repair
the entire core installations have to be continued . The fuel ele-
ments and their handling will probably cause no limits to the re-
actor operation . The fuel elements can continually be added and re-

moved or discontinually during a slight disturbance . Repairs on
the loading installations can be carried out also during normal

operation if the necessary repair valves are provided .

The hot-gas ducts have to be so designed that it is possible for

inspection and replacement to take place . According to considera-

tions up to now, a loop system should have advantages here .

An inertization of parts of the containment which contain the

heat exchanging aggregates is advantageous as protection against

the formation of explosive gas mixtures or to prevent the burn-up

of graphite in the core but naturally impedes the operation of

the plant . Therefore, a placement of the gas ducts in inertized

shafts is possibly advantageous .



3 .11 Status of D evelopment
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After the successful operation of the AVR at 850 o C

and after completion of the THTR program as well as

work on the DRAGON project and by the firm GAC, the

velopment of the HTR technology is as follows :

Fuel Elements (37, 53

The THTR fuel elements, which up to now have been successfully

tested for the conditions there, can be qualified for applica-

tion in process heat reactors at a helium outlet temperature of

950 O C .

The release of fission products is the limiting

fuel element design .

SISO particles with LTI-coatings show sufficiently low
product release .

TRISO particles will be necessary above a helium temperature

ti 1000 0 C .

The ball form with its small dimensions enables
lot of fuel elements under extreme conditions .

The contamination of the matrix and the coating
release of the BISO particles and should be decreased by a
for of 10 by improvement of the production technique,

The low packing density of the coated particles in
ment matrix prevents the breaking of the particles
tion and enables a high heavy metal content

The production process of the fuel elements can be
to the ball-shaped fuel elements .

and 950 o C

corresponding

status of de-

factor in the

fission

testing of a

of

determines the

f ac-

the fuel ele-

through radia-

automated due

Although the THTR fuel element seems to be suitable basically for
application in nuclear reactors with outlet temperatures of 980 o C,
the fuel elements will have to be modified for high outlet tempera-
tures as well as higher conversion rates and their behaviour has to
be elucidated in extensive radiation tests .
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Three considerably different elements can be defined according to
the requirements (s . table 3 .10-2) .

Table 3 .10-2 : Data of Process Heat Fuel Elements

The main designs are demonstrated by table 3 .10-2 . The difference

consists mainly in the heavy metal content as well as the fast

neutron dose due to the varying burn-up and the maximum power of a ball .

The specific fuel temperature for the high converter fuel element

is about 100 o C above the usual values as this cycle has a flatter

axial power profile than a normal OTTO-cycle . According to the

existing fission product release calculations TRISO layers have to

be applied to the element of type 2 and 3 . For the type 1 both BISO

mixed particles as well as separate feed (TRISO) and breed (BISO or

TRZSO) particles should be qualified . As an additional measure for

Element Dimension Normal Highest Temp . High . Conver-
Parameter Burn-Up Element Element ter Element

Burn-up
~

.._

ti100 000

_

100 000 y< - 30 -00p

Helium temper . oc 980 1050 980

Heavy metal
g -..30content

Power density <5

Max . fuel tem- ac 3,100 r, 3.200 1200perature

Max . surface 0 C 1080 1180 1180temperature

Max . fast dose cm 2
5 .1021 5 .10 21 <4 .10 21

Max . ball power kW
b_aTT <4 <4 <3
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mixed oxide particles the doping of the nucleii with oxide to re-
tain the solid fission products should be further developed .

Core Structure

As shown in § 3 .8, the graphite qualities developed together satis-
fy the requirements of a process heat reactor, if the power densi-
ty and reactor inlet temperature are kept sufficiently low (i .e .
ti 5 MW/m 3 , Ti ,v 250 oC) . Due to the already mentioned reasons,
however, the replacing of the top and upper side reflectors should
be guaranteed . In order to obtain fully reparable systems, this
technique will have to be applied to the reactor bottom, too . How-
ever, deloading of the reactor core is necessary for this . An in-
crease in the number of fuel disloading ducts would be advantageous
for the reactor bottom in order to have a more uniform pebble flow
also in the lower part of the core . Tests on larger model scales
are needed for this . Also ring-core structures, which would be of
interest for prestressed cast steel reactor vessels with a support-
ing column in the middle, are not well-known enough yet and still
require extensive model testing

Loading Equipment, Control Rods, Circulators, Steam Generator,
Measuring Instrumentation

These components have been partly developed in the scope of the
existing pebble-bed projects and have to be adapted to
the special conditions of process heat plants . Especially, the
spiral control rods should be further developed in order to de-
crease the forces on the fuel elements during insertion of the
rods into the pebble-bed .

Hot-Gas Ducting

This component. , whose design possibilities and problem-posing
have been given in detail in § 3. .4, certainly requires extensive
development work and qualification tests before an objective choice
for nuclear plants can be made . New directive results can be ex-
pected from the testing stands SUAEREVA, HHV and accompanying spe-
cial tests .



Reactor Vessel

The prestressed concrete pod-boiler vessel can be considered to
be technically accepted today in the HTR technology . However, it
has yet to be shown that the increase of the pod number and pod
diameter necessary for process heat application brings no basi-
cally new difficulties for this vessel concept . The idea of placing
the heat exchangers outside the reactor vessel and so to reduce
the dimensions of the reactor vessel considerably can only be re-
alized when it has been ascertained that in case of rupture in
the heat exchanger vessels or of rupture of the connecting coaxial
ducts for the cold-gas ducting no intolerable pressure gradients
result . Recent calculations for such accidents lead to the ex-
pectation that for an appropriate design, the pressure gradients
can be held below 1.0 b/sec even without burst protective measures,
so that it would be possible for the core to be after-cooled after
such accidents . The reactor vessel for such a loop design would
correspond in its dimensions and design data for a 3000 MW-plant

to the THTR vessel . The development of prestressed cast iron or cast

steel vessels would probably possess a whole series of advantages com-

pared to prestressed concrete vessels for reasons mentioned in

§ 3 .7 . However, there are important questions to be answered,

especially the type of seal welding, the design of the cooling

of the individual blocks, the tolerance in the top and bottom

parts and the form and design of prestressing . A test vessel will

have to be constructed based on models which have solved the in-

dividual detailed problems .

containment

- 87 -

This is a new component for HTRs . Neither the AVR, THTR nor Fort

St . Vrain are placed in protective containers . For application of

process heat reactors,the new accidents and the connected effects

on the containment especially require yet exacter analysis . The
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proposed inertization and the new problems introduced therewith
require extensive investigations . The proposed underground arrange-
ment due to safety reasons has also to be investigated regarding
its realization and the technical safety advantages . Especially
the propagation of radioactivity in the ground has to be closely
studied in this connection .

Safety and Licensing

A series of safety experiments have yet to be undertaken for HTRs .
The possibility of the in-rush of air into the reactor core and

the connected process of a possible burn-up of the core should
be investigated . Furthermore,the possibility of activating the
liner cooling in case of a more than hypothetical accident of
failure of all active emergency cooling measures for after-
heat removal should be investigated and the reactor design
be adapted to the resulting requirements . In this connection,
the technical safety advantages of a ring-core should be exact-
ly studied . Finally, the licensing procedure for the process heat
HTR, which has no prototype up to now, has to be introduced and
completed . Especially, all questions regarding explosions have
to be taken into consideration . According to the existing plans to
possibly start with the construction of a demonstration plant in
1980, this problem must and will be tackled in the next 5 years
in the scope of the project "Prototype Nuclear Process Heat" .
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