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A rise-to-power test of the high temperature engineering test reactor (HTTR) started on
September 28 in 1999 for establishing and upgrading the technological basis for the high
temperature gas-cooled reactor (HTGR). A loss of off-site electric power test of the HTTR
from the normal operation under 15 and 30MW thermal power will be carried out in the
rise-to-power test. Analytical evaluations on transient behaviors of the reactor and plant
during the loss of off-site electric power were conducted. These estimations are proposed as
benchmark problems for the IAEA coordinated research program on “Evaluation of HTGR
Performance”. This report describes an event scenario of transient during the loss of off-site
electric power, the outiine of major components and system, detailed thermal and nuclear
data set for these problems and pre-estimation results of the benchmark problems by an
analytical code ‘ACCORD’ for incore and plant dynamics of the HTGR.
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1. Introduction
The high temperature gas-cooled reactor (HTGR) is expected to be one of alternative

energy sources in the future because it can supply high temperature heat and have high
thermal efficiency together with inherent safety features. Japan Atomic Energy Research
Institute (JAERI) built a graphite-moderated and helium-gas-cooled reactor, the high
temperature engineering test reactor (HTTR) (). Figure 1.1 shows a bird's-eye view of the
reactor pressure vessel and core of the HTTR. Table 1.1 shows the major specifications of
the HTTR. Evaluations of the first criticality, insertion depth of control rods and excess
reactivity of annular cores during startup core physics tests of the HTTR were proposed as
previous benchmark problems for the IAEA coordinated research program (2, Participants in
the research coordination meeting presented results of the benchmark calculations in August
1998 (13 and in October 1999. The HTTR attained its first criticality on November 10 in 1998,
and then the startup core physics tests were successfully finished in January 1999. A
rise-to-power test of the HTTR started on September 28 in 1999 under higher temperature
and pressure conditions for establishing and upgrading the HTGR technological basis (4.

Simulation, testing and evaluation of an anticipated operational occurrence are essential to
check functional features and thermal performance of the HTTR system. Since the reactor
core of the HTTR has a large heat capacity, its temperature changes slowly in the anticipated
operational occurrence. Figure 1.2 shows a schematic diagram of the reactor cooling‘ system
of the HTTR. The reactor cooling system consists of the main cooling system, auxiliary
cooling system and vessel cooling system. The auxiliary cooling system automatically starts
up when the reactor is scrammed in an accident. In the rise-to-power test, a loss of off-site
electric power test from the normal operation under 15 and 30MW thermal power will be
conducted for investigating the coolability of the auxiliary cooling system. They are simulated
by a manual shutdown of off-site electric power of the HTTR. The loss of electric power
supply causes stop of all the primary and secondary helium circulators as well as a water
pump for the pressurized water cooling system of the HTTR. After the reactor scram, the
auxiliary cooling system removes residual heat of the reactor core maintaining the structural
integrity of graphite blocks of the reactor core.

We propose analytical simulations on transient behaviors of the reactor and plant during
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the loss of off-site electric power of the HTTR as benchmark problems for the IAEA
coordinated research program on “Evaluation of HTGR Performance”. The objective of the
present benchmark problems is to validate analytical codes of participating countries, such as
‘ACCORD’ code (15 of the JAERI, and performance models to actual operating conditions
and results of the HTTR.

In this report, an event scenario of transient during the loss of off-site electric power,
conditions before and after the startup of the auxiliary cooling system are explained. The core
components and reactor internals, main cooling system and residual heat removal system are
reviewed. The detailed thermal and nuclear data set (geometry, material, parameter for core
dynamics, decay heat, performance of helium circulators, thermophysical properties,
correlation of heat transfer coefficient, etc.) are described for solving the benchmark problems.
Pre-estimation results of the benchmark problems conceming the loss of off-site electric
power simulation of the HTTR by the ‘ACCORD’ code are presented. In addition, the outline
of the ‘ACCORD’ code is shown in Appendix A.

Table 1.1  Major specifications of the HTTR

Thermal power 30MW

Outlet coolant temperature 850/950°C

Inlet coolant temperature 395°C

Primary coolant pressure 4AMPa

Core structure Graphite
Equivalent core diameter 23m

Effective core height 2.9m

Average power density 2.5W/ecm?3

Fuel Low-enriched UO;
Uranium enrichment 3-10wt% (average 6wt%)
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 20yr




JAERI-Research  2000-016

Permanent
reflector block

Replaceable
reflector block

Core restraint
mechanism

Fuel element

Dy

AN
,‘ Hot plenum block
g Support post

N

L L

Lower plenum block
1A= Carbon block
k. —Bottom block

¥/ | ——Support plate

AN

—Core support grid

. >
L / Auxiliary coolant

outlet pipe
Main coolant
outiet pipe

Fig. 1.1  Bird’s-eye view of reactor pressure vessel and core
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2. Benchmark problems

We propose the following benchmark problems concerning the loss of off-site electric
power simulation designated as HTTR-LP(15MW, 30MW). During the normal operation,
called parallel loaded operation, the intermediate heat exchanger, primary and secondary
pressurized water coolers are operated simultaneously.
(1) HTTR-LP(15MW)

Analytical simulation on transient behaviors of the reactor and plant during the loss of
off-site electric power from the normal operation under 15 MW thermal power
(2) HTTR-LP(30MW)

Analytical simulation on transient behaviors of the reactor and plant during the loss of
off-site electric power from the normal operation under 30 MW thermal power

In both simulation cases, estimation items are as follows; transition of (1)hot plenum block
temperature, (2)reactor inlet coolant temperature, (3)reactor outlet coolant temperature,
(4)primary coolant pressure, (5)reactor power, (6)heat removal of auxiliary heat exchanger.

Estimation duration is for 10hr from the beginning of the loss of off-site electric power.

2.1 Event scenario of transient during loss of off-site electric power

Figure 2.1 shows an event scenario of transient during the loss of off-site electric power.
The loss of off-site electric power is caused by failure of the power transmission line or the
HTTR electrical equipment. All the primary and secondary helium circulators as well as the
water pump for the pressurized water cooling system are coasted down immediately after the
loss of off-site electric power. Accordingly, flow rates of primary and secondary helium as well
as water reduce. Flow rate of primary helium, which is deflected at a hot header and
discharged around the heat transfer tubes of the intermediate heat exchanger, decreases to
92% of normal flow rate in 5s after the loss of off-site electric power. In 3.2s after 92% flow
rate is reached, the reactor is scrammed by the reactor protection system. In 1s after the
reactor scram, breaking stop of all the primary and secondary helium circulators is initiated.
The auxiliary cooling system starts up in 50s after the loss of off-site electric power by
electricity supplied through the emergency power feeder. The auxiliary cooling system mainly
consists of an auxiliary heat exchanger, two auxiliary helium circulators, air cooler and two

water pumps. Helium flow rate of the auxiliary cooling system reaches about 1.2kg/s in 20s
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after the startup of the auxiliary cooling system. One of the two auxiliary helium circulators is
coasted down in 40min after the startup of the auxiliary cooling system to prevent the graphite
blocks, composing the reactor core, from overcooling. Then helium flow rate of the auxiliary

cooling system decreases to about 0.8kg/s.

2.2 Conditions before startup of auxiliary cooling system

Table 2.1 shows the major process conditions of the reactor core (thermal power, reactor
inlet and outlet temperatures, primary coolant pressure and flow rate as well as hot plenum
block temperature). Tables 2.2, 2.3, 2.4 and 2.5 show the major process conditions
(temperature, pressure and flow rate) of the intermediate heat exchanger, primary and
secondary pressurized water coolers as well as the air cooler for the pressurized water
cooling system, respectively. Helium and water flow rates of the auxiliary cooling system in
standby are fixed to 0.036kg/s and 5.5kg/s, respectively, to prevent the auxiliary heat
exchanger from the thermal shock. During the standby of the auxiliary cooling system, the two
auxiliary helium circulators are not operated and one of the two water pumps for the auxiliary
cooling system is driven. Tables 2.6 and 2.7 show the major process conditions (temperature,
pressure and flow rate) of the auxiliary heat exchanger and air cooler for the auxiliary cooling

system, respectively.

