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Abstract

The Nuclear District Heating Reactor (NHR) is a new type of reactor. There are
some differences in the arrangement of the primary circuit components and in safety features
between NHR and PWR or other reactors. In this paper the safety features of the 200 MW
NHR are described. The failure probability, the LBB property and the in-service inspection
requirement for the 200 MW NHR pressure vessel are also discussed.

1. INTRODUCTION

An integrated arrangement of the primary components is adopted in the design of the
200 MWt Nuclear Heating Reactor (NHR-200). The reactor core and the primary heat
exchangers are incorporated in the Reactor Pressure Vessel (RPV). There are no pumps and
main pipes in the primary circuit. All the heat power generated in the active core is removed
by natural circulation. Therefore, the pressure vessel represents the main part of the primary
pressure boundary. Based on these features, a compact metallic containment is designed to
fit around with the pressure vessel. Accident analyses show that the active core remains water
flooded under any operating or accident condition. A core-melt accident is impossible.

Because the arrangement of the primary system and the safety characteristics are quite
different from those of PWRs, the requirements and the adopted methods for in-service
inspection for the NHR-200 are to be modified accordingly.

2. PRIMARY SYSTEM ARRANGEMENT, PRESSURE VESSEL AND METALLIC
CONTAINMENT OF THE NHR-200

2.1. The primary system arrangement

Fig.l shows the primary system arrangement of the NHR-200. A compact metallic
containment, fitted tightly around the pressure vessel, is arranged inside the reinforced
concrete reactor building.

The pressure vessel is supported inside the containment vessel which is located inside
the concrete biologic shielding. The control units of the hydraulic control rod drive system,
as well as various water or gas pipes, electric cables, thermal insulation of pressure vessel
and the isolating valves of the containment, etc., are arranged in the annular space between
the pressure vessel and the containment.

On every pipe penetrating the containment, there are two isolating valves located
inside and outside of the containment, respectively. The drive-means of the two valves are
different. Due to the small volume of the containment, if a break occurs in any pipe inside
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Fig. 1 The primary system arrangement of the NHR-200

the containment, or even at the bottom of the pressure vessel, the leakage from the primary
pressure boundary will be always limited. The active core will still be covered by coolant.
It is impossible that a core-melt accident would take place.

2.2. Reactor pressure vessel

The structure of the pressure vessel is illustrated in Fig. 2. The RPV material is
SA516-70. The main part of the pressure vessel is a cylindrical shell with a thin wall. It is
supported by 12 support brackets on the conical part of the containment. The head closure
and the cylindrical shell are connected together with 84 main studs (M804). The main flange
is sealed with two metallic "O" rings. The inner surface of the pressure vessel wall is a
layer of stainless steel cladding with a thickness of 6 mm to prevent corrosion.

The main parameters of the pressure vessel are as follows:

operating pressure
design pressure
operating temperature
design temperature
wall thickness
inner diameter
outer diameter of flange
overall height
total weight

2.5 MPa
3.1 MPa
213°C
250°C
65 mm
4,820 mm
5,320 mm
14,460 mm
2.04 x 105 kg
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Fig.2 The pressure vessel of the NHR-200

2.3. Metallic containment

The metallic containment is shown in Fig.3. The material of the containment is also
SA516-70. The design pressure is 2.3 MPa. Because the penetrations are concentrated in the
upper part and the head closure of the pressure vessel, the inner diameter of the upper part
of the containment (7,000 mm) is larger than the lower part. The height between the two
head closures of the pressure vessel and the containment is no less than 800 mm. The inner
diameter of the lower part of the containment is 5,062 mm, and only a narrow gap of 50 mm
exists between the containment and the pressure vessel. The upper and lower parts of the
containment are connected by a conical cylinder. All penetrations through the containment
are arranged in the upper part under the sealing surface of the flange. There are 104
connection bolts with the size of M804 to connect the containment head closure and the shell.
A rubber ring is adopted for flange sealing.

There are 12 support seats for supporting the pressure vessel, and 12 support brackets
for the containment itself. All of them are welded inside or outside the conical part of the
containment, respectively. Each of them has the capacity to bear vertical and horizontal loads
of more than 2 MN.

