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EXECUTIVE SUMMARY

Use of a Temperature Initiated Passive Cooling System (TIPACS)
for the Modular High-Temperature Gas-Cooled
Reactor Cavity Cooling System (RCCS)

C. W. Forsberg, J. Conklin, and W. J. Reich

The Temperature-Initiated Passive Cooling System (TIPACS) is a recently invented
passive cooling system. Its use and performance were evaluated for cooling the below-
grade reactor cavity of a modular high-temperature gas-cooled reactor (MHTGR). This
cavity is one element of the MHTGR’s containment/confinement system. The analysis
considered reactor cavity cooling for MHTGR reactor vessels with surface temperatures
from 220 to 450°C. This corresponds to MHTGR designs with steam and gas turbine
power cycles.

TIPACS consists of two subsystems: a reactor-cavity heat-transfer system (RCHTS) and

-a temperature-control system (TCS). The RCHTS is a single-phase, natural-circulation
system that uses carbon dioxide (CO,) above its vapor-liquid critical point (T >31°C;
P >72.85 atm) as the heat-transfer fluid. The vapor-liquid critical point is the state
beyond which the difference between the vapor phase and the liquid phase no longer
exists and only a supercritical phase remains.

Heat generated by losses from the reactof vessel heats the CO, in the reactor-cavity
heat exchanger. The warm, lower-density CO, flows upward to a natural-circulation, air-
cooled external heat exchanger. The CO, is cooled as it dumps its heat to the
atmosphere; and the cooler, higher-density CO, flows downward back to the reactor-cavity
heat exchanger. The performance of this natural-circulation heat-transfer system is high
compared to other such systems because of the transport and physical properties of CO,

near the critical point.
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The TCS is a passive device that blocks the flow of CO, if the interior containment
temperature drops below the vapor-liquid critical temperature of CO,. The control
mechanism is driven only by the change of fluid properties near the critical point
(i.c., there are no active components). This feature of the TCS avoids overcooling of the
reactor cavity under cold-weather conditions.

TIPACS has several potential advantages over existing systems. It is a passive system
with no moving parts. The equipment space requirements near the reactor vessel are
significantly smaller than those of currently proposed systems. It operates only above
preset temperature, thus avoiding potential cvercooling of the reactor cavity during cold-
weather reactor shutdown. It provides several advantages in the event of a beyond-design
accident. Decay heat from the reactor can be transported to the ground in the case of
TIPACS failure. TIPACS, when inoperable, does not create a major thermal barrier
between pressure vessel and reactor cavity wall. It consists of robust components arranged
in a closed loop; this allows the design of containments with higher resistance to external
severe cvents (assault, etc.) than those of the current reference design. It also allows the
option of a sealed containment system. The results of the analysis indicate that the
performance of TIPACS exceeds the current concepts for cooling for both normal and
accident conditions.

There is one major disadvantage: TIPACS is a new concept that has not been
demonsirated. This iraplies significant uncertainties that can be reduced only by proof-of-

principle experiments, detailed models of performance, and economic engineering analysis.



1. INTRODUCTION

A new type of passive cooling system has been invented (Forsberg 1993): the
‘Temperature-Initiated Passive Cooling System (TIPACS). The characteristics of the
TIPACS potentially match requirements for an improved reactor-cavity-cooling system
(RCCS) for the modular high-temperature gas-cooled reactor (MHTGR). This report is
an initial evaluation of the TIPACS for the MHTGR with a Rankine (steam) power
conversion cycle. Limited evaluations were made of applying the TIPACS to MHTGRs
with reactor pressure vessel tcmperatufes up to 450°C. These temperatures may occur in
designs of Brayton cycle (gas turbine) and process heat MHTGRs.

The report is structured as follows. Section 2 describes the containment cooling issues
associated with the MHTGR and the requirements for such a cooling system. Section 3
describes TIPACS in nonmathematical terms. Section 4 describes TIPACS’s heat-removal
capabilities. Section 5 analyzes the operation of the temperature-control mechanism that
determines under what conditions the TIPACS rejects heat to the enviromﬁent. Section 6
addresses other design and operational issues. Section 7 identifies uncertainties, and
Section 8 provides conclusions. The appendixes provide the detailed data and models

used in the analysis.
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2. DESCRIPTION OF PROBLEM AND TIPACS REQUIREMENTS

2.1 CHARACTERISTICS OF MHTGR

The MHTGR is an advanced power reactor (Fig. 2.1; Table 2.1) that has been under
development by the U.S. Department of Energy (DOE) and its contractors for several
ycars. The conceptual design of this reactor emphasizes the attainment of safety goals
that are more stringent than those currently required by the industry and regulators and
requires that these goals be met with passive systems relying solely on the inherent
physical characteristics of the system. The vital features of the MHTGR design, with
respect to this passive safety goal, are the following:

¢ Ceramic fuel and core components that are able to withstand very high

temperatures with minimal release of fission products. For example, the ceramic

fuel itself is able to retain most fission products at 1600°C for hundreds of hours
during the most severe accident events.

» A strongly negative core reactivity temperature coefficient under all conditions.
This limits maximum power levels to those the reactor core can withstand.

¢ Slow transient temperature response to abnormal events resulting from low power
density and large thermal mass of the core system.

¢ Provision of a completely passive cooling system to remove that part of the decay
heat which eventually reaches the outer surface of the reactor pressure vessel and
which then passes by conduction, convection, and radiation into the below-grade
concrete structure known as the reactor cavity.

e Provision of a reactor containment/confinement system which [urther reduces the
release of fission products to the atmosphere in the event of leakage of
contaminated helium primary coolant. The passively cooled reactor cavity is an
important element of that containment approach.