23 Conditions after startup of auxiliary cooling system

Helium flow rate of the auxiliary cooling system reaches about 1.2kg/s in 20s after the
startup of the auxiliary cooling system. Helium flow rate of the auxiliary cooling system
decreases to about 0.8kg/s in 40min after the startup of the auxiliary cooling system. Water
flow rate of the auxiliary cooling system is fixed to about 18.3kg/s all the time after the startup

of the auxiliary cooling system.

Table 2.1 Major process conditions of reactor core

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Thermal power 15MW 30MW

Reactor inlet coolant temperature About 241°C 395°C

Reactor outlet coolant temperature About 470°C 850°C

Primary coolant pressure About 3MPa(abs) 4MPa(abs)
Primary coolant flow rate 12.4kg/s 12.4kg/s

Hot plenum block temperature About 490°C About 890°C
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Table 2.2 Process conditions of intermediate heat exchanger

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Primary helium inlet temperature About 468°C 850°C

Primary helium outlet temperature About 238°C 395°C

Primary helium pressure About 3MPa(abs) 4MPa(abs)
Primary helium flow rate 4.1kg/s 4.1kg/s
Secondary helium inlet temperature  About 154°C About 241°C
Secondary helium outlet temperature  About 431°C About 783°C
Secondary helium pressure About 3.1MPa(abs)  4.1MPa(abs)
Secondary helium flow rate 3.6kg/s 3.6kg/s

Table 2.3 Process conditions of primary pressurized water cooler

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Helium inlet temperature About 468°C 850°C

Helium outlet temperature About 242°C 395°C

Helium pressure About 3MPa(abs) 4MPa(abs)
Helium flow rate 8.3kg/s 8.3kg/s

Water inlet temperature About 89°C About 135°C
Water outlet temperature About 110°C About 175°C
Water pressure About 2.6MPa(abs) 3.5MPa(abs)
Water flow rate 115kg/s 115kg/s

Table 2.4 Process conditions of secondary pressurized water cooler

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Helium inlet temperature About 430°C About 782°C
Helium outlet temperature About 154°C About 240°C
Helium pressure About 3.1MPa(abs) 4.1MPa(abs)
Helium flow rate 3.6kg/s 3.6kg/s

Water inlet temperature About 89°C About 135°C
Water outlet temperature About 110°C About 175°C
Water pressure About 2.5MPa(abs) 3.4MPa(abs)

Water flow rate 60kg/s 60kg/s
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Table 2.5 Process conditions of air cooler for pressurized water cooling system

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Water inlet temperature About 110°C About 175°C
Water outlet temperature About 58°C About 80°C
Water pressure About 2MPa(abs) 3MPa(abs)
Water flow rate 70kg/s 70ka/s

Air inlet temperature About 33°C About 33°C

Air outlet temperature About 58°C About 81°C

Air pressure 0.1MPa(abs) 0.1 MPa(abs)

Air flow rate 605kg/s 605kg/s

Table 2.6  Process conditions of auxiliary heat exchanger

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Helium inlet temperature About 452°C About 812°C
Helium outlet temperature About 50°C About 62°C
Helium pressure About 3MPa(abs) 4MPa(abs)
Helium flow rate 0.036kg/s 0.036kg/s

Water inlet temperature About 35°C About 36°C
Water outlet temperature About 39°C About 45°C
Water pressure About 2MPa(abs) About 3MPa(abs)
Water flow rate 5.5kg/s 5.5ka/s

Table 2.7 Process conditions of air cooler for auxiliary cooling system

ltems HTTR-LP(15MW) HTTR-LP(30MW)
Water inlet temperature About 39°C About 45°C
Water outlet temperature About 35°C About 36°C
Water pressure About 1MPa(abs) About 2MPa(abs)
Water flow rate 5.5kg/s 5.5kg/s

Air inlet temperature About 33°C About 33°C

Air outlet temperature About 34°C About 42°C

Air pressure 0.1MPa(abs) 0.1 MPa(abs)

Air flow rate 106.5kg/s 106.5kg/s
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(1) Loss of off-site electric power of HTTR caused by failure of
power transmission line or HTTR electrical equipment
|
(2) Coast down of all primary and secondary helium circulators as well as water pump
for pressurized water cooling system
|
(3) Decrease of flow rate of primary and secondary helium as well as water
| b5safter(1)
(4) Decrease to 92% of total primary helium flow rate of intermediate heat exchanger
| 3.2safter (4)
(5) Reactor scram by reactor protection system
v 1s after (5)
(6) Initiation of breaking stop of all primary and secondary helium circulators
| 50s after (1)
(7) Startup of auxiliary cooling system by supplying electricity through emergency
power feeder
| 40min after (7)
(8) Coast down of one of two auxiliary helium circulators

Fig. 2.1 Event scenario of transient during loss of off-site electric power
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3. Core components and reactor internals

The reactor consists of core components, reactor internals, reactor pressure vessel, etc.
The reactor pressure vessel of 2 1/4 Cr - 1 Mo steel, 13.2m in height, 5.5m in diameter and
120mm in thickness of cylinder, contains the core components and reactor internals. The core
components such as fuel blocks and replaceable reflector blocks are prismatic hexagonal
blocks, which are 580mm in height and 360mm in width across the flats. Gap width between
the blocks is 2mm in average. The configuration of the fuel element is shown in Fig. 3.1.
Tri-isotropic (TRISO) coated fuel particles with low-enriched UQO, kernel of 6wt% in average
enrichment are dispersed in the graphite matrix. The TRISO coating consists of a low density
pyrolytic carbon (PyC) buffer layer adjacent to the fuel kernel, surrounded by a high density
isotropic PyC layer, a SiC layer and a final PyC coating. The coated fuel particles are
incorporated into the fuel compact, which is 10mm in inner diameter, 26mm in outer diameter
and 39mm in height. Fourteen fuel compacts are contained in a graphite sleeve forming a fuel
rod as shown in Fig. 3.2. The fuel rod is 34mm in outer diameter, 3.875mm in thickness and
577mm in length. The fuel rod is inserted into 31 or 33 vertical holes bored in each hexagonal
graphite block as coolant channels. Material of the graphite sleeve and graphite block is
IG-110 graphite.

Figure 3.3 shows a vertical view of the reactor core. Top shielding block of 316 stainless
steel above the top reflector block is 300mm in height and 360mm in width across the flats.
The top shielding blocks and top reflector blocks have coolant channels to fuel blocks below.
The active reactor core, 2.9m in height and 2.3m in effective diameter, consists of 30 fuel
columns and 7 control rod guide columns. As shown in Fig. 3.4, the active reactor core is
surrounded by 12 replaceable reflector columns, 9 control rod guide columns and 3 irradiation
test columns. Each fuel column consists of one top shielding block, 2 top replaceable reflector
blocks, 5 fuel assemblies and 2 bottom replaceable reflector blocks. Table 3.1 shows the
number of the fuel rods at each fuel zone. The fuel element has 33 fuel rods in the fuel zone 1
and 2, while it has 31 fuel rods in the fuel zone 3 and 4. Total number of the fuel rods is 954.
Figures 3.5 and 3.6 show structural drawings of the fuel graphite block for 31 and 33 pins fuel
element, respectively. Figures 3.7 and 3.8 show structural drawings of the replaceable

reflector block in 1st, 2nd and 8th layer of 31 and 33 pins fuel columns, respectively. Figure
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3.9 shows the replaceable reflector block in 9th layer of the fuel columns. Figures 3.10 and
3.1 show the replaceable reflector block in 1st — 8th and 9th layer of the replaceable
reflector columns, respectively.

The reactor internals are composed of graphite and metallic core support structures as
well as shielding blocks as shown in Fig. 3.12. The graphite core support structures mainly
consist of permanent reflector blocks, hot plenum blocks, lower plenum block and bottom
block, which are made of PGX graphite. The permanent reflector blocks of PGX graphite,
surrounding the replaceable reflector blocks of IG-110 graphite, are fixed by the core restraint
mechanism. Width across the flats including the permanent reflector blocks is 4250mm as
shown in Fig. 3.13. Height of the permanent reflector blocks in 1st - 5th and 6th layer are 904
and 1000mm, respectively. The support posts located between the hot plenum block and core
bottom structures provide a hot plenum space where the hot coolant is mixed uniformly.