The overall height and total weight of the containment are 15,476 mm and 2.1X105

kg separately.
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Fig.3 The metallic containment of the NHR-200
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3. AIMS, EXAMINATION METHODS AND REQUIREMENTS OF IN-SERVICE
INSPECTION OF THE PRIMARY PRESSURE BOUNDARY COMPONENTS

3.1. Aims

The fundamental aim of in-service inspection is to maintain the integrity of the
primary pressure boundary, in other words, to avoid the accident of large breaks in the
primary boundary components over the full operation time of the reactor, so that the
probability of a loss of coolant accident (LOCA) is minimized.

Many aspects, such as material selection, design, fabrication, examination, tests and
operating condition control, etc., influence the integrity of the primary pressure boundary.
The in-service inspection is also an important aspect.

3.2. Examination methods

Some in-service inspection methods, specified by Codes or Stipulations in some
countries, are as follows.

3.2.1. Visual examination

Direct visual examination shall be performed with naked eyes, or where necessary
using a magnifying glass or a remote observation device, to observe the surface appearance
and leakage vestige of liquid on the inspected component.

3.2.2. Surface examination

A surface flaw can be detected by liquid penetrant examination or magnetic particle
examination.

3.2.3. Volume examination

Ultrasonic, radiographic or eddy current examinations can be used to find cracks or
other flaws in the inspected component.

3.2.4. Continuously monitoring

The leakage monitoring for liquid or gas is generally chosen for this purpose. There
are various monitoring methods, such as pressure, leakage, temperature and radioactivity
monitoring, etc., serving to the complements of the in-service inspection methods mentioned
above, to ensure and monitor the integrity of primary pressure boundary. The crack, if it
appears, will be monitored.

3.2.5. Some other methods, such as hydraulic test, etc.

The hydraulic test will be done not only in the in-service inspection periods, but also
before the reactor is restarted after every refueling.
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3.3. Requirements

The in-service inspection requirements closely depend on the characteristics of the
reactor and the accident consequence of breaks in the primary boundary. They are specified
in Codes or Stipulations, and are different depending on the reactor type.

For a pool-type sodium-cooled fast breeder reactor, visual examination is enough
because the damage of the primary boundary cannot lead to a serious accident with
radioactivity release or loss of coolant.

The primary components of PWRs or BWRs consist of the pressure vessel, main
pipes, pumps, pressurizer, penetrations, etc.. A damage of the pressure vessel will result
in a serious accident of a core-melt. The break of a main pipe is also serious. Therefore,
volume examination (ultra-sonic examination) is required. But for pipes with small diameter,
(smaller than 60 mm or 33 mm defined by ASME Vol. XI), the requirement of in-service
inspection is visual or surface examination instead of volume examination [1]. The leakage
induced by break of these smaller pipes can be compensated by normal or accident water
makeup systems, and does not lead to a loss of coolant accident or a core-melt.

4. SAFETY CHARACTERISTICS OF THE NHR-200 PRESSURE VESSEL

Compared with the pressure vessels of PWRs from the safety point of view, the NHR-
200 pressure vessel has two features.

4.1. Lower rate of crack propagation

It is known that, usually, the thicker the vessel wall, the larger the flaw size existing
in the wall. And the larger the flaw size, the more rapidly the flaw propagates. The wall
thickness of the NHR-200 pressure vessel is 65 mm and that of the pressure vessel of a PWR
or a BWR is usually larger than 160 mm.

Now, take an example by comparing the crack propagation rate of the NHR-200
pressure vessel with that of the Biblis B reactor vessel [2]. For possible comparison, suppose
that cracks with the same size exist in the pressure vessel wall of the two reactors.

The pressure vessel of Biblis B is shown in Fig. 4. Its main parameters are listed as
follows:

wall thickness 250 mm (with 6 mm s.s. lining)
inner diameter 5,000 mm
material 22MnMoNi37
operating pressure 15.8 MPa
operating temperature 292.5°C~329.6°C
design pressure 17.5 MPa
design temperature 350 °C

According to Appendix A, ASME XI, the fatigue crack propagation rate is:

da/dN= Co (AK,)" (1)
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Fig.4 The Biblis B pressure vessel

In equation (1), n and Co are determined by the fatigue crack propagation rate curves
of Fig. A-4300-1 in reference [3]. The parameter a represents the depth of surface crack, and
the crack stress intensity factor K, is obtained from membrane stress and bending stress in
the crack defects by applying the following equation [3]:

K, = ojdm T*{a I Q)'A +oyMb-K
IA (a I Qf (2)

where:

a:
Q:
Mm:
Mh:

membrane stress, MPa;
bending stress, MPa;
depth of surface crack, m;
defect shape coefficient from Fig. A-4300-1,
modification coefficient of membrane stress, determined from Fig. A-3300-3,
modification coefficient of bending stress, determined from Fig. A-3300-5.

