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Structural Integrity Assessment of Intermediate Heat Exchanger in the HTTR
Based on Results of Rise-to-power Test

Takeshi TAKEDA, Yukio TACHIBANA and Shigeaki NAKAGAWA

Department of HTTR Project
Oarai Research Establishment
Japan Atomic Energy Research Institute
Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received October 4, 2002)

A helium / helium intermediate heat exchanger (IHX) in the high temperature
engineering test reactor (HTTR) is an essential component for demonstration of future
nuclear process heat utilization of high temperature gas-cooled reactor (HTGR). The IHX
with a heat capacity of 10 MW has 96 helically-coiled heat transfer tubes. Structural
design for the IHX had been conducted through elastic-creep analysis of superalloy
Hastelloy XR components such as heat transfer tubes and center pipe.

In the HTTR rise-to-power test, it was clarified that temperature of the coolant in the
IHX at the reactor scrams changes more rapidly than expected in the design. Effects of
the IHX coolant temperature change, at anticipated reactor scram from the full power of
30 MW at high temperature test operation, on structural integrity of the heat fransfer tubes
and the lower reducer of the center pipe were investigated analytically based on the
coolant temperature data obtained from the rise-to-power test. As results of the
assessment, it was confirmed that cumulative principal creep strain, cumulative creep and
fatigue damage factor of the IHX components during 105 h of the HTTR lifetime should be
below the allowable limits, which are established in the high-temperature structural design
code for the HTGR Class 1 components.

Keywords: HTGR, HTTR, Rise-to-power Test, Intermediate Heat Exchanger, Structural
Design, Elastic-creep Analysis, Reactor Scram, Creep Strain, Creep Damage, Lifetime
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Table 1.1
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Thermal power

Outlet coolant temperature

Inlet coolant temperature

Mass flow rate of primary coolant

Primary coolant pressure

Major specifications of the HTTR

30 MW

850°C (rated operation), 950°C (high
temperature test operation)

395°C

12.4 kg/s (rated operation), 10.2 kg/s
(high temperature test operation)

4 MPa

Core structure Graphite
Equivalent core diameter 23m

Effective core height 29m

Average power density 2.5 W/em3

Fuel Low-enriched UO;
Uranium enrichment 3-10 wt% (average 6 wt%)
Fuel type Pin-in-block
Coolant Helium gas
Direction of coolant flow Downward flow
Number of fuel assembly 150

Number of fuel columns 30

Plant lifetime 20 yr
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Table 1.2 Major specifications of intermediate heat exchanger

Type

Number

Heat capacity

Design temperature
Outer shell
Heat transfer tube

Design pressure
Outer shell
Heat transfer tube

Dimension
Quter diameter of heat transfer tube
Thickness of heat transfer tube
Outer diameter of outer shell
Total height

Material
Shell

Heat transfer tube, center pipe
and hot header

Vertical helically-coiled counter flow
1
10 MW

430°C
955°C

4.7 MPa :
0.29 MPa (differential pressure)

31.8 mm
3.5 mm
19m
10.0m

2 1/4 Cr-1 Mo steel
Hastelloy XR

Table 1.3 Summary of reactor scram events at paralle! loaded operation

Date Initial reactor ~ Operational mode Event
power (MW)
6 June 2000 9 Rated operation Manual scram test
1 March 2001 15 Rated operation Loss of off-site electric
‘ power test
16 May 2001 15 High temperature  Loss of off-site electric power
test operation
6 March 2002 30 Rated operation Loss of off-site electric

power test
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Secondary helium to secondary pressurized water cooler