As shown in Fig. 3.3, coolant flow in the reactor pressure vessel is as follows.

1. Coolant enters into the reactor pressure vessel through the annular path between the inner
tube of the concentric hot gas duct and the helium nozzle placed at the bottom of the
vessel (Fig. 3.3a).

2. Coolant flows upward in the two annular paths between the reactor pressure vessel and
the side shielding blocks as well as between side shielding blocks and permanent reflector
blocks (Fig. 3.3b).

3. Coolant turns at the top of the reactor core (Fig. 3.3c).

4. Coolant flows downward in the annular gap between vertical holes in the hexagonal
graphite block and the fuel rods to remove heat by fission and gamma heating. The top
and bottom replaceable reflector blocks above and below the active reactor core have the
same arrangement of coolant channels as the fuel blocks within the identical columns. The
side replaceable reflector blocks adjacent to the core have the same envelope dimensions
as the fuel blocks (Fig. 3.3d).

5. The bottom replaceable reflector block below fuel blocks provides transition of coolant
channels to a single large channel, which gets together with other coolant channels within
the hot plenum blocks (Fig. 3.3€).

6. Coolant flows inside the liner of the concentric hot gas duct (Fig. 3.3f).
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Reactivity is controlled by control rods, which are individually supported by mechanisms
located in standpipes connected with the hemispherical top head closure of the reactor
pressure vessel. Ratio of reactivity by the control rods at their inserting time will be described
in Section 6.1(Table 6.3). The control rods compensate the reactivity change due to variations

of the temperature, concentration change of 135Xe, and burnup of 25U and burnable poisons.

Table 3.1 Number of fuel rods at each fuel zone

Fuel zone number*
1 2 3 4
33 33 31 31

Fuel zone number is shown in Fig. 3.4.

*
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Fig. 3.5 Structural drawing of fuel graphite block for 31 pins fuel element
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Fig. 3.6 Structural drawing of fuel graphite block for 33 pins fuel element
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4, Main cooling system
The main cooling system consists of the primary cooling system, secondary helium cooling

system and pressurized water cooling system.

4.1 Primary cooling system

Primary coolant is transported from the reactor core to the primary pressurized water
cooler and intermediate heat exchanger through the primary concentric hot gas duct. The
primary cooling system consists of the primary pressurized water cooler, intermediate heat

exchanger, primary concentric hot gas duct and primary helium piping.

4.1.1  Primary pressurized water cooler

The primary pressurized water cooler is a vertical inverse-U-tube type heat exchanger as
shown in Figs. 4.1 and 4.2. Hot primary helium from the inlet nozzle flows horizontally
between the baffle plates, and cools the outer surface of the heat transfer tubes. It once goes
out via the outlet nozzle to the primary helium circulators and goes back to the annular path
between the inner and outer shells. The honeycomb plate is installed in the front of the heat
transfer tubes to make helium flow uniform around the tubes. The baffle plates not only
promote the heat transfer of helium but also keep the heat transfer tubes from the
flow-induced vibration. Water from the water inlet nozzle flows into the inlet side of the water
chamber and goes upward inside the heat transfer tubes. It turns downward at the inverse U
bend portion and flows into the outlet side of the water chamber. Thermal insulator is installed
inside the inner shell. Major specifications of the primary pressurized water cooler are given in
Table 4.1.

4.1.2 Intermediate heat exchanger

The intermediate heat exchanger is a vertical helically-coiled type heat exchanger as
shown in Figs. 4.3 and 4.4. Primary helium flows on the shell side, while secondary helium
goes into the tube side. Primary helium is deflected at a hot header and discharged around
the heat transfer tubes transferring the heat to the secondary helium cooling system. It flows
to the primary helium circulator via the upper outlet nozzle and goes back to the annular path

between the inner and outer shells. On the contrary, secondary helium flows downward inside
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the heat transfer tubes and goes upward inside the central hot gas duct through the hot
header. Thermal insulator is installed inside the inner shell. Major specifications of the

intermediate heat exchanger are given in Table 4.2.

4.1.3  Primary helium circulator

The primary helium circulator is a centrifugal and dynamic gas bearing type circulator as
shown in Fig. 4.5. Three helium circulators for the primary pressurized water cooler and one
for the intermediate heat exchanger are installed in the primary cooling system. Helium from
the inlet nozzle flows horizontally between filters and goes downward to impeller unit. A
variable speed motor using a frequency converter controls primary helium flow rate. The

casing prevents primary helium from leaking into the atmosphere.

4.1.4  Primary concentric hot gas duct

The primary concentric hot gas duct consists of a pressure tube, inner tube, liner and
thermal insulator as shown in Fig. 4.6. Hot primary helium goes inside the liner, while lower
temperature primary helium flows in annular path between the pressure and inner tubes. The
pressure tube can contain high pressure helium. The inner tube separates the hot and lower
temperature primary helium paths. The liner located inside the inner tube forms hot primary
helium boundary. Lagging material covers the primary concentric hot gas duct. Major
specifications of the primary concentric hot gas duct are given in Table 4.3. Major length,

inner diameter and elevation of primary helium piping are given in Table 4.4 and Fig. 4.7.

42 Secondary helium cooling system

The secondary helium cooling system removes heat from the primary helium through the
intermediate heat exchanger. Heat is transported to the pressurized water cooling system
through the secondary pressurized water cooler. The secondary helium cooling system
consists of the secondary pressurized water cooler, secondary helium circulator, secondary
concentric hot gas duct and secondary helium piping. As shown in Fig. 4.8, the secondary
pressurized water cooler is a vertical inverse-U-tube type heat exchanger, similar to the
primary pressurized water cooler. One secondary helium circulator for the secondary

pressurized water cooler is a centrifugal and dynamic gas bearing type circulator. The
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secondary concentric hot gas duct consists of a pressure tube, inner tube, liner and thermal
insulator as shown in Fig. 4.9. Lagging material covers the secondary concentric hot gas duct.
Major specifications of the secondary pressurized water cooler and secondary concentric hot
gas duct are given in Tables 4.5 and 4.6, respectively. Major length, inner diameter and

elevation of secondary helium piping are given in Table 4.7 and Fig. 4.10.

4.3 Pressurized water cooling system

The pressurized water cooling system consists of an air cooler (Fig. 4.11), water pump and
water piping. The air cooler with fins cools water in the primary and secondary pressurized
water coolers and transfers heat from the reactor core to the final heat sink of atmosphere. Air
flowing into the shell side of the air cooler through its fans cools the outer surface of the heat
transfer tubes in which water flows. The water pump is a horizontal and centrifugal type pump.
Major specifications of the air cooler for the pressurized water cooling system are given in
Table 4.8. Major length, inner diameter and elevation of water piping for the pressurized water

cooling system are given in Table 4.9 and Fig. 4.12.

Table 4.1 Major specifications of primary pressurized water cooler

1. Number of heat transfer tubes 136
2. Quter diameter of heat transfer tube 25.4mm
3. Thickness of heat transfer tube 2.6mm
4. Number of rows of heat transfer tubes 8
5. Effective axial length of flow path of primary helium 2.49m
6. Average cross section of flow path of primary helium 0.7114m2
7. Total heat transfer area 54m?2
8. Material of inner and outer shells 2 1/4 Cr-1 Mo steel
9. Material of heat transfer tubes 321TB stainless steel

Table 4.2 Major specifications of intermediate heat exchanger

1. Number of heat transfer tubes 96

2. Outer diameter of heat transfer tube 31.8mm

3. Thickness of heat transfer tube 3.5mm

4, Number of rows of heat transfer tubes 6

5. Effective axial length of flow path of primary helium 4.87m

6. Average cross section of flow path of primary helium 0.173m2

7. Total heat transfer area 244m?

8. Length of flow path of secondary helium 22.4m

9. Material of inner and outer shells 2 1/4 Cr-1 Mo steel
10.Material of heat transfer tubes Hastelloy XR
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Table 4.3 Major specifications of primary concentric hot gas duct