As a result of the combined effects of the previously described features, safety analysis

has shown that the maximum temperatures reached during any of the predicted transient
events are well within the capabilities of the various materials used. Consequently, fission

product releases, even for the most severe events, are low enough such that dose limits at

a comparatively close-in site boundary are met.

21
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Table 2.1. MHTGR design parameters

Thermal power 450 MW(1)
Electrical power 170 MW(e)
Pressure-vessel height 17.4 m
Pressure-vessel diameter 80m
Reactor-cavity diameter 102 m
Calculated design decay-heat removal 3.2 MW(1)

rate at nominal conditions

2.2 RCCS: CURRENT DESIGN REQUIREMENTS

In the current reference design, the function of removing heat from the reactor cavity is
met by the RCCS. TIPACS is an alternative to the existing RCCS design. The RCCS is
required for operations, investment protection, and safety. During normal full-power
operation, the return legs of the primary reactor coolant flow path are at a temperature of
288" C; therefore, the reactor and steam generator vessels are also at or near this
temperature. Similarly, during the worst cases (i.e., abnormal events in which power to
circulate the primary coolant has been lost), the reactor vessel may reach 450°C. The

reactor cavity containing the reactor vessel must be continuously cooled.

¢ Operation requires the cavity to be cooled to limit cavity temperatures below those
that would damage other equipment in the reactor cavity and the concrete structure
of the reactor cavity. The concrete wall of the reactor cavity has a continuous
design temperature limit of 66°C. By placing cither the current RCCS or the
proposed TIPACS between the reactor vessel and these concrete walls and
operating them at sufficiently low temperatures, the concrete may be kept within its
acceptable temperature range. ’

‘o Safety has similar requirements. If reactor-cavity temperature is limited, the reactor
vessel wall temperature is limited (450°C), and the nuclear fuel can not heat up to
a temperature where there is significant fuel failure with release of radioactivity
from the fuel. This safety feature requires that the pressure vessel not be insulated
in order to allow decay heat to move outside via the pressure vessel wall. This also
implies a continuous heat loss from the reactor vessel during normal operations.
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The required safety system properties of the RCCS include (1) control of reactor-
cavity temperature, (2) passive operation—the system should not require any
operator action to operate, nor have moving components that could fail, and

(3) redundancy—the system should fail progressively so that a partial failure does

not result in total loss of cooling capacity. Safety requirements are summarized in
Table 2.2.

¢ Investment protection has similar requirements. Although the reactor system has
other multiple heat removal systems (steam generators for power production and an
auxiliary shutdown cooling system), a highly reliable RCCS is needed to ensure low
economic risk to investors.

Table 2.2. Design requirements for RCCS

Expected vessel (or
cold-loop helium)

Operating condition Frequency ternperature? RCCS protecting
Normal: 25-100% Continuous About 220°C Cavity concrete
power
Normal: shutdown Frequent About 120°C Cavity concrete
Abnormal: Infrequent design About 425°C Vessel, cavity
depressurized basis event concrete and fuel
conduction cooldown  (107** “S/year)

¢ For purposes of RCCS thermal analysis, the reactor can be considered as a heated
cylindrical vessel. The cold-loop helium temperature controls the reactor vessel interior
wall temperature. The external wall temperature will vary depending on how cold is the
exvessel environment.

In the current reference design, the function of removing heat from the reactor cavity is
provided by a passive system of air ducts (Fig. 2.2). Cooling is ‘provided by this system
during all reactor operating states—both normal and abnormal. The system works by
natural convectional flow of the air in the ducts by the reactor vessel and has no control

system other than the inherent properties of height and temperature differences.
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23 RCCS: ADDITIONAL DESIRABLE CHARACTERISTICS

In addition to meeting the previously described cooling functions, several added

characteristics are desired for an advanced replacement RCCS.

&

Fail safe. In the event of a total system failure, it is desirable to have alternative
backup inherent safety cooling. With the MHTGR, decay heat can be conducted to
the ground in an emergency—provided that the RCCS does not create a significant
thermal insulative harrier between the reactor pressure vessel and containment wall.
The use of this decay-heat-cooling option should protect the public against major
releases of radioactivity, but the resultant higher temperatures may damage the
power-producing capability of the reactor. This option is beyond the design basis
and is not required of the current system, but it is highly desirable.

Upgraded containment capability. The cooling system should allow for economic
upgrade of reactor silo confinement capabilities, if desired. The National Academy
of Sciences (NAS 1992) evaluations of the MHTGR have recommended
strengthened containment for unknown or unexpected evenis. Such studies have
recognized the safety features of the MHTGR, but these studies have also
supported strong sealed containment as a matter of philosophy. The silo
containment structure provides intrinsically very high protection of the reactor
against external threats and protects the environment against internal accidents.
Containment performance is currently limited by auxiliary systems such as the
currently proposed RCCS—not the basic silo structure. Large air ducts are difficult
to isolate if isolation is desired (isolation systems would destroy current RCCS
passive system characteristics) and have limited strength in certain accident
scenarios against high-containment building pressures due to the flat surfaces of the
RCCSs.

Improved Economics. The equipment volume for the RCCS system within and next
to the reactor cavity should be minimized. By necessity, reactor control, reactor
refueling, and primary heat-transfer equipment are near the reactor vessel, thus
resulting in confined space. This makes this space very valuable both in terms of
capital expense and operating costs if excessively crowded.