Secondary helium from
secondary pressurized water cooler

Helium nozzle to <°
primary helium circulator

Helium nozzle from
X, primary helium circulator

_—— Inner shell
—— Quter shell

: ~
Tube support assembly .
|__—Center pipe

——— Thermal insulator

|___— Helically-coiled
heat transfer tube

— Hot header

Primary helium from reactor

Fig. 1.2 Bird's-eye view of intermediate heat exchanger
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800 1 | L ] |
o Lower tube (60°, 1st-2nd layer; ID No.13A250)
100 o Lower tube (60°, 5th-6th layer; ID No.13A251) [
5 a Lower tube (240°, 1st-2nd layer; ID No.13A252)
00 .
‘Lm, 8 x Lower tube (240°, 5th-6th layer; ID No.13A253)
% 500 x Upper tube (300°, 1st-2nd layer; ID No.13A254) |
g ? g Me g o Upper tube (300°, 5th-6th layer; 1D No.13A255)
E 400 2g P
e g By
< 8 u ] ] Nm
S 300 Ibe 3. LERTY 0 LLLLLLIT
> o 0° %o lL Dinﬂﬂégﬁﬁﬁﬁ
g xogxxxxxxxx**xxxx**n BEEEEEEEESEEEEEEE5
= 200 }X
100
0
0 50 100 150 200 250 300 350 400

Elapsed time after loss of off-site electric power (min)

Fig. 1.4 Transient temperature of primary coolant in intermediate heat exchanger
during reactor scram caused by loss of off-site electric power from 15 MW at high
temperature test operation (16 May 2001) |
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Table 3.1 Cumulative principal creep strain, cumulative creep and fatigue damage factors
of heat transfer tubes at first layer in intermediate heat exchanger during lifetime
Evaluation items Evaluation result | Allowable limit
Membrane 0.0013 0.01
€. | Membrane+Bending (inner surface) 0.0021 0.02
Membrane+Bending (outer surface) 0.0005 0.02
' De Inner surface 0.187 —
Design Outer surface 0.106 —
Ds Inner surface 0.072 —
Outer surface 0.066 —
De+Ds Inner surface 0.26 1.0
Outer surface 0.18 1.0
Membrane 0.0016 0.01
¢ ¢ | Membrane+Bending (inner surface) 0.0025 0.02
Membrane+Bending (outer surface) 0.0005 0.02
Present | D, Inner surface 0.218 —
study Outer surface 0.118 —
Dy Inner surface 0.072 —
Outer surface 0.066 -
De+Dx Inner surface 0.29 1.0
Outer surface 0.19 1.0

& ¢; cumulative principal creep strain, D¢; cumulative creep damage factor, Dy; cumulative
fatigue damage factor
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First (inner) layer model

« . Nodal point Sixth (outer) layer model

A ' Restraint of displacement and free rdtati’on

A :  Restraint of displacement in axial direction

E ¢ Fixed end

Fig. 3.1 Overall beam model of heat transfer tube in intermediate heat exchanger for
load analysis
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Fig. 3.2 Axis-symmetric model of heat transfer tube in intermediate heat exchanger for
temperature analysis

P4 :Primary coolant pressure
P2 :Secondary coolant pressure
F :Thrust force by pressure
Fs :Axial force by creep analysis with beam model
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OMO) @) (@) )NO)
P2 P
: @) O [OM®)
Faﬂ I F
¢
3.5
$31.8

Fig. 3.3 Axis-symmetric model of heat transfer tube in intermediate heat exchanger for
elastic-creep analysis
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Fig. 3.4 Transient thermal condition of heat transfer tube in intermediate heat exchanger
in scram event
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Fig. 3.5 Transient thermal condition of heat transfer tube in intermediate heat exchanger
for elastic-creep analysis
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Fig. 3.6 Transient temperature of heat transfer tube in intermediate heat exchanger
during thermal loads (normal startup, steady-state operation and reactor scram)
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Fig. 3.7 Transient Mises stress of heat transfer tube in intermediate heat exchanger
during first three thermal load cycles
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Fig. 3.8 Transient Principal creep strain of heat transfer tube in intermediate heat
exchanger during first three thermal load cycles
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Fig. 3.9 Transient creep damage factor of heat transfer tube in intermediate heat
exchanger during first three thermal load cycles
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Table 4.1(1/3) Cumulative principal creep strain, cumulative creep and fatigue damage
factors of lower reducer of center pipe in intermediate heat exchanger during lifetime