Unit(m)
Flow Liner™* | Therm* Inner tube** Pressure tube™* Lagg*
path | Length ID* ID* ID* oD* ID* oD* oD*
) 0.846 | 0.436 0.45 | 0.6304 | 0.6604 | 0.7796 | 0.8636 | 1.1636
@ 0.924 | 0.436 0.45 | 0.6304 | 0.6604 | 0.7796 | 0.8636 | 1.1636
©) 6.081 0.206 0.22 | 0.6304 | 0.6604 | 0.7796 | 0.8636 | 1.1636

;Duct from primary pressurized water cooler to T junction

%;Duct from reactor to T junction

:Duct from intermediate heat exchanger to T junction

s

* Therm; Thermal ihsulator, Lagg; Lagging material, ID;Inner diameter, OD;Outer diameter

** Material of pressure tube and inner tube; 2 1/4Cr-1 Mo steel, Liner; Hastelloy XR

Table 4.4 Major length, inner diameter and elevation of primary helium piping

Line* Length ID** Point* Elevation
G 0.924m 0.436m P1 14.55m
G2*2 10.099m 0.032m P2 14.35m
G3 8.8m 0.254m P3 17.649m
G4*2 2.099m 0.19m P4 16.449m
G5 0.924m 0.1192m P5 14.35m
G6™ 6.081m 0.1192m P6 14.55m
G7*S 6.115m 0.06m P7 17.935m
G8 6.5m 0.254m P8 24.05m
G9*s 8.195m 0.047m P9 25.6m
G10* 6.081m 0.206m P10 18.15m
G114 9.846m 0.436m P11 20.05m
G123 6.318m 0.155m P12 14.55m
G13* 6.65m 0.095m P13 17.45m
G14 5.85m 0.1654m P14 14.3m
G154 2m 0.115m P15 14.55m
G16*3 6.318m 0.071m P16 18.575m
G171 9.846m 0.1192m

*  Flow line G1-G17 and pressure point P1-P6 are shown in Fig. 4.7.
** |D;Inner diameter

"1
"2
*3
*4
*5

Primary concentric hot gas duct
Primary pressurized water cooler
Aucxiliary concentric hot gas duct
Auxiliary heat exchanger

Intermediate heat exchanger
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Table 4.5 Major specifications of secondary pressurized water cooler
1. Number of heat transfer tubes

2. Outer diameter of heat transfer tube

3. Thickness of heat transfer tube

4, Number of rows of heat transfer tubes

5. Effective axial length of heat transfer tube
6. Average cross section of flow path of secondary helium
7. Total heat transfer area
8. Material of inner and outer shells
9. Material of heat transfer tubes

104
25.4mm
2.6mm

9

3.32m
0.3884m2
55m2

2 1/4 Cr-1 Mo steel
321TB stainless steel

Table 4.6 Major specifications of secondary concentric hot gas duct

Unit(m)
Flow Liner* | Therm* Inner tube** Pressure tube** Lagg*
path length ID* ID* ID* OoD* ID* OoD* OoD*
) 5.15 0240 | 0.250 | 0.381 | 0.4064 | 0.5028 | 0.5588 | 0.7988

(D:Duct from intermediate heat exchanger to secondary pressurized water cooler
* Therm; Thermal insulator, Lagg; Lagging material, ID;Inner diameter, OD;Outer diameter
** Material of pressure tube and inner tube; 2 1/4Cr-1 Mo steel, Liner; Hastelloy XR

Table 4.7 Major length, inner diameter and elevation of secondary helium piping

Line* Length ID** Point* Elevation
G1 5.15m 0.0964m P1 28.695m
G211 22.4m 0.0248m P2 26.7m
G3*2 5.15m 0.24m P3 26.7m
G4 10.801m 0.41m P4 28.695m
G5 3.7m 0.254m P5 25.944m
G6*3 1.926m 0.2m P6 26.769m

*  Flow line G1-G6 and pressure point P1-P6 are shown in Fig. 4.9.

*k

ID;Inner diameter

*{ Intermediate heat exchanger
*2  Secondary concentric hot gas duct
*3  Secondary pressurized water cooler

Table 4.8 Major specifications of air cooler for pressurized water cooling system
1. Number of heat transfer tubes

2, Quter diameter of heat transfer tube

3. Thickness of heat transfer tube

4. Number of fins of heat transfer tubes

5. Effective axial length of heat transfer tube
6. Average cross section of flow path of air

7. Material of heat transfer tubes

504
25.4mm
2.77mm

10 per 25.4mm

11.975m
219.8m2

2 1/4 Cr-1 Mo steel
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Table 49 Major length, inner diameter and elevation of water piping for
pressurized water cooling system

Line* Length ID** Point* Elevation
G1 62m 0.2488m P1 23.2m
G2*1 4,98m 0.0202m P2 11.005m
G3 37m 0.2488m P3 11.005m

G4 26m 0.151m P4 24.2011m
G5 2m 0.2488m P5 25.1m
G6 10m 0.2488m P6 25.1m
G7 60m 0.2488m P7 53.6m
G8*2 24m 0.01986m P8 53.6m
G9 68m 0.2488m P9 26.5m
G10 60m 0.2488m P10 24.05m
G11 46m 0.151m P11 24.05m
G12* 6.62m 0.0202m
G13 30m 0.151m

1
2
3

Flow line G1-G13 and pressure point P1-P11 are shown in Fig. 4.11.

ID:Inner diameter

Primary pressurized water cooler

Air cooler

Secondary pressurized water cooler
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Fig. 4.8 Structural drawing of secondary pressurized water cooler
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5. Residual heat removal system
The HTTR has two residual heat removal systems; the auxiliary cooling system and vessel
cooling system as shown in Fig. 5.1.

5.1 Auxiliary cooling system

The auxiliary cooling system is in standby during the normal operation and automatically
starts up when the reactor is scrammed in an accident. The auxiliary cooling system consists
of an auxiliary heat exchanger, two auxiliary helium circulators, auxiliary concentric hot gas
duct, air cooler, two water pumps and water piping. As shown in Figs. 5.2 and 5.3, the
auxiliary heat exchanger is a vertical inverse-U-tube type heat exchanger, similar to the
primary and secondary pressurized water coolers. During the standby of the auxiliary cooling
system, small amount of hot primary coolant from the reactor core flows inside the liner of the
auxiliary heat exchanger. It once goes out via the nozzle to the purification system and goes
back to the annular path between the inner and outer shells. Then helium flow rate is
0.036kg/s. The two auxiliary helium circulators for the auxiliary heat exchanger are centrifugal
and dynamic gas bearing type circulators. The auxiliary concentric hot gas duct consists of a
pressure tube, inner tube, liner and thermal insulator as shown in Fig. 5.4. Lagging material
covers the auxiliary concentric hot gas duct. The air cooler with fins (Fig. 5.5) cools water in
the auxiliary heat exchanger and transports residual heat from the reactor core to the final
heat sink of atmosphere. The water pumps are horizontal and centrifugal type pumps. Major
specifications of the auxiliary heat exchanger, auxiliary concentric hot gas duct and air cooler
for the auxiliary cooling system are given in Tables 5.1, 5.2 and 5.3, respectively. Major
length, inner diameter and elevation of water piping for the auxiliary cooling system are given
in Table 5.4 and Fig. 5.6.

5.2 Vessel cooling system

The vessel cooling system operates to cool the biological concrete shield during the
normal operation and removes residual heat in an accident in which forced circulation of the
primary coolant cannot be maintained. As shown in Fig. 5.7, the vessel cooling system
consists of upper, lower and side cooling panels as well as heat removal adjustment panels
around the reactor pressure vessel. The cooling panels cool the reactor pressure vessel by
radiation and natural convection, as will be described in Section 9.3 (1). Height of the reactor
pressure vessel is 13.2m. Width between the reactor pressure vessel and vessel cooling
system is 0.988m. Temperature of the side cooling panels of the vessel cooling system is
about 60°C under 30MW thermal power. The amount of the heat removal of the vessel
cooling system is adjusted to more than 0.3MW under 30MW thermal power.



JAERI-Research  2000-016

Table 5.1 Major specifications of auxiliary heat exchanger
1. Number of heat transter tubes

2. Quter diameter of heat transfer tube

3. Thickness of heat transfer tube

4. Number of rows of heat transfer tubes

5. Effective axial length of heat transfer tube

6. Average cross section of flow path of primary helium

7. Total heat transfer area

8. Material of inner and outer shells
9. Material of heat transfer tubes

33

25.4mm

2.6mm

5

2.6m

0.09112m?