Vented Containment. A pressure-resistant cavity-cooling system would allow the
option for filtered and vented containment systems that require a minimum pressure
to force gases through filter systems. This is a particularly desirable feature for
certain accident sequences in which depressurization of the reactor occurs late in
the accident sequence. The size of the filter required to meet this requirement is
extremely sensitive to allowable pressure drop. An RCCS that does not limit
maximum cavity pressure would greatly simplify design of such filter systems.
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e Temperature control. During extended shutdown, avoiding freezing is required if
the reactor is located in a cold climate. Any temporary barriers to operation of
cooling systems during shutdown should be avoided since they do not result in
passive cooling during maintenance or overhaul.

These requirements, system properties, and desired characteristics are the basis for the

TIPACS design described herein. This design is a new concept (Forsberg 1993).






3. DESCRIPTION OF TIPACS

3.1 SYSTEM DESCRIPTION

TIPACS, as applied to an MHTGR, is a natural-circulation, single-phase, heat-transfer
loop (Figs. 2.2 and 3.1). The proposed heat-transfer fluid is single-phase CO, above its
critical pressure and temperature (P, = 72.85 atm; T; = 31.04°C). The heat exchanger
inside the reactor cavity absorbs heat, thus heating the CO,. The lower-density, hot CO,
flows upward to an external, natural-circulation, air-cooled heat exchanger. The external
heat exchanger cools the CO, fluid and dumps the heat into the atmosphere. The cooler,
dense CO, flows downward to the reactor cavity heat exchanger. Any single MHTGR
would have multiple TIPACS units; therefore, no single failure could stop reactor-cavity
cooling. The high density of CO, (p, = 0.468 g/cm?), the thermodynamic properties of a
fluid near its critical point, and the heat-transfer characteristics result in small equipment
sizes compared to the current reference air-cooled RCCS.

TIPACS can be broken into two subsystems: a reactor-cavity heat-transfer system
(RCHTS) and a temperature-control system (TCS). The RCHTS has two critical
components: (1) the external heat exchangers to dump heat to the atmosphere and
(2) the internal heat exchangers to adsorb heat in containment. The RCHTS removes
heat from the reactor cavity and rejects it into the atmosphere via natural-circulation air-
cooled heat exchangers. When the RCHTS operates, the TCS can be considered to be
some unusually shaped piping above the two heat exchangers and connecting the two heat
exchangers. The TCS is a control mechanism that allows the RCHTS to operate only
above a preset temperature. Below this temperature, the TCS does not allow fluid flow
between internal and external heat exchangers. The TCS operation depends upon the
geometry of the piping above the heat exchangérs and choice of fluid.

The choice of TIPACS heat-transfer fluid is based on multiple considerations. As is
described in Sect. 3.3, the operation of the TCS within TIPACS depends upen the
changes in fluid properties near the operating fluid critical point. The system begins full

operation when a single-phase fluid exists above the fluid’s critical temperature (T,). For
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this specific application, it is desired to initiate RCHTS operation between 10 and 40°C.
This implies that the fluid must have a critical temperature in this range. Based on
engineering considerations (Sect. 4.1), CO,, with a critical temperature of 31°C, was
chosen as the preferred heat-transfer fluid. The following description and figures show a

conceptual design for a TIPACS as applied to the 450_—MW(th) steam-cycle MHTGR.

3.2 RCHTS DESIGN
321 General Design

The RCHTS consists of two heat exchangers, the connecting piping, and the CO, heat-
transfer fluid. The internal heat exchanger absorbs heat in the reactor cavity, while the

external heat exchanger dumps the heat into the environment.
3.2.2 External Heat Exchanger

The external heat exchanger is a standard, air-cooled exchanger used for single-phase
fluids. It has no unusual characteristics (Fig. 3.2); it consists of tubes with flowing single-
phase CO, on the inside and natural circulation of air on the outside. The tubes have fins
on the outside to improve heat transfer. Air circulation past the external heat exchanger

is enhanced by a hot-air stack above the heat exchanger.
3.2.3 Internal Heat Exchanger—Option A

A custom-designed containment heat exchanger with several special design features
removes heat from the reactor cavity and transfers it to the single-phasé CO,. There are
several requirements for this heat exchanger. During normal operation, the heat
exchanger must adsorb heat from the pressure vessel while it keeps concrete containment
temperatures below 66°C. Peak internal-pressure vessel temperature during normal
operation is ~290°C, with the vessel surface temperature of 220°C. The hot reactor
vessel results in a large steady-state radiant heat flux to the concrete walt (~1.5 kW/m?).
To prevent excessive concrete temperatures, the heat exchanger must iﬁterccpt this

radiant heat. If an accident occurs, the radiant heat flux may further increase because
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vessel temperatures will increase. Simultaneously, if the TIPACS fails, the radiant heat
must transfer directly to concrete with little heat flow resistance from the TIPACS. This
allows the heat to be transported to the soil.

There are two internal heat exchanger design options (Fig. 3.3). The choice of options
depends upon the expected temperature of the reactdr‘vessel and other design |
considerations. The proposed heat exchanger—Option A—is a wall of vertical steel pipes '
with steel plate added between the pipes. It is the mechanically simplest option. The
single-phase, high-density CO, enters the bottom of the pipes, and single-phase, lower-
density CO, exits the top. This mechanical design is essentially identical in design to
boiler walls in packaged steam generators in the chemical process industry
(Ganapathy 1993), and in large utility fossil-fuel plants. In these boilers, the outer boiler '
wall is both a heat exchanger to convert water to steam and the outer boiler wall. It is
called membrane-wall construction. These tube walls have several characteristics:

¢ The tubes directly absorb radiant heat from the pressure vessel and convective

cooling of the air. Most heat transfer (>80%) is by radiant heating during normal
and off-normal conditions.