Considering a surface crack with a depth a of 10 mm and length / of 50 mm under
three different pressure fluctuations, respectively, from shutdown pressure 0 to normal
operation pressure Po, from 0.5 Po to Po, and a fluctuation in a range of ±5% Po, the
fatigue crack propagation rate da/dN of the Biblis B pressure vessel and the NHR-200
pressure vessel are calculated. The results are given in Table 1. PL and P2 are the maximum
and the minimum pressures in pressure vessels, respectively.

The calculation results show that for a crack with a depth of 10 mm and a length of
50 mm, under the three different conditions mentioned above, da/dN of the Biblis B pressure
vessel is, respectively, over 6, 30, and 42 times that of the NHR-200 pressure vessel.
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TABLE 1: FATIGUE CRACK PROPAGATION RATE OF THE TWO
PRESSURE VESSELS

Status

P1=O
P2=Po

PI =0.5Po
P2=Po

Pl=0.95Po

P2=1.05Po

Reactors

NHR-
200

Biblis
B

NHR-
200

Biblis
B

NHR-

200

Biblis

B

Pressure

P1=O
P2=2.4
P1=O
P2=15.8
Pl = 1.2
P2=2.4
PI =7.9
P2=15.8
PI =2.28

P2=2.52

Pl = 15.01

P2=16.59

<V
(MPa)

0.
92.32

0.
158.4
46.19
92.32
79.18
158.4

87.70

96.94

150.4

166.3

ffb

(MPa)
0.

1.20
0.

7.90
0.60
1.20
3.45
7.90
1.14

1.26

7.50

8.29

Kt
|(MPaVm)j

0.
16.23

0.
28.76
8.024
16.23
14.13
28.76

15.36

17.01

27.22

30.33

3
| (MP«Vni7*1

16.23

28.76

8.21

14.63

1.651

3.106

da/dN
(mm)

2.36x10^

1.49 xlO3

4.08 xlO"6

1.27 xlO"1

2.92 xlO10

1.26X10"8

The crack propagation rate of the NHR-200 pressure vessel is also much lower than
that at Biblis B under other conditions of operational pressure changes. Thus the safe
operation time of the NHR-200 pressure vessel can be much longer.

4.2. The NHR-200 pressure vessel meets 'LBB' condition

In the last decades, with the development of fracture mechanics and the improvement
of material properties, the research in the techniques of leak before break (LBB) of
pressurized pipelines and pressure vessels, and the application of LBB techniques in
component design has gained a lot of development. LBB analysis has been used in the design
of pressurized pipelines. For example, the LBB analysis of a main pipe has been
complemented to the related regulations of USNRC [4].

It is quite different for a pressure vessel whether it has the characteristic of LBB. If
a pressure vessel meets LBB condition, small through-wall cracks may occur and cause a
leak of medium, the brittle break accident will be thus prevented. In case of some large,
high energy pressure vessels, LBB condition can virtually improve their safety, and it is more
attractive. So the LBB characteristic has already become one of the aims pursued by
designers and researchers in the field of pressure vessels.

The reasons that the NHR-200 pressure vessel meets LBB condition comes mainly
from the following features of the pressure vessel.
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(1) Low operating pressure and small wall thickness

The operating and design pressure of the NHR-200 pressure vessel are 2.5 and 3.1
MPa, respectively. In case of a PWR, the values are no less than 15 and 16 MPa. As a
result, the wall thickness of the NHR-200 pressure vessel is only a quarter of that of a PWR.
A small wall thickness is very beneficial for meeting LBB condition.

(2) Small integral flux of fast neutron suffered by the pressure vessel

The high integral flux of fast neutron (1019 n/cm2) suffered by pressure vessels of
PWRs makes the non-ductile transition temperature of the material rising clearly, and the
toughness decreasing greatly. For the NHR-200, the pressure vessel experiences no more
than 1016 n/cm2 after 40 year's operation [5]. So the brittle break of material by neutron
irradiation can be ignored. The material will retain its good toughness in all its life time.
This is also significant.