13m?

2 1/4 Cr-1 Mo steel
321TB stainless steel

Table 5.2 Major specifications of auxiliary concentric hot gas duct

Unit(m)
Flow Liner™* | Therm* Inner tube™* Pressure tube™ Lagg*
path | Length ID* ID* ID* OD* ID* oD* OD*
@ 6.318 | 0.155 | 0.165 | 0.357 | 0.381 | 0.452 | 0.508 | 0.748

(D;Duct from reactor to auxiliary heat exchanger
* Therm; Thermal insulator, Lagg; Lagging material, ID;Inner diameter, OD;Outer diameter
** Material of pressure tube and inner tube; 2 1/4Cr-1 Mo steel, Liner; Hastelloy XR

Table 5.3 Major specifications of air cooler for auxiliary cooling system
1. Number of heat transfer tubes

2. Quter diameter of heat transfer tube
3. Thickness of heat transfer tube

4, Number of fins of heat transfer tubes

4. Effective axial length of heat transfer tube
5. Average cross section of flow path of air

6. Material of heat transfer tubes

40

25.4mm

2.3mm

10 per 25.4mm
6.5m

17.6m2

2 1/4 Cr-1 Mo steel

Table 5.4 Major length, inner diameter and eievation of water piping for auxiliary cooling system

Line* Length ID** Point* Elevation
G1 40m 0.0889m P1 24.2m
G2 10m 0.0889m P2 24.2m
G3 50m 0.0889m P3 12.9m

G4*1 4.94m 0.0202m P4 12.9m
G5 47.3m 0.0889m P5 12.9m
G6 3.2m 0.0889m P6 12.9m
G7 50.1m 0.0889m P7 12.9m

G8*2 13m 0.0208m P8 50.7m
G9 23.2m 0.0889m P9 50.7m

*

*x

*2  Air cooler

Flow line G1-G9 and pressure point P1-P9 are shown in Fig. 5.5.
ID;Inner diameter
"1 Auxiliary heat exchanger
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Fig. 5.3  Structural drawing of auxiliary heat exchanger



JAERI-Research  2000-016

Reactor pressure vessel

2125
/

I
L

4193

Aucxiliary heat exchanger

Liner Thermal insulator

/.

AREPRTNY o
i mten ] ;L -
"N
Inner tube Pressure tube
A in detail

Fig. 5.4 Cross-sectional view of auxiliary concentric hot gas duct



JAERI-Research 2000-016

Frame
| / 6500 ,

\/\‘1:

- :-:I : Header |~
D\\ ol
B_B 9‘% l‘— i g : ﬁ
Heat transfer tube I,I - oY
"D
Heat transfer tube C-C
B Header Heat transfer tube
= Header
C C
Water inlet—--lr: : : -_L-—**Water outlet
1 ] ' | D—D
= I e 11 Fin
© Rack
Frame ] ac
~J== HJ{H
i ——— —— e
B'l 6800 e
A-A Heat transfer tube ”
I
Louver
Air outlet l Air outlet
A ' A
N |
1+ e £
S / Heat transfer tube
o / - Damper

—E][E T—Fan

T a Motor
.. ! | |
Air inlet 'i l Air inlet

Fig. 5.5 Structural drawing of air cooler for auxiliary cooling system

l__—
.\

Ll




JAERI-Research 2000-016

G9 Valve

Pressurizer > >< P9
Gl
P2
G2
! I Water pump G8 | Air cooler
Valve
P3 G6
&, D><t
p P5 P P7
Auxiliary heat G5 > i) G7 P8
exchanger ><]
G4; Aucxiliary heat exchanger G1-G9; Flow line
G8; Air cooler P1-P9; Pressure point

Fig. 5.6 Flow network diagram of water piping for auxiliary cooling system



JAERI-Research  2000-016

Upper Cooling Panel

Header

A

winy Side Cooling Pane!

Baly!

o gigis

-_:: il ¢\ 3]0) 105 Bk

H % Water Cooling

L= i _ Fin | Tube

‘., Thermally = ;ﬁ.‘., “

Reflecting ?\ NS,

‘ Plate NGO

Lower Cooling Panel

Concrete

Fig. 5.7  Cross-sectional view of vessel cooling system



JAERI-Research 2000-016

6. Parameter for core dynamics and decay heat

6.1 Parameter for core dynamics

Core dynamics parameters in the beginning of life are shown in Table 6.161). Total
reactivity is calculated by a balance of feedback reactivity due to fuel and moderator
temperatures with additional reactivity caused by insertion of the control rods after the reactor
scram. Scram reactivity at full insertion of the control rods is 4 X 102Akk. Table 6.2 shows
the relationship among the fuel and moderator temperatures and their reactivity (62 Table 6.3
shows the relationship between the ratio of scram reactivity by the control rods and their
inserting time (1), Axial power distributions of five layers of fuel blocks are as shown in Table
6.4 63). Flow rate of helium flowing in the coolant channel of the fuel columns of the reactor
core is about 90.2% of total primary and auxiliary helium flow rate ©3).

6.2 Decay heat
Decay heat of fission products after the reactor scram is estimated by Shure’s formula 64
and decay heat of actinide (©5),
Pd/Po=A-18/200
Pact/Po={F29(t)+F39(t)}/Q
F29(t)=E29-R-exp(- A u-t)
F39(t)=E39-R-{ A u/( A u- A np)-exp(- A np-t)- A np/( A u- A np)-exp(- A u-t)}
Where
Po Reactor power at operation (W)
Pd Decay heat (W)
Pact  Decay heat of actinide (W)
t Elapsed time after reactor scram (s)
Q Released average energy per one fission (MeV)(=200 MeV)
E29 Released average energy by decay of 29U (MeV)(=0.474 MeV)
E39 Released average energy by decay of 2Np (MeV)(=0.419 MeV)
Au Decay constant of 229U (s1)(=4.91 X 10*s"!)
Anp  Decay constant of 22°Np (s1)(=3.41 X 10 5)
R Generation ratio of 239U during reactor operation (=0.636)
Parameters of A and B dependent on elapsed time of t (s) are shown in Table 6.5.

Table 6.1 Core dynamics parameters

Prompt neutron lifetime;  7.32X104s

Decay constants of delayed neutron precursor A 1,

A1=38851, A:=140s', 13=0.311s", A,=0.116s", 15=0.0317s7, 4,=0.0127s"
Production ratio of delayed neutron /3 1;

B1=1.74X104, 32=8.39X104, B3=2.65X1073,

Be=122X103, Bs=137X103, B¢=2.46X104
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Table 6.2 Fuel and moderator temperatures versus their reactivity

Temperature(°C) Doppler reactivity(Ak/k) Moderator reactivity(Ak/k)
27 0.0 0.0
77 -0.0019 -0.00295
177 -0.0056 -0.00935
277 -0.0089 -0.01595
377 -0.0119 -0.02295
477 -0.0147 -0.02975
577 -0.0170 -0.03655
677 -0.0190 -0.04335
777 -0.0208 -0.05025
877 -0.0229 -0.05775
977 -0.0248 -0.06555

1077 -0.0267 -0.07335
1177 -0.0285 -0.08165

Table 6.3 Ratio of scram reactivity by control rods versus their inserting time

Time(s) 0.0 096 207 263 319 375
Rato* 00 00089 0038 0069 0.109 0.1614
Time(s) 486 709 932 1155 13.78
Rao* 02828 05641 08207 09641 1.0

*  relative value to reactivity of 4 X 102Ak/k at full insertion of control rods

Table 6.4 Axial power distributions of fuel blocks
(relative value to power density of 1 st layer of fuel block)

1st layer* 2nd layer 3rd layer 4th layer 5th layer*
Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower
1 1.76 | 2.01 228 | 199 | 192 | 144 | 125 1.02 | 0.83

* Top fuel block is 1st layer, while bottom fuel block is 5th layer.