¢ The steel web between the pipes absorbs radiative and convective heat with the
transfer of the heat by conduction through the steel to the nearest tube.

¢ In the event of TIPACS failure, heat is conducted through the steel tubes and webs
and radiates to the concrete liner. Because the thermal conductivity of steel is
more than a factor of 10 greater than concrete, the resistance of heat flow by the
steel-heat-exchanger structure is very small. Heat conduction is rapid through the
tube from the side facing the pressure vessel to the side facing the concrete.

3.24 Alternative Internal Heat Exchanger—Option B

For higher temperature operations (gas turbine or process-heat MHTGR) or lower
reactor-cavity-wall temperatures, Option B is preferred. Internal heat
exchanger—Option B is a double-wall heat exchanger in which there are two steel-tube-
membrane walls between the pressure vessel and the reactor cavity (Fig.3.3). Cold CO,

flows down the tubes next to the reactor cavity wall and then flows up the tubes near the
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pressure vessel to the external heat exchanger. The tube membrane wall next to the
reactor cavity acts as a thermal shield to protect the reactor cavity wall from higher
temperatures from the tube membrane wall next to the pressure vessel.

With Option A, the maximum allowable CO, temperature is limited by the maximum
allowable reactor-cavity-concrete temperature (~66°C). With Option B, the design limit
is that the CQ, temperature at the bottom of the tube membrane wall next to the reactor
cavity wall can not exceed 66° C—the maximum allowable reactor-cavity-concrete
temperature. Exit temperatures from the tube membrane wall next to the reactor
pressure vessel are not limited because the reactor cavity does not see such temperatures.

The two options have very different mechanical designs and very different performance
limits, but they have similar thermal and CO, flow characteristics. This implies that the
results of analysis of one eption provide a good estimate of the performance of the other
option. The heat-transfer characteristics of Option B result in little heat being adsorbed
by the downward flow of CO, in the membrane wall while cold reactor cavity wall
temperatures are maintained. The downward flowing CQO, is almost like the downward
CO, flowing into the insulated pipe as occur in Option A. The reason for this is that
reactor-cavity heat transfer between surfaces is controlled by radiation cooling (Fig 3.4).
The rate of heat transfer between any two surfaces in the system is proportional to the

differences in the temperatures of the two surfaces to the forth power; that s,

g =C=[T2)* - (TD*1 . Eq. (3.1)

With this type of heat transfer, small increases in the temperature differences between two
surfaces imply large increases in the rate of heat transfer.

Option B can be considered as four walls, as shown in Fig. 3.4. Each wall is at a
constant temperature. The first wall is the pressure vessel wall, the second wall is the
tube membrane wall with upward flowing CO,, the third wall is the tube membrane wall
with downward flowing CO,, and the forth wall is the reactor-cavity wall. If a design
criterion is that the concrete wall cannot exceed 66°C, the tube wall with downward
flowing CO, cannot exceed 66° C—the same limit as the maximum CO, temperature for
Option A. ’
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With this model, the relative heat transfer between various surfaces can be calculated.
Figure 3.5 shows the relative heat transfer between two surfaces as a function of the
temperature of the hotter surface for two different cold temperature surfaces. Consider a
reactor vessel surface temperature of 450°C with an average CO, upflow temperature of
100°C that reradiates heat to the wall with downflowing CO, at a wall temperature of
50°C. In relative units, the rate of heat transfer between the 450°C wall and the 100°C ‘
wall is 2.54 vs 0.08 between the 100°C wall and the 50°C wall. The heat flow to the
downward flowing sectibn of the internal heat exchanger is only 3.3% of that to the
upflow section. In effect, the downward flow section sees almost no heat flux. This is an

intrinsic characteristic of this type of heat-exchanger design.

33 TCS

The temperature control capabilities of TIPACS depend upon the two aforementioned
heat exchangers and two other passive components. These are shown in Fig. 3.1.

The first component for temperature control is the heat-transfer fluid. It is the special
characteristics of the fluid that make the TIPACS feasible. Given that the TIPACS is to
operate above a specified temperature, a fluid is chosen whose vapor-liquid critical point
matches the tefnpcraturc above which the TIPACS is to operate. The vapor-liqtiid critical
point is the state beyond which the differences between the vapor phase and the liquid
phase no longer exist and only a supercritical fluid phase remains. All liquids, unless they
decompose first, have a vapor-liquid critical point. The TIPACS depends on the chénges
in thermodynamic properties near the critical point. The thermodynamic properties of
CO, and water are shown in Table 3.1. (Note the rapid changes in physical properties
near the critical point.) ‘ '

Consider now a natural-circulation heat-transfer loop partially filled with a pure
compound, such as CO,, below the critical point, as shown in Fig. 3.1. Carbon dioxide is
an example of a fluid that would be used if the enclosure temperature is to remain near
room temperature. Liquid CO, would fill the bottom of the loop, and gascous CO, would

fill the top. The liquid CQ, in the warm zone would be warmer than the CO, outside in
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Table 3.1. Physical properties of several fluids near their respective critical points
(critical point data in bold)

Density (kg/m®)

Temperature Pressure

Fluid 9] (kPa) ~ Liquid Gas
0 3,467 929 97

5 3,939 898 114

10 4,480 863 134

Carbon dioxide 15 5,062 823 159
20 5,702 776 191

25 6,404 714 238

30 7,180 601 335

31.1 7,384 468 468

300 8,600 712 46

Water 320 11,300 667 65
340 14,600 611 93

360 18,700 528 114

37414 22,100 317 317
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the colder environment and have lower density. The differences in densitics would result
in differences in elevation—delta height static (h,) of the fluid in the piping to ensure
hydrostatic balance.