(3) Low stress level

Because the stress level in the pressure vessel is relatively low, the material of
SA516-70 with low strength and high toughness is selected for the NHR-200 pressure vessel
[5]. The maximum membrane stress occurs in the cylinder part. It is only 92.5 MPa under
operating pressure and 115 MPa under design pressure. But for a PWR, the two values are
at least 150 and 180 MPa.

(4) Great heat capacity and thermal inertia

The operating pressure and temperature change very slowly due to the great heat
capacity and thermal inertia.

(5) Large margin of material toughness

It is proven that the NHR-200 pressure vessel meets LBB condition by analyses with
different methods. When a crack with a length of 0.65m (over 10 times of the wall thickness)
occurs in the cylinder part under the highest operating pressure, the stress intensity factor is
still under the conservative limit of critical crack propagation [6]. The critical length of a
crack on the other parts of the pressure vessel is even larger.

The stress distribution curves of the NHR-200 pressure vessel are shown in Fig. 5.

The weak point of the NHR-200 pressure vessel is the cylinder part where the stress
is higher than in other parts. It can easily be proven that the cylinder part meets LBB
condition. The Mode I cracks in the cylinder part are discussed in the following.

When a small through-wall crack just occurs in the vessel, the leak rate is too small
to be judged correctly.

USNRC stipulates the principles and the methods of LBB analysis for the main pipes
of a nuclear reactor on the basis of enormous theoretical and experimental research [4]. The
analysis method is established on the principles of minimum detectable leak rate. According
to reference [7], the leak rate of the minimum breach inspected by the monitoring systems
in an hour after a leak is no more than 1 G/min. In accordance with reference [4], for LBB
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analysis, take the detectable leak rate as 10 times of the minimum detectable leak rate of the
monitoring system. Then take a safety factor of 2 for break length. That is, when the break
leak rate reaches 10 times of the minimum detectable leak rate, the LBB analysis is based
on the condition that the break length at this moment is no larger than half of the critical
length of unstable break propagation. This principle is obviously very conservative.

4.2.1. The critical length of unstable through-wall crack propagation for the cylinder
part of the pressure vessel

In the following analysis, the methods of linear elastic fracture mechanics and Double
Criteria are used to determine the critical length of unstable through-wall crack propagation.
The toughness of SA516-70 is very good and the analysis methods used here are
conservative.

4.2.1.1 The crack stress intensity factor K,

The stress intensity factor of longitudinal through-wall crack of cylinders is:

Kj = Oy/naM (3)

where a is the annular stress on the cylinder part, a is the semi-length of the crack.
M will be obtained as follows:

M = M(a) = [l+~

where v is Poisson ratio, R is the radius of the cylinder part.

4.2.1.2. Dugdale Model [8]

According to the Dugdale Model in elastic-plastic fracture mechanics, consider a
Mode I crack with the length 2a in an infinite plate. Near the crack tip exists an ideal plastic
zone with the length r, as shown in Fig. 6, r can be obtained from:

r = *[sec(^)-l] (6)

where the yield strength as is the compression stress in the plastic zone in the vertical
direction to the crack face.

Take the crack semi-length a+r. The outside compression stress with a value of as

is exerted on the upper and lower faces of the crack in the plastic zone. Then at the actual
crack tip there exists an opening displacement 8,.
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4.2.1.3. Double Criteria Method [8]

In an infinite plate, the critical crack semi-length can be obtained from:

s2

(7)

where,

*, = - . *,'
ic

VIC
(8)

The critical semi-length of unstable crack propagation can be worked out from Kt.

For the NHR-200 pressure vessel, because of its very thin wall, large diameter and
small bulging-effect, equation (7) can still be regarded as an approximate formula of Double
Criteria.

4. 2.1.4. The calculation results of critical length of unstable crack propagation

The condition of unstable crack propagation is

K, ^ KIC (9)

where KIC is the fracture toughness. Klc of SA516-70 is shown in Fig. G-2210-1 of App. G,
ASME XI. The minimum operating temperature of the NHR-200 is no less than 50°C.
From Fig. G-2210-1, taking the RTmT = 0°C for SA516-70, and a safety factor of 0.9 for
Klc , then the value of KIC is no less than 180 MP-s/m.