Table 6.5 Decay heat parameters in Shure’s formula

t(s) B
0.1=t<10 12.05 0.0639
10=t< 150 15.31 0.1807

150<t<4.0X106 2602 0.2834

40X106<t<co  53.18 0.335
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7. Performance of helium circulators

Figure 7.1 shows a Q-H characteristic of the primary and secondary helium circulators -1,
Pressure ratio of outlet to inlet of the helium circulator is denoted as functions of invariant
rotation and invariant flow rate based on similarity law for fluid machinery. All the primary and
secondary helium circulators as well as the water pump for the pressurized water cooling
system are coasted down immediately after the loss of off-site electric power. Tables 7.1-7.6
show the relationships between the elapsed time and ratio of rotation of all the primary and
secondary helium circulators as well as the water pump for the pressurized water cooling

system after the loss of off-site electric power. Reactor is scrammed in about 8s after the loss

of off-site electric power, that is 3.2s after primary helium flow rate reduces to 92% of normal

flow rate, which occurs in 5s after the loss of off-site electric power. In 1s after reactor scram,
breaking stop of all the primary and secondary helium circulators is initiated. Table 7.7 shows
the relationship between the elapsed time and ratio of rotation of all the primary and
secondary helium circulators after the reactor scram. Figure 7.2 shows a Q-H characteristic of
the auxiliary helium circulator -1). One of the two auxiliary helium circulators is coasted down
in 40min after the startup of the auxiliary cooling system. Table 7.8 shows the relationship
between the elapsed time and ratio of rotation of the auxiliary helium circulator during

coasting down.

Table 7.1 Elapsed time versus ratio of rotation of helium circulator (A) for primary
pressurized water cooler during coasting down

Time(s) 0.0 25 5.0 7.5 10.0 12.5 15.0
Ratio 1.0 0881 0679 0603 0527 0473 0422

Table 7.2 Elapsed time versus ratio of rotation of helium circulator (B) for primary
pressurized water cooler during coasting down

Time(s) 00 25 5.0 75 10.0 125 15.0
Ratio 1.0 0815 0689 0597 0521 0462 0.416
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Table 7.3 Elapsed time versus ratio of rotation of helium circulator (C) for primary
pressurized water cooler during coasting down

Time(s) 00 25 5.0 7.5 10.0 125 15.0
Ratio 10 0815 0685 0592 0521 0458 0.416

Table 7.4 Elapsed time versus ratio of rotation of helium circulator for intermediate heat
exchanger during coasting down

Time(s) 0.0 2.5 5.0 7.5 10.0 12.5 15.0
Ratio 10 0774 0624 0527 0452 0398 0.355

Table 7.5 Elapsed time versus ratio of rotation of helium circulator for secondary
pressurized water cooler during coasting down

Time(s) 0.0 1.8 4.8 78 10.8 13.8 16.8
Ratio 1.0 0880 0699 0585 0497 0432 0.388

Table 7.6  Elapsed time versus ratio of rotation of water pump for pressurized water cooling
system during coasting down

Time(s) 0.0 0.5 1.47 7.8 10.8 13.8 16.8
Ratio 10 0874 08 058 0497 0432 0.388

Table 7.7 Elapsed time versus ratio of rotation of all primary and secondary helium
circulators after reactor scram

Time(s) 00 10 20 30 40 50
Rato 1.0 0901 0819 0696 0585 0.491

Time(s) 60 70 80 85 88 90
Ratio 0398 0292 0475 0082 0012 0.0

Table 7.8 Elapsed time versus ratio of rotation of auxiliary helium circulator during coasting
down

Time(s) 0.0 15 20 25 83 147
Ratio 10 0689 0521 0416 0.118 0.0
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8. Thermophysical properties
This chapter describes thermophysical properties used in the ‘ACCORD’ code.

8.1 Thermophysical properties of components

Thermophysical properties (density, specific heat and thermal conductivity) of components
are as follows. The density of p (kg/m?), specific heat of Cp (J/(kg-K)) and thermal
conductivity of A (W/(m-K)) are presented as parameters of ambient temperature of T(K).

(1) 1G-110 graphite of reactor core
Following values are applied to those of graphite sleeve, graphite block as well as
replaceable reflector block of reactor core.
p =1.75E3
Cp=4.187E3- (5.4212E-1-2.42667E-6 - T-0.02725E1 - T-4.34493E4 - T2
+1.59309E7 - T3-1.43688E9 T+)
A =4.187E3-3E-2-{1.02748-1.35887E-3 (T-273.15)+1.11271E-6 - (T-273.15)
-4.76484E-10 - (T-273.15)3+8.69490E-14 - (T-273.15)4}

(2) Fuel compact of reactor core

p =2.46E3

Cp=4.187E3- {1.15689E-1-5.38719E-4 - (T-273.15)-6.27977E-7 - (T-273.15)?
+3.82411E-10- (T-273.15)%-1.12556E-13 - (T-273.15)4+1.27705E-17 - (T-273.15)8)

A =1.88E1

(3) PGX graphite of reactor core
Following values are applied to those of permanent reflector block, hot plenum block, lower

plenum block and bottom block of reactor core.

p=1.73€3

Cp=4.187E3 (5.4212E-1-2.42667E-6 - T-9.02725E 1 - T-4.34493E4 - T2
+1.59309E7 - T3-1.43688E9 - T)

A =4.187E3 - (2.41693E-2-2.26769E-5 - (T-273.15)+1.10893E-8 - (T-273.15)2
-1.85727E-2-(T-273.15)3)
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(4) Carbon block of reactor core
p =1.65E3
Cp=4.187E3- (5.08433E-1+9.60852E 1 - T1-2.13944E5 - T-2+7.37673E7 - T3-8.13649E9 - T+4)
A =4.187E3- 1.96E-3-{9.88315E-1+7.28178E-4 - (T-273.15)
-4.66499E-7 - (T-273.15)2+1.04522E-10 - (T-273.15)3}

(5) Hastelloy XR ©-1(82)
Following values are applied to those of heat transfer tubes of intermediate heat exchénger
and liner of concentric hot gas duct.
p =8.23E3
Cp=4.187E3-{5.8713E-5 (T-273.15)+1.0499E-1}
A =1.163-(1.7166E-2 - (T-273.15)+7.6496}

(6) 316 stainless steel of reactor core

Following values are applied to those of top shielding block of reactor core.

p =-4.0183E-1- (T-273.15)+8.0471E3
Cp=4.187E3+{5.3241E-5+ (T-273.15)+1.022E-1}
A =1.163{1.2286E-2 (T-273.15)+1.2885E 1)

(7) 2 1/4 Cr-1 Mo steel
Following values are applied to those of reactor pressure vessel, heat transfer tubes of air

coolers for pressurized water cooling system and auxiliary cooling system.

p =-3.3098E-1- (T-273.15)+7.8221E3
Cp=4.187E3-{1.1294E-4 - (T-273.15)+9.9174E-2)
A =1.163+{-2.7091E-3 (T-273.15)+2.824E 1}

(8) Lagging material covered concentric hot gas duct
p =2E2

Cp=8.374E2

A =7.85E-2
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(9) Thermal insulator of concentric hot gas duct
p =2.2E2

Cp=1.067E3

A =5.815E-1

(10) 321TB stainless steel
Following values are applied to those of heat transfer tubes of primary and secondary

pressurized water coolers as well as auxiliary heat exchanger.

p =-4.0183E-1- (T-273.15)+7.9374E3
Cp=4.187E3{5.324E-5 - (T-273.15)+1.1675E-1)
A =1.163{1.1782E-2 (T-273.15)+1.3086E 1}

8.2 Thermophysical properties of helium

Thermophysical properties (density, specific heat, thermal conductivity and viscosity) of
helium are as follows. The density of p (kg/m3), specific heat of Cp (J/(kg-K)), thermal
conductivity of A (W/(m-K)) and viscosity of » (Pa-s) are presented as parameters of
ambient temperature of T(K) and ambient pressure of P (MPa abs).
p =A(T,P)-{2-B(T)}
A(T,P)=[1+{4-P-B(T)}* (2.07723E-3- T)"]%5-1
B(T)=4.5E-4+5.42 (1.89E3+T)!
Cp=5.192E3
A =2.97E-3+ T0694+{9.23E9 - (T-273.15)} - {(T-273.15)5+4.29E14}1+2.33E-4 - p +2.39E-6- p 2
7 =3.78E-7 - T08945E-7 - (5.2E-1+T - 5.696E2-1)'+2.67E-10- p 2