The CO, critical point (T,) is 31.04°C (87.8°F). As the reactor cavity temperature
rises toward 31.04°C, the specific volume of liquid CO, increases rapidly. The expanding
volume of liquid CO, would quickly raise the level by /,. Once the liquid CO, has
reached the level of the piping to the outside exchanger, it would flow to the outside heat
exchanger, and the circulation of liquid CO, would remove heat from the warm zone to
the external environment. When the temperature exceeds 31.04° C—the critical point—the
liquid and gaseous forms of CO, become a single phase that ensures steady operation of
the heat-transfer loop. In practice, these two sequential phenomena occur over such a
small temperature range such as to be almost simultancous events in most real
systems—with the observer noting that a two-phase system has become a one-phase system.
The very rapid changes in physical properties near the critical point make the device
function and activate it over a very small temperature range.

The second key component is the pipe loop extending above both heat exchangers in
the natural-circulation heat-transfer loop. This pipe loop (1) is where the liquid-gas
interface zones are designed to be at temperatures below the critical point and (2) must
be well insulated. This loop is required to prevent heat transfer from the warm inside
zone to the colder outside zone when the inside temperature is much below T,. Consider
what would happen if the liguid-gas interface were not in this zone or if the piping were
not insulated. In such a case, using the example of CO,, liquid CO, would evaporate
(removing heat) in the warm zone; condense in the colder gas-phase zone; and release
heat to the cool, outside zone. In effect, a two-phase, natural-circulation heat-transfer
loop would begin to operate.

With the pipe loop insulated, hot vapor from the warm zone will heat the vapor space
uniformly. Warm liquid CO, will condense on internal pipe surfaces above the heat
exchanger which is colder and rejects heat to the environment. The liquid temperatures at
the gas-liquid interface in the insulated pipe on the outside will match the liquid

temperature inside the warm zone. This warm CO, with its lower density floats on the
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colder liquid CO, above the outside heat exchanger. Heat transfer, when TIPACS is not
in operation, will be limited to heat loses through the insulation and conduction from
warm-to-cold liquid CO, in the loop outside over elevation k.

TIPACS has the option of including an optional liquid-gas reservoir (Fig. 3.1) at the top
of the TCS. This allows liquid expansion to start TIPACS operation before the critical
temperature is reached. The performance of this liquid RCHTS is expected to be
significantly less than that of the system (see Sect. 5.2) after the critical pressure and
temperature have been exceeded. '

There are several design considerations in building practical systems.

¢ The normal liquid-level fluctuations when the TIPACS is not operating must be in

the insulated pipe zone at some significant distance (h,) between the bottom of the

insulated zone and the liquid level. (Note that liquid levels will fluctuate depending
upon temperatures of the fluid.)

¢ For practical systems, most of the TIPACS volume should be in the interior warm
zone. The fluid is the temperature sensor. Fluid expansion depends upon the
amount of warm fluid. Suficient fluid in the warm zone may be easily accomplished
by a liquid reservoir above the heat exchanger in the warm zone with fluid
temperatures near the temperatures of the warm zone. The precise relative fluid
volumes in the cold, hot, and insulated zones are chosen to ensure that gas-liquid
interfaces remain in the insulated zones over expected warm- and cold-zone
temperature variations below T. '

3.4 TIPACS DESIGN APPLIED TO MHTGR

Table 3.2 lists the design parameters for a representative TIPACS for the 450-MW(1)
steam-cycle MHTGR.
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Table 3.2. Design parameters for representative TIPACS with
internal beat exchanger—Cption A

General design parameters

Number of TIPACS per reactor 4
Heat duty (nominal - 4 units) 800 kW
Minimum external air temperaturc -40°C
Maximum external air temperature 35°C
TIPACS startup temperature 17°C
TIPACS full-operating temperature 31°C
Maximum operating pressure 150 bar

System physical dimensions

Height
Internal heat exchanger 174 m
Top of internal heat exchanger to ground level 4.5 m
External heat exchanger above ground level 5.0 m
External heat exchanger 1.0 m
Air duct above external heat exchanger 240 m
Totals 520 m
Reactor cavity diameter 10.2 m
Reactor cavity circumference 320 m
Reactor cavity circumference covered by a single TIPACS system 8.0m
External CO, pipe diameter 0.5m

TCS Dimension Ratios

Fractional height of RCHTS | 0.65
Fractional height of TCS 0.35
Internal volume fraction of internal heat exchanger with piping ' 0.315
Internal volume fraction of external heat exchanger with piping 0.200

Internal volume fraction of TCS 0.485
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Table 3.2. Design parameters for representative TIPACS with
internal heat exchanger—Option A (continued)

Internal heat exchanger—Option A

Type Vertical pipe
Height 174 m
Diameter (nominal) 2 in.
Size : Schedule 80
Number : 163
Cavity circumference covered 80 m
Nominal radiation heat flux 1.5 kW/m?