Under the design pressure, the annular stress of the cylinder part is 115.4 Mpa.
Under operation pressure, the stress is 92.3 MPa.

According to linear elastic methods, a crack will propagate unstably when Kj reaches
K1C. In this case, we can work out the critical crack semi-length a under the design pressure
and the operating pressure using equation (3).

According to Double Criteria, Sr, Kr and K} can be obtained by using equation (7)
and (8), and the critical crack semi-length a can be obtained by using equation (3).

The calculation results are given in Table 2.

TABLE 2: THE CRITICAL SEMI-LENGTH OF CRACK UNSTABLE
PROPOGATION/(mm)

Methods
Linear elastic
Double Criteria

Design condition
349.
334.

Operation condition
429.
419.
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Fig. 6 The Dugdale model

4.2.2. Crack Opening Area (COA)

With linear elastic theory and the Dugdale Model, the crack central opening can be
derived. The shape of the crack opening is conservatively considered as rhombic. For the
crack semi-length a and the crack central opening u, the COA is:

S = ua

4.2.2.1. Crack Central Opening (CCO) [9]

4.2.2.1.1. Method of linear elastic fracture mechanics

(10)

6):
The stress intensity factor of a crack with semi-length x (resulting from stress) is (Fig.

Kt = Kj(x) =

where M(x) is given in equation (4).

(ID

A pair of postulated force P act vertically on the center points of the upper and lower
surfaces of the crack depicted in Fig.6. For the crack with a semi-length JC, the stress
intensity factor is:

-M(x)
nx

The CCO can be obtained as follows:

(12)

2.16 oa3

E Rt (13)

where the first term on the right side of the equation is CCO in an infinite plate, the second
term is the bulging-effect, and it is very small.
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4.2.2.1.2. Dugdale model

According to Dugdale elastic-plastic model, the CCO is:

4
u = —I Kr—^-

° £J ' p

The crack stress intensity factor resulted by <rs mentioned in 4.2.1.2 is:

= Kj(x) = -2o
s\ (15)

The CCO is:

4 f+r

i

Put equation (6), (11) and (12) into (14), and put equation (6) and (12) into (16),
the CCO can be obtained:

Uo+Uos

0 \f*n /73

M + [sec tg +ln(sec tg )]

where

Uo =
TZE 2as

S2a/ (18)

The u0 is the CCO in an infinite plate. The second term on the right side of
equation (17) reflects the bulging-effect.

The semi-length a of a through-wall crack and the opening u of the crack center
obtained from equation (13), (17) are listed in Table 3.

4.2.2.2. Calculation of COA

Depicted in Table 3 is the COA which is calculated by applying equation (10).
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TABLE 3. CRACK SEMI-LENGTH a, CCO u AND COA S

a(mm)
u(mm)
operating

condition

design

condition

S(mmz)
Linear
elastic
Double
Criteria
Linear
elastic
Double
Criteria

100
u

0.182

0.192

0.227

0.249

S
18.2

19.2

22.7

24.9

200
u

0.398

0.425

0.498

0.551

S
79.6

85.0

99.6

111

300
u

0.685

0.738

0.857

0.973

S
205

221

257

292

The actual shape of the break is not rhombic. It is elliptical in accordance with linear
elastic theory. Comparing with the actual break areas, the results obtained from equation (10)
are relatively conservative.

4.2.2.3. Detectable leak rate

The volume of the NHR-200 metal containment is very small. A leakage from the
pressure boundary can be easily detected by continuously monitoring the pressure and the
temperature in the containment.

The normal operating pressure of the NHR-200 containment is only 0.1 MPa. When
the pressure goes up to 0.15 MPa, a warning signal will be given.

If a break happens in the pressure boundary, water in the pressure vessel will leak
into the containment and cause the pressure in the containment to rise from 0.1 MPa to 0.15
MPa in an hour after the leak. Then the leak rate will be less than 0.2 G/min. Taking a
safety factor of 10, the detectable leak rate is less than 2 G/min.

4.2.2.4. The COA and the leak rate

The CCO is taken as the equivalent size. When the equivalent size is less than one
twelfth of the vessel thickness, the leak rate can be approximately calculated by means of the
extended Henry-Fauske/Moody critical flow model [10] given in reference [11], Fig. 4.