8.3 Thermophysical properties of water

Thermophysical properties (density, specific heat, thermal conductivity and viscosity) of
water are as follows. The density (kg/m3), specific heat (J/(kg-K)), thermal conductivity
(W/(m-K)) and viscosity (. Pa-s) are presented as parameters of ambient temperature (K)

and ambient pressure (MPa abs) as shown in Tables 8.1, 8.2, 8.3 and 8.4, respectively.
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Table 8.1 Density of water as parameters of ambient temperature and pressure
Unit(kg/md)

MPa 300K 320K 340K 380K 420K 460K 500K
(abs)

0.1 996.66 989.47 979.48

0.5 096.84 989.65 979.65 95326 919.74

997.07 989.86 979.88 953.51  920.02

997.51 990.31  980.33 954 9206  880.14
997.95 990.74 980.77 95449 921.18 880.86 831.91
9984 99117 98121 95498 921.74 881.56 832.86

WO -

Table 8.2 Specific heat of water as parameters of ambient temperature and 'gressure
Unit(J/(kq - K))

MPa | 300K 320K 340K 380K 420K 460K 500K
(abs)

4179 4180 4188

4178 4179 4187 4223 4302

4176 4178 4186 4222 4300

4174 4176 4184 4220 4297 4431

4171 4173 4182 4218 4294 4427 4658
4168 4171 4179 4215 4291 4422 4649

[= N e ]

Table 8.3 Thermal conductivity of water as parameters of ambient temperature and pressure
Unit(W/(m - K))

MPa | 300K 320K 340K 380K 420K 460K 500K
(abs)

01 | 06104 06369 0.6569

05 | 06106 0.6372 0.6571 0.6802  0.684

0.6109 0.6374 0.6574 0.6805 0.6844

06114 06379 0.6579 0.6811 0.6851 0.6718

0612 06385 0.6584 0.6817 06858 0.6727  0.6427
06125 0639 06589 0.6822 06864 0.6735 0.6438

HWN —

Table 8.4 Viscosity of water as parameters of ambient temperature and pressure
Unit( . Pa-s)

MPa | 300K 320K 340K 380K 420K 460K 500K
(abs)

854.4 577.2 422.5

854.3 577.3 422.6 263.1 186.2

854.2 577.4 422.7 263.2 186.3

854.1 577.5 423 263.5 186.6 143.8

853.9 577.6 423.2 263.8 186.8 144 117.3
853.8 577.8 423.4 264 187.1 144.3 117.5

oo
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9. Correlation of heat transfer coefficient
This chapter describes correlation of heat transfer coefficient employed in the ‘ACCORD’

code.

9.1 Correlation of heat transfer coefficient of helium
(1) Flow in annular path

Following correlation ©-1®2 is applied to flow in regions of top shielding block and top
replaceable reflector block, annular path between graphite sleeve and block, reactor side part,

annular path between pressure and inner tubes of concentric hot gas duct.

Nu=max(Nul, Nut)
Nul=C( « ) (Tb/Tw)?5
C(a )=-4.8268" « 3+12.7516° a 2-12.2505- « +9.7170

Nut=0.020" o 16+ Re®8- Pro4- (Tb/Tw)?S

Where
Nu Nusselt number(=h - k/De)
h Heat transfer coefficient (W/(m?2- K))

k Thermal conductivity (W/(m - K))
De Equivalent diameter (=do-di) (m)

di Inner diameter of annular path (m)
do Outer diameter of annular path (m)

a Ratio of inner to outer diameter of annular path (=di/do)
Re Reynolds number (=De-ui/ v )
ui Average velocity of flow in annular path (m/s)

v Kinematic viscosity (m?/s)

Pr Prandt! number (=Cp* 2 /k)
Cp Specific heat (J/(kg - K))

2 Viscosity (kg/(m-s))

Tb Bulk temperature (K)

Tw Wall temperature (K)

(2) Flow in circular tube
Following correlation ©3) is applied to flow in regions of bottom replaceable reflector block

and hot plenum block as well as flow inside liner of concentric hot gas duct.
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Nu=max(Nul, Nut)
Nul=4.36 - (Tb/Tw)°$
Nut=0.020 - Re®8- Pro4- (Tb/Tw)0S

Where

Nu Nusselt number(=h - k/di)

h Heat transfer coefficient (W/(m2-K))

k Thermal conductivity (W/(m - K))

di Inner diameter of annular path (m)

Re Reynolds number (=di-ui/ v )

ui Average velocity of flow in circular tubes (m/s)
v Kinematic viscosity (m?/s)

Pr Prandtl number (=Cp* 1 /k)
Cp Specific heat (J/(kg - K))

P Viscosity (kg/(m-s))

Tb Bulk temperature (K)

Tw Wall temperature (K)

(3) Flow inside heat transfer tubes of helically-coiled type heat exchanger
Following correlation (94 is applied to flow inside heat transfer tubes of intermediate heat

exchanger.

Nu=max(Nul, Nut)
Nul=0.64528 - Dean®5/(1-1.813 - Dean?)
Nut=0.0223 - Re®83- di* - Pr/(Pr06-0.057) - {1+0.0615/(Re - di*25)0.17}

Where

Nu Nusselt number(=h - k/di)

h Heat transfer coefficient (W/(m2-K))

k Thermal conductivity (W/(m - K))

di Inner diameter of heat transfer tube (m)

Dean  Dean number (=Re - di*05)
Re Reynolds number (=di-ui/ v )

ui Average velocity of flow in heat transfer tubes (m/s)
v Kinematic viscosity (m2/s)
di* di/Dm

Dm Average diameter of helically-coils (m)(=0.537m)
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Pr Prandtl number (=Cp- p /k)
Cp Specific heat (J/(kg- K))
# Viscosity (kg/(m-s))

(4) Flow outside heat transfer tubes of helically-coiled type heat exchanger

Following correlation @518 is applied to flow outside heat transfer tubes of intermediate

heat exchanger.

Nuo=0.297 - Reo?6- Pro3 (Reo=7000)
Nuo=max(Nuol, Nuot) (Reo<7000)
Nuol=4

Nuot=0.047595 - max(800, Reo)°8- Pro4

Where

Nuo  Nusselt number(=h-k/De)

h Heat transfer coefficient (W/(m2 - K))

k Thermal conductivity (W/(m-K))

De Equivalent diameter (m)

Reo Reynolds number (=De-uo/ v )

uo Average velocity of flow outside heat transfer tubes (m/s)
v Kinematic viscosity (m?/s)

Pr Prandtl number (=Cp- x /k)
Cp Specific heat (J/(kg* K))
7 Viscosity (kg/(m-s))

(5) Flow outside heat transfer tubes of baffle-tube type heat exchanger
Following correlation ©7) is applied to flow outside heat transfer tubes of primary and

secondary pressurized water coolers as well as auxiliary heat exchanger.

Nu=0.222- Re0$- Pro3

Where

Nu Nusselt number(=h-k/De)

h Heat transfer coefficient (W/(m2-K))

k Thermal conductivity (W/(m - K))

De Equivalent diameter (m)

Re Reynolds number (=De-uo/ v )

uo Average velocity of flow outside heat transfer tubes (m/s)
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Kinematic viscosity (m?/s)
Prandtl number (=Cp -  /k)
Specific heat (J/(kg - K))
Viscosity (kg/(m-s))

Correlation of heat transfer coefficient of water

Following correlation ©8 is applied to flow inside heat transfer tubes of primary and

secondary pressurized water coolers as well as air coolers for the pressurized water cooling

system and auxiliary cooling system.

Nu=0.023 - Re08- Pro4

Where

Nu
h
k
De
Re
uo

Vv

Pr
Cp
yZi

93

Nusselt number(=h-k/De)

Heat transfer coefficient (W/(m2-K))

Thermal conductivity (W/(m-K))

Equivalent diameter (m)

Reynolds number (=De-uo/ v )

Average velocity of flow outside heat transfer tubes (m/s)
Kinematic viscosity (m2/s)

Prandt! number (=Cp- 1 /k)

Specific heat (J/(kg-K))

Viscosity (kg/(m-s))

Correlation of heat transfer coefficient of air

(1) Flow in annular path

Following correlation (9 is applied to flow in annular path between reactor pressure vessel

and vessel cooling system.

hrv=hr+hn

hr=o -F-(Tr+Tv) - (Tr2+Tv?)