External heat exchanger

Duty 200 kW

Type Air-cooled multipass
cross counter{low
Design
Air passes 1
Co, passes , | 4
Dimensions
Height | 1m
Width ' 8 m
Length 4 m
Pipe size ‘ 2 in.
Pipe thickness Schedule 80
Pipe length (4 passes) | 16 m
- Number of parallel pipes 321
Fin pitch | 346 m

Fin height 18 mm
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Table 3.2. Design parameters for represcntative TIPACS with
internal heat exchanger—Option A (continued)

Operational parameters

Maximum CO, temperature 66°C
Internal pressure-vessel wall temperature 290°C
External pressure-vessel wall temperature 220°C

Temperature (hot day)

Inlet air temperature 35.0°C
Outlet air temperature 54.6°C
Inlet CO, temperature 46.1°C
Outlet CO, temperature 55.8°C

Mass flow rate
Air flow rate 9.27 kg/s
CO, flow rate 6.0 kg/s
CO, system pressure drop, Ap / p 0.0091




4. REACTOR CAVITY HEAT TRANSFER SYSTEM

TIPACS has a set of characteristics that deline its performance. This results in

performance characteristics fundamentally different from those of other systems.

4.1 CHOICE OF FLUID

For this application, CO, is the fluid of choice because of several of its characteristics:

[ ]

Its critical temperature (T,) is 31.04°C (87.8°F), which is close to the optimum
temperature (above freezing, good working conditions).

It will not freeze in cold weather {freeze point is -56.6°C (-70°F)].

It is nontoxic.

It is inexpensive.

In its dry state, it is noncorrosive.

Neutron activation of it is insignificant.

There is a very large industrial experience-base. It is used to make dry ice and in
carbonated beverages. Before the development of chloroflurocarbons, it was widely
used as a refrigerant. Its physical heat-transfer and pumping characteristics are well
known, and there are multiple suppliers of equipment for handling it. British

Magox power reactors use it as a coolant; thus, there is a large experience base in
its nuclear applications.

However, there is one disadvantage of CO,. It has a relatively high critical pressure

(~73 bar). Many fluids are available with critical pressures half that of CO,—~but these

have other disadvantages, such as flammability.

4.2 HIGH PERFORMANCE FOR NATURAL-CIRCULATION RCHTS

For most fluids in a natural-circulation RCHTS, performance is maximized when (a) the

fluid pressure is just above the fluid’s critical pressure and (b) the operating temperature-

range from hot-to-cold fluid is just above the fluid’s critical temperature. This

phenomenon is a direct result of the thermodynamic and transport properties of fluids

4-1
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near their critical points. The TIPACS’s TCS requires operating in this region to ensure
the initiation of the TIPACS at a preset temperature, but coincidentally because of the
very desirable physical properties of fluids, it implies excellent RCHTS performance. In
the last several years, becausec of the very desirable physical properties of fluids near the
critical point, there has been increased research (Oka 1993) on the operation of heat-
transfer systems in this fluid region.

Four physical properties primarily determine the performance of a natural-circulation
heat-transfer system: change in density of the fluid with temperature over its operating
ranges, dynamic viscosity, specific heat capacity, and thermal conductivity. These four
properties are shown for CO, near the critical point. More detailed tables are available in
Appendix B.

For a natural-circulation heat-transfer system, large changes in fluid density over the
operating range arc desired. A high-density fluid should exit via the external heat
exchanger, and a low-density fluid should exit via the internal (containment) heat
exchanger. The difference in density creates the driving force for fluid transport. As
shown in Fig. 4.1, these densities change rapidly near the critical point for CO,.

Figure 4.2 shows the corresponding thermal expansion coefficient.

The second desirable property for a heat-transfer fluid is low fluid viscosity, which will
minimize resistance to fluid flow. Many generalized correlations (Green 1984) exist for
liquids and gases. The general rule for liquids is that as the temperature goes up, the
viscosity goes down. The general rule for gases is that as the temperature goes up, the
viscosity goes up. This implies that the viscosity minimum for any fluid is near the critical
point. Because generalized correlations are not accurate near the critical point, they can
not be used for viscosity predictions, but the minimum measured viscosity is near the
critical point. This viscosity effect for CO, is shown in Fig. 4.3.

The third desirable property for a natural-cicculation RCHTS is high specific-heat
capacity. The greater the specific-heat capacity, the more heat that can be removed per

unit of fluid mass. For single-phase systems, this property is maximized near the critical
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point as shown for CO, in Fig. 4.4. It is also noted that as pressure increases with
increasing temperature in TIPACS, the maximum specific heat increases with temperature.
This reaction ensures good performance over an extended range.

The fourth desirable property for a natural-circulation RCHTS fluid is high thermal
conductivity. This property is also maximized aear the critical point (Fig. 4.5), but it
decreases thereafter with iemperature. For a TIPACS in a specific application with an
MHTGR, this property is not a major concern because heat transfer is primarily
controlled by air-side heat transfer in the containment silo and in the exterior heat

exchanger.