Considering the roughness of break surface, the actual break leakage rate is smaller
than that obtained from Fig. 4. Reference [12] shows that the fraction factor of the crack
surface is between 0.01 and 0.08.

According to the actual minimum detectable leak rate of 0.2 G/min and the stipulated
minimum detectable leak rate in reference [1], 1 G/min, taking the safety factor of 10, the
detectable leak rate 2 G/min and 10 G/min are used in the LBB analysis of the NHR-200
pressure vessel. According to the Henry-Fauske/Moody model, the leak rates corresponding
to different crack length mentioned above, and in case of smooth crack surface (friction
factor f=0) and rough crack surface (f=0.08), are calculated by using RETRAN-02 code.
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The results are given in Table 4. It can be found that when friction factor is 0.08 under
operating conditions, the crack semi-length corresponding to the detectable leak rate of 2
G/min (0.1261 Kg/s) and 10 G/min (0.631 Kg/s) are about 55 mm and 136 mm. Under
design conditions, the crack semi-length corresponding to leak rate 2 G/min (0.1261 Kg/s)
and 10 G/min (0.631 Kg/s) are about 50 mm and 120 mm.

TABLE 4: THE CRACK SEMI-LENGTH A AND THE LEAK RATE

crack

semi-
length
(mm)

50
100
150
200

operating
condition

leak rate (Kg/s)

f=0
0.1098
0.5832
1.8030
4.0254

f=0.08
0.0944
0.3419
0.7488
1.4579

design condition

leak rate (Kg/s)

f=0
0.1694
0.8846
2.6992
5.2050

f=0.08
0.1132
0.4068
0.9882
1.9543

4.2.3. The LBB analysis results

It can be shown, by comparing Table 2 with the analysis results of 4.2.2.4, that the
length of a through-wall crack corresponding to the detectable leak rate is far less than half
of the critical length of unstable crack propagation. The NHR-200 pressure vessel satisfies
the LBB condition.

5. IN-SERVICE INSPECTION REQUIREMENTS FOR THE NHR-200
PRESSURE VESSEL

5.1. Summary of the safety characteristics of NHR-200 pressure vessel

(1) The margin of the toughness of the pressure vessel material is big enough for the full
operating time. The low rate of fatigue crack propagation of the NHR-200 pressure
vessel makes also a contribution to the safe operation time. On the basis of the
operation experience with PWRs and BWRs, and the analysis results for the NHR-200
pressure vessel, the probability of a break accident for the NHR-200 pressure vessel
is considered to be very low (107 per reactor year).

(2) The NHR-200 pressure vessel meets LBB condition.

Even if a break occurs, it should be small in size. Large brittle break accidents for
the vessel can be excluded.

(3) The break accident of a light water reactor pressure vessel is not considered. In fact,
this kind of accident is unacceptable for light water reactor pressure vessels up to
now. For the NHR-200, this beyond design basic accident is acceptable.
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5.2. In-service inspection requirements

Based on the reasons mentioned above, the in-service inspection requirements for the
NHR-200 pressure vessel are determined as follows.

5.2.1. The in-service inspection period is defined from Unit 1 in ASME XI

5.2.2. In-service inspection for the pressure vessel and its penetrations

Visual inspection, continuously monitoring and hydraulic tests are selected for
inspections of the vessel. For main studs, nuts and other related parts of the pressure vessel
the in-service inspection will be performed in accordance with ASME XI [1].

5.3. Explanation on the in-service inspection

5.3.1. Hydraulic test and its functions

The hydraulic test for the pressure vessel is an important measure of in-service
inspection. After every refueling, the test will be performed.

The test temperature is far below the operating one, the test pressure exceeds that of
operation. An appropriate temperature To is chosen, such as To=50°C+RTNDT. If no
break occurs in the test condition, the pressure vessel still has enough safe operating lifetime.
So, as a kind of effective examination methods for a pressure vessel, the hydraulic test is still
important [13].

5.3.2. Monitoring system for primary pressure boundary

There are water level monitoring systems for the pressure vessel, and temperature,
pressure, humidity and radioactivity monitor systems for the containment. These systems can
detect if a break occurred in the primary pressure boundary and give tone or light signals.
If a break developes in the pressure boundary, the reactor can be shut down.