Nun=0.36 - Pro.051 - (H/W)-0-11 - Ra025 (107<Ra<4 X109
Nun=0.084 - Pr0.051 - Rq03 (4X109<Ra<2X10%)
Nun=0.039 - Ra03 (2X10%2<Ra)



Where
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Equivalent heat transfer coefficient (W/(m?2- K))

Heat transfer coefficient for radiation (W/(m?2 - K))

Heat transfer coefficient for natural convection (W/(m2-K))
Stefan-Boltzmann’s constant (=5.6687 X 108 W/(m?2- K4))
Configulation factor (={(2/ € )-1})

Emissivity (=0.2353)

Temperature of reactor pressure vessel (K)

Temperature of vessel cooling system (K) (=333K)
Nusselt number for natural convection(=hn - kn/De)
Thermal conductivity (W/(m - K))

Equivalent diameter (m)

Prandtl number (=Cp - z /kn)

Specific heat (J/(kg-K))

Viscosity (kg/(m-s))

Height (m)(=13.22m)

Width (m)(=0.988m)

Reyleigh number (=Pr- Gr)

Grashof number (=g- 8 - H3+(Tv-Ta)/ v 2)

Accelation due to gravity (m/s2)(=9.8m/s?)

Coefficient of volume expansion (1/K)(=1/Ta)
Temperature of air in annular path between reactor pressure vessel and
vessel cooling system(=(Tv+Tr)/2) (K)

Kinematic viscosity (m2/s)

(2) Flow outside heat transfer tubes of fin-tube type heat exchanger

Following correlation ©-19) is applied to flow outside heat transfer tubes of air coolers for the

pressurized water cooling system and auxiliary cooling system.

h=459.77-G%5-1.163

Where

h
G

Heat transfer coefficient (W/m2- K)
Mass flow rate per unit of heat transfer area (kg/(m?- s))
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10. Pre-estimation results by ‘ACCORD’ code

This chapter describes pre-estimation results of the benchmark problems concerning the
loss of off-site electric power simulation of the HTTR by the ‘ACCORD’ code. The estimation
items are the transition of the hot plenum block temperature, reactor inlet and outlet coolant
temperatures, primary coolant pressure, reactor power and heat removal of the auxiliary heat
exchanger. The estimation duration is for 3600s from the beginning of the loss of off-site
electric power. Figures 10.1-10.3 and 10.4-10.6 show analytical results of transient behaviors
of the reactor and plant during the loss of off-site electric power from the normal operation
under 15 and 30MW thermal power by the ‘ACCORD’ code, respectively.

In the transient, primary helium flow rate on the shell side of the intermediate heat
exchanger decreases to 92% of normal flow rate in 5s after the loss of off-site electric power.
In 3.2s after 92% flow rate is reached, the reactor is scrammed. The auxiliary cooling system
starts up in 50s after the loss of off-site electric power. One of the two auxiliary helium
circulators is coasted down in 40min after the startup of the auxiliary cooling system. As
helium flow rate of the auxiliary heat exchanger reduces, the reactor inlet and outlet coolant
temperatures, primary coolant pressure and heat removal of the auxiliary heat exchanger
decrease. The decreasing rate of the reactor inlet coolant temperature is greater than that of
the reactor outlet coolant temperature. The maximum heat removal of the auxiliary heat
exchanger during the operation of the two auxiliary helium circulators under the loss of off-site

electric power from 15 and 30MW will be approximately 1.5 and 3MW, respectively.



JAERI-Research 2000-016

600 I | 1 1 I
oS 1—Iot plenum block temperature
O 400t Reactor outlet coolant temperature ~
o
= !
o
8
= N— Reactor inlet coolant temperature
@ 200¢ ~_ i
O 1 I ! 1 |
0 1200 2400 3600

Elapsed time (sec)

Fig. 10.1  Analytical results of transient behaviors of reactor and plant during loss of off-site
electric power from normal operation under 15MW thermal power by ‘ACCORD’ code (1/3)
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Fig. 10.2  Analytical results of transient behaviors of reactor and plant during loss of off-site
electric power from normal operation under 15MW thermal power by ‘ACCORD’ code (2/3)
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Fig. 10.3  Analytical results of transient behaviors of reactor and plant during loss of off-site
electric power from normal operation under 15MW thermal power by ‘ACCORD’ code (3/3)
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Fig. 10.4 Analytical results of transient behaviors of reactor and plant during loss of off-site
electric power from normal operation under 30MW thermal power by ‘ACCORD’ code (1/3)
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Fig. 10.5 Analytical results of transient behaviors of reactor and plant during loss of off-site
electric power from normal operation under 30MW thermal power by ‘ACCORD’ code (2/3)
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Fig. 10.6  Analytical results of transient behaviors of reactor and plant during loss of off-site
electric power from normal operation under 30MW thermal power by ‘ACCORD’ code (3/3)
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1. Conclusion

Analytical simulations on transient behaviors of the reactor and plant during the loss of
off-site electric power from the normal operation under 15 and 30MW thermal power of the
HTTR are proposed as benchmark problems for the IAEA coordinated research program on
“Evaluation of HTGR Performance”. The detailed thermal and nuclear data set (geometry,
material, parameter for core dynamics, decay heat, performance of helium circulators,
thermophysical properties, correlation of heat transfer coefficient, etc.) are prepared for
solving the benchmark problems as precisely as possible. We expect that the benchmark
problems described here are useful for the validation of analytical codes of participating
countries and performance models to the actual operating conditions and results of the
HTTR.
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Appendix A QOutline of ‘ACCORD’ code for incore and plant dynamics of HTGR

Steady state and transient behaviors of the reactor and plant of the HTGR can be
evaluated through ‘ACCORD’ code developed by the JAERI. The following are the major
characteristics of this code.

1. Plant system can be analyzed for over 1hr after an event occurrence by modeling the heat
capacity of the reactor core.

2. Thermal hydraulics for each component can be analyzed by separating heat transfer
calculation for component from fluid flow calculation for helium and water.

The ‘ACCORD’ code consists of modules for nuclear calculation, heat transfer calculation
of reactor, heat exchangers and piping, fluid flow calculation of helium and water, control
system and safety protection system of the HTTR. Figure A.1 shows a calculation system of
the ‘ACCORD'’ code. Each module of this code is reviewed briefly.

(1) Nuclear calculation module

Nuclear characteristic is evaluated by conventional point kinetics model with six delayed
neutron groups. Thermal power is calculated by a balance of feedback reactivity due to fuel
and moderator temperatures of the reactor core with additional reactivity caused by inserting
and withdrawing the control rods. Decay heat of fission products after the reactor scram is
estimated by Shure’s formula and decay heat of actinide.

(2) Heat transfer calculation module

The reactor core is simulated by one channel model with one fuel rod taking into
consideration thermal conduction through components and heat transfer of helium. Each heat
exchanger is simulated by one channel model with one heat transfer tube.

(3) Fluid flow calculation module

Helium and water flow is approximated by one-dimensional flow network model including
flow line and pressure point for calculating the flow rate and pressure.
(4) Control system module

This module is incorporated with the proportional and integral control applied to the HTTR
control system for reactor power, inlet and outlet temperatures of the reactor, primary and

secondary helium flow rate, etc.
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(5) Safety protection system module

This module is incorporated with the HTTR scram signal system including time until the
occurrence of the scram signal and time until the startup of the auxiliary cooling system after
the achievement of the established scram value.

The validity of the ‘ACCORD’ code for the nuclear calculation, heat transfer and fluid flow
calculation, control system and safety protection system, was confirmed through cross checks

with other available codes used in safety analyses of the HTTR (A-1(A2),
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ANALYTICAL EVALUATION ON LOSS OF OFF-SITE ELECTRIC POWER SIMULATION OF THE HIGH TEMPERATURE ENGINEERING TEST REACTOR