EC Evaluation items Evaluation result | Allowable limit
- Membrane 0.0008 0.01
€. | Membrane+Bending (inner surface) 0.0004 0.02
Membrane+Bending (outer surface) 0.0009 0.02
Dc Inner surface 0.076 —
1 Outer surface 0.111 —
Dy Inner surface 0.001 —
Outer surface 0.001 —
De+Dx Inner surface 0.08 1.0
Design Quter surface 0.12 1.0
Membrane 0.0007 0.01
€ ¢ | Membrane+Bending (inner surface) 0.0006 0.02
Membrane+Bending (outer surface) 0.0008 0.02
Dc Inner surface 0.078 —
2 Outer surface 0.107 —
Ds Inner surface 0.001 -
Outer surface 0.001 —
De+Ds Inner surface 0.08 1.0
Outer surface 0.11 1.0
Membrane 0.0005 0.01
€ | Membrane+Bending (inner surface) 0.0003 0.02
Membrane+Bending (outer surface) 0.0006 0.02
De Inner surface 0.101 —
1 Outer surface 0.142 —
Ds Inner surface 0.002 —
Outer surface 0.001 —
De+Ds Inner surface 0.11 1.0
Present Outer surface 0.15 1.0
Study Membrane 0.0002 0.01
£ . | Membrane+Bending (inner surface) 0.0003 0.02
Membrane+Bending (outer surface) 0.0013 0.02
De Inner surface 0.083 -
2 Outer surface 0.460 —
Ds Inner surface 0.001 —
Outer surface 0.002 —
Dc+Dy Inner surface 0.09 1.0
Outer surface 0.47 1.0

EC: evaluation cross section, € ¢; cumulative principal creep strain, Dc; cumulative creep
damage factor, D, cumulative fatigue damage factor
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Table 4.1(2/3) Cumulative principal creep strain, cumulative creep and fatigue damage
factors of lower reducer of center pipe in intermediate heat exchanger during lifetime

EC Evaluation items Evaluation result | Allowable limit
Membrane 0.0011 0.01
€. | Membrane+Bending (inner surface) 0.0006 0.02
Membrane+Bending (outer surface) 0.0012 0.02
De Inner surface 0.076 —
3 Outer surface 0.110 —
D Inner surface 0.001 —
Outer surface 0.001 —
Dc+D¢ Inner surface 0.08 1.0
Design Quter surface 0.12 1.0
Membrane 0.0009 0.01
€. | Membrane+Bending (inner surface) 0.0027 0.02
Membrane+Bending (outer surface) 0.0013 0.02
D¢ Inner surface 0.077 —
4 Outer surface 0.081 —
Dy Inner surface 0.001 —
Outer surface 0.001 —
De+Dy Inner surface 0.08 1.0
Outer surface 0.09 1.0
Membrane 0.0006 0.01
€. | Membrane+Bending (inner surface) 0.0002 0.02
Membrane+Bending (outer surface) 0.0006 0.02
De - Inner surface 0.114 —
3 Outer surface 0.126 —
Dy Inner surface 0.001 —
Outer surface 0.001 —
De+Ds Inner surface 0.12 1.0
Present Outer surface 0.13 1.0
Study Membrane 0.0006 0.01
€. | Membrane+Bending (inner surface) 0.0022 0.02
Membrane+Bending (outer surface) 0.0013 0.02
Dc Inner surface 0.392 —
4 Outer surface 0.086 —
Dy Inner surface 0.001 —
Outer surface 0.001 —
De+Dy Inner surface 0.40 1.0
Outer surface 0.09 1.0

EC; evaluation cross section, € ¢; cumulative principal creep strain, Dc; cumulative creep
damage factor, Dy, cumulative fatigue damage factor




Table 4.1(3/3)
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Cumulative principal creep strain, cumulative creep and fatigue damage
factors of lower reducer of center pipe in intermediate heat exchanger during lifetime