43 STEADY-STATE THERMAL PERFORMANCE CHARACTERISTICS FOR
TIPACS WITH INTERNAL HEAT-EXCHANGER DESIGN--OFTION A

A series of design studies were conducted to optimize RCHTS performance for
different sets of conditions. The primary design constant was to maintain TIPACS'’s
hottest temperatures below 66°C and, thus, maintain reactor cavity concrete below 66°C.
The design methodology is described in Appendix . The initial design studies evaluated
different TIPACSs designs with internal heat exchanger—Option A. This option has a
single set of tubes between the reactor vessel and the reactor cavity wall. CO, flows in

the upward direction.
4.3.1 TIPACS Geometry Assumptions for Thermal-Flow Modeling

To begin analysis, appropriate compenent sizes and heights for the TIPACS
components are assumed. The heights of certain components are fixed, at least by the
current design of the MHTGR. These fixed heights are the internal heat exchanger of
17.4 m (matching pressure vessel height) and a concrete fhickness above the reactor cavity
of 45 m. The external heat exchanger was assumed to be 5 m above the ground with a
total height of 9.5 m between the top of the internal heat exchanger and the bottom of
the external air-cooled heat exchanger. Another fixed height for the thermal-flow
performance calculations is the height of the CO, piping above the external heat

exchanger; the height is determined by the requirements of the TCS to be 15 m (see
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Sect. 5). The other components are sized appropriately to yield reasonable numbers for
loop temperatures at a reasonable height. The mass and energy flows must be balanced.

As a result of initial scoping calculations, reasonable temperatures were calculated for a
reactor cavity internal heat exchanger consisting of 2-in. vertical, schedule 80 tubes that
touch each other at the outer annulus of the reactor cavity. For this initial model, the
external air cooled heat exchanger is a multipass, cross-counterflow arrangement having
air-side thermal and flow performance parameters [given in Fig. 10-90 of Kays and
London (1984)] with 2-in., schedule 80 tubes for the CO, side having circular fins to
enhance heat transfer to the air. The dimensions of the modeled external heat exchanger
are 8 m wide, 4 m long, and 1 m high. The internal and external heat exchangers were
connected by 0.5-m-diam pipes to close the CO, loop. The circular reactor cavity is
cooled by four TIPACS units; each unit provides cooling for a quadrant of the reactor-
cavity silo. The calculations herein are for one of these units. For an actual design,
however, some interdependence may be necessary.

Calculated CO, temperatures are affected by the height of the external heat exchanger
and the height of the air stack above the heat exchanger. As expected, the calculated
loop temperatures decrease as these two heights are increased. The most significant
parameter, however, is the diameter of the pipes in the internal and external heat
exchangers because this dimension directly affects the frictional loop pressure drop. The
number of parallel tubes in each heat exchanger can be varied to modify the pressure drop
up to the maximum that can fit. The height of the external heat exchanger above the
concrete ceiling of the reactor cavity (at grade level) is 5 m, and the height of the air stack
is 25 m. These heights were based on a combination of practical considerations and
results of scoping calculations. The air stack is 30 m above grade and only 5 m above the
highest point of the CO, loop in the TCS above the external heat exchanger. Hence, the
total change in elevation from the bottom of the internal heat exchanger to the top of the
air stack is ~52 m. This change in elevation is reasonable for a nuclear reactor plant of

this power rating.
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432 Calculated Resuits and Discussion

For a given design, to calculate system performance, only two parameters need be
set—the ambient air temperature and the reactor vessel temperature. For the total
simulation of the MHTGR, the reactor vessel temperature is controlled primarily by the
internal reactor flow and power conditions and will vary with respect to axial position and
time during operation at transient and normal conditions. For these scoping studics, a
uniform reactor vessel temperature of 220° C, which approximately corresponds to normal
operating temperature, was chosen. This temperature is different for different MHTGR
designs and requires resizing the TIPACS components for different MHTGR designs.
The air inlet temperature was arbitrarily choscn as ranging from 5 to 35°C, corresponding
to cold and hot ambient conditions. The CO, pressure in TIPACS was varied from
75 (just slightly above critical) to 150 bar for investigation of TIPACS performance.

The heat transferred from the reactor vesscl to a single TIPACS unit (1 of 4) is
presented in Fig. 4.6. As expected, the total heat transferred from the reactor increases as
the ambient temperature decreases at any given TIPACS system pressure. At a given
ambient temperature, however, the heat removed from the treactor varies differently as the
pressure is increased. As shown in Fig. 4.6, at an ambient temperature of 5°C, the heat
load decreases slightly as the system pressure is increased. At 15°C ambient inlet
tempcerature, the heat load decreases as the pressure is raised from 75 to 80 bar—the heat
load increases slightly from 80 to 150 bar. As the ambient temperature is increased to
25 and 35°C, however, the reactor heat load increases as the pressure is increased.

The resultant CO, mass flow is shown in Fig. 4.7. At 5°C ambient conditions, the mass
flow decreases as the system pressure increases, reaching fairly constant values at a
pressure of 90 bar and higher. At an air inlet temperature of 15°C, the mass flow
increases with pressure, reaching a fairly constant value for the. pressure range from 85 to
100 bar, then showing a slight decrease to a constant value at higher pressure. For 25°C
air inlet temperature, the CO, mass flow increases with pressure for the range of 75 to
110 bar, at which it levels off to a fairly constant flow. Yor 35°C air inlet teraperature,
the CO, mass flow increases with system pressure, but it appears also to be reaching a

constant value beyond the highest calculated pressure.
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The inlet (bottom) and the outlet (top) temperatures of the internal heat exchanger are
shown in Fig. 4.8. Because the outlet temperature is an important parameter
(representing a maximum temperature of the reactor-cavity concrete), operating conditions
should be chosen so that under normal operation, the maximum temperature of CO,
should not be >66°C. This temperature is not exceeded for the ambient conditions of
5, 15, and 25°C at any pressure. At an ambient air inlet of 35°C on a hot day, however,
the riser outlet temperature of 66°C is exceeded for system pressures <88 bar. Hence,
the TIPACS inventory of CO, should be sufficient to result in a minimum pressure of 88
bar on a hot day.