As mentioned above, the containment is of small volume. So the leak monitor system
for the primary pressure boundary will perform with high sensitivity.

5.3.3. Material radiation surveillance capsule

Even though the flux of fast neutron suffered by the pressure vessel is considerably
low, the radiation surveillance capsule is still adopted for mechanical property tests of the
pressure vessel material.

6. EVALUATION OF IN-SERVICE INSPECTION OF THE NHR-200 PRESSURE
VESSEL

6.1. Comparisons with other type reactors

The NHR-200 pressure vessel is somewhat similar to that of sodium-cooled fast
reactors. Breaks of the primary boundary do not lead to a core-melt accident. Large breaks
will not occur in the vessel, and small breaks do not result in a serious accidental
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radioactivity release. Therefore, volume examination is not required for the in-service
inspection of sodium-cooled fast reactors

The volume examination is required for PWRs and BWRs. It will reduce the
probability of a break. The result of a break accident for a PWR or BWR pressure vessel is
so serious that there is no way to deal with. This kind of accident is considered as incredible.
But the risk is still there.

For the NHR-200, the in-service inspection measures, except volume examination,
are as same as that for PWR or BWR. The break probability of the pressure vessel is
certainly very low. And the result of a break is considered in accident analysis and the
consequence is acceptable.

6.2. Safety characteristics of NHR-200

The capacity of keeping integrity of the primary pressure boundary for the NHR-200
is good enough as mantioned above. As compared to a PWR or BWR, the material
toughness of the NHR-200 pressure vessel has more margin, and the sensitivity of the leak
monitoring system is higher. Unstable propagation of cracks will not occur, and loss of
coolant accidents and radioactivity releases can be avoided.

Because a compact metallic containment is adopted, the accident analysis have proven
that, if any believable break accident occurs on the primary pressure boundary, including the
maximum penetration break of the pressure vessel, a break on the bottom of pressure vessel
and the safety valve stuck open, the residual water level will be still above the active core.

The reasons are as follows:

(1) The water leakage is limited by the small volume of the containment.

(2) The probability of two vessel breaking simultaneously is very small, and can be
ignored.

The metallic containment serves as a guard vessel for the pressure vessel. Only in
case that the two vessels would break simultaneously, a core-melt accident could
happen. However, the probability of this accident is too small to be considered [14].

(3) Because pressure, temperature, and gas radioactivity monitor systems are installed in
the space between the pressure vessel and the containment, a very small break on the
pressure vessel could be detected in a short period, and counter-measures can be
taken to depressurize the pressure vessel in order to terminate the crack propagation.

(4) The NHR-200 has a decay heat removal system with reliable and good inherent
safety.

6.3. Inservice inspection, integrity of primary pressure boundary and core-melt
accident

The integrity of the reactor primary pressure boundary depends on many measures
including design, material, manufacturing, examination, test, in-service inspection and so on.
Because of the limitations of space, time, technique or other unforeseen factors, the in-

202



service inspection can not be performed perfectly. For instance, the volume inspection is not
performed on the whole of parent material, but only on the welding zone. In fact, some weld
seams in the primary pressure boundary of PWRs are not accessible for inservice inspection
[15][16]. Historically, some break accidents occurred on the connection between main pipe
and pressure vessel of BWRs. That is to say, the accident probability can only be decreased
to a certain extent by in-service inspection, but can not be excluded.

It has been the effort of the authors that in designing the NHR-200, the integrity of
the primary pressure boundary is made to rely to a much lesser extent on inservice
inspection, especially on volume inspection, and that the integrity of the fuel elements and
other core structures are not vulnerable to small breaks in the primary pressure boundary.

6.4. Brief summary

Low failure probability of the reactor pressure vessel, acceptability of a small break
in the wall of the reactor pressure vessel, only small LOCAs, and no core-melt accidents are
the safety features of the NHR-200 and its pressure vessel. Based on these features the
inservice inspection requirements are drafted for the NHR-200 pressure vessel.

Although the pressure vessels of PWRs or BWRs are inspected by means of volume
examination and other in-service inspection measures, their operational safety can't achieve
the safety level of the NHR-200. We can say that the in-service inspection requirements of
the NHR-200 pressure vessel can meet the basic safety requirements.
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