EC Evaluation items - Evaluation result | Allowable limit
Membrane 0.0006 0.01
€. | Membrane+Bending (inner surface) 0.0032 0.02
Membrane+Bending (outer surface) 0.0023 0.02
Dc Inner surface 0.259 —
5 Outer surface 0.080 —
D Inner surface 0.002 —
Outer surface 0.001 —
De+Dx Inner surface 0.27 1.0
Design Outer surface 0.09 1.0
Membrane 0.0010 0.01
€ ¢ | Membrane+Bending (inner surface) 0.0014 0.02
Membrane+Bending (outer surface) 0.0007 0.02
De Inner surface 0.270 —
6 Outer surface 0.096 —
Dy Inner surface 0.001 —
Outer surface 0.001 —
Dc+Dx Inner surface 0.28 1.0
Outer surface 0.10 1.0
Membrane 0.0003 0.01
¢ . | Membrane+Bending (inner surface) 0.0026 0.02
Membrane+Bending (outer surface) 0.0025 0.02
Dc Inner surface 0.371 -
5 Outer surface 0.112 —
D Inner surface 0.002 —
Outer surface 0.001 —
De+Dx Inner surface 0.38 1.0
Present Outer surface 0.12 1.0
Study Membrane 0.0006 0.01
€ . | Membrane+Bending (inner surface) 0.0014 0.02
Membrane+Bending (outer surface) 0.0009 0.02
De Inner surface 0.096 —
6 Outer surface 0.090 -
Ds Inner surface 0.001 —
Outer surface 0.001 -
De+Dy Inner surface 0.10 1.0
Outer surface 0.10 1.0

EC; evaluation cross section, € ¢; cumulative principal creep strain, D¢; cumulative creep
damage factor, Ds; cumulative fatigue damage factor
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Fig. 4.1 Vertical view of lower reducer of center pipe in intehnediate heat exchanger
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Fig. 42 Axis-symmetric model of lower reducer of center pipe in intermediate heat
exchanger for temperature analysis
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Fig. 43 Axis-symmetric model of lower reducer of center pipe in intermediate heat
exchanger for elastic-creep analysis
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Fig. 4.6 Transient temperature at evaluation cross section 1 of lower reducer of center

pipe in intermediate heat exchanger during thermal loads (steady-state operation and
reactor scram)
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Fig. 4.7 Transient temperature at evaluation cross section 2 of lower reducer of center
pipe in intermediate heat exchanger during thermal loads (steady-state operation and
reactor scram)



JAERI-Tech 2002-091

INNER

x 102 et

8.8 OQUTER

8.0
(@)
(3
o 2.2 A
=3
—
2 kY
p
& .
Q.
E 6.4
b
'——

5.6 -‘\“

“T
4.8
0.0 0.8 1.6 2.4 3.2 4.0 x 10

Time (s
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Fig. 4.9 Transient temperature at evaluation cross section 4 of lower reducer of center

pipe in intermediate heat exchanger during thermal loads (steady-state operation and
reactor scram)
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Fig. 4.10 Transient temperature at evaluation cross section 5 of lower reducer of center

pipe in intermediate heat exchanger during thermal loads (steady-state operation and
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Fig. 4.12 Transient Mises stress at evaluation cross section 1 of lower reducer of center
pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.13 Transient Mises stress at evaluation cross section 2 of lower reducer of center
pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.14 Transient Mises stress at evaluation cross section 3 of lower reducer of center
pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.15 Transient Mises stress at evaluation cross section 4 of lower reducer of center
pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.16 Transient Mises stress at evaluation cross section 5 of lower reducer of center
pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.17 Transient Mises stress at evaluation cross section 6 of lower reducer of center
pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.18 Transient Principal creep strain at evaluation cross section 1 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.19 Transient Principal creep strain at evaluation cross section 2 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 420 Transient Principal creep strain at evaluation cross section 3 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 421 Transient Principal creep strain at evaluation cross section 4 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.22 Transient Principal creep strain at evaluation cross section 5 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 423 Transient Principal creep strain at evaluation cross section 6 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 424 Transient creep damage factor at evaluation cross section 1 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 425 Transient creep damage factor at evaluation cross section 2 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.26 Transient creep damage factor at evaluation cross section 3 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.27 Transient creep damage factor at evaluation cross section 4 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.28 Transient creep damage factor at evaluation cross section 5 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 429 Transient creep damage factor at evaluation cross section 6 of lower reducer
of center pipe in intermediate heat exchanger during first three thermal load cycles
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Fig. 4.30 Transient circumferentially thermal stress at evaluation cross section 2 of
lower reducer of center pipe in intermediate heat exchanger during thermal loads
(steady-state operation and reactor scram)
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