Figure 4.8 shows also some interesting effects around the critical point. Note that for
an ambient inlet of 5 and 15°C, the difference between the internal heat-exchanger inlet
and outlet temperatures increases as the pressure increases. For an ambient air-inlet
temperature of 25°C, the difference between the internal heat-exchanger inlet and outlet
temperatures decreases as the system pressure increases from 75 to 95 bar, remains
constant from 95 to 105 bar, and then increases at higher pressures. Showing a similar
trend, the internal heat-exchanger temperature difference for 35°C air inlet temperature
decreases as the system pressure increases from 75 to 110 bar, remains constant from
110 to 120 bar, and then increases at higher pressures.

Interestingly, at a 15°C air inlet and a system pressure of 75 bar, the inlet and outlet
temperatures straddle the critical temperature by about +0.5°C. At this point, the mass
flow is ~6 kg/s, transferring almost 220 kW of heat per quadrant from the reactor, but
only through ~1°C temperature difference, thus reflecting the very large isobaric specific
heat at or very near the critical point. The external and internal heat-exchanger metal
témpcratures throughout the entire CO, closed loop system are also at or very near the
critical temperature. One conclusion that can be drawn here is that if the air-side
conditions in the external heat exchanger are such that the critical point of the TIPACS
internal loop fluid exists in a large fraction of the external heat exchanger for a particular
reactor vessel condition, a significant amount of heat can be removed from the reactor by
the TIPACS with a minimal temperature difference around the critical temperature.

Further analysis and modeling are necessary to prove this supposition and to develop an
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understanding of the necessary design parameters to achieve this desirable
_condition—perhaps very important under postulated off-normal reactor conditions.

Hence, when the temperature levels and flow conditions are optimum, the TIPACS will
remove heat from the reactor very effectively. At other than these favorable conditions,
TIPACS will remove 2 sufficient amount of heat from the reactor vessel and keep the
cavity concrete below 66° C, which is a desirable temperature range for steady-state

normal operating conditions.

44 HIGHIER TEMPERATURE TRANSIENT OR STEADY-STATE OPERATIONS

The reactor vessel may occasionally operate at higher temperatures during transients.
For different designs, such as the direct-cycle gas-turbine design, the reactor vessel
temperature may also be higher. Thus, the computational model was used to compute the
steady-state temperatures, flows, and heat transfer of the TIPACS for an ambient air
temperature of 35°C and at a CO, pressure of 150 bar for higher reactor vessel
temperatures. Preliminary designs for the gas-turbine MHTGR indicate possible reactor
vessel temperatures as high as 450°C; hence, this initial examination of TIPACS
performance at higher temperatures included pressure vessel temperatures up to 450°C.

The temperatures of the CO, entering and leaving the internal heat exchanger for the
Option A TIPACS design, as described in Sect. 3.2, are shown in Fig. 4.9. At a reactor
vessel temperature of ~260°C, the CO, temperature at the outlet to the internal heat
exchanger riscs above 66°C, the nominal design temperature limit for concrete in long-
term use. As the reactor vessel temperature increases to 325°C, the CO, inlet
temperature also rises above 66°C. At a reactor vessel temperature of 450°C, the CO,
inlet temperature is 81°C, and the outlet temperature is 247°C, which may be an
undesirable operating condition of TIPACS design Option A.

The CO, mass flow and heat transferred from one quadrant of the reactor vessel to a
single TIPACS unit are shown in Fig. 4.10. As expected, the heat transferred from the
reactor vessel increases as the reactor vessel temperature increases. Also, the CO, mass

flow decreases as the vessel temperalure increases. This decrease in flow is the result of
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changing physical properties that induce higher frictional pressure losses. The fractional
pressure drop increases from 0.0091, at a vessel temperature of 220°C to 0.010, at a vessel
temperature of 450°C.

TIPACS design Option B, as described in Sect. 3.2, was also modeled. The external air-
cooled heat exchanger and the internal heat exchanger next to the pressure vessel wall is
of the same design as Option A, but another row of tubes is used as a "downcomer” to
introduce CO, to the upflow section of the internal heat exchanger. The differences in
the two designs are summarized in Table 4.1. No regenerative heat exchange between the
downcomer and the riser was modeled for this simplified model. As discussed earlier
(Sect. 3.2), radiation transport is limited at low temperatures; hence, only a few percent of
the heat is transferred to the downcomer. The temperature of the CO, entering the
downward flowing section and exiting the upward flowing section of the internal heat
cxchanger for the Option B design are shown in Fig. 4.11 for an ambient air temperature
of 35°C (hot day) and at a CO, pressure of 150 bar. The inlet CO, temperature is
slightly lower, and the outlet temperature is slightly higher as compared to Option A
design for a reactor-vessel temperature of 220°C. As the reactor-vessel temperature
increases to 450°C, however, the inlet temperature rises to only 68°C, while the outlet
temperature rises to 280°C. Because of the design of Option B, the concrete forming the
reactor cavity may only slightly exceed, on hot days, the nominal design limit for the
concrete (in long-term use) of 66°C. (Note: These scoping studies did not optimize the
external air-cooled heat exchanger to limit the temperature seen by the concrete for
design Option B.)

The CO, mass flow and heat transferred from the reactor vessel for design Option B
are shown in Fig. 4.12 for one TIPACS unit that cools one quarter of the reactor cavity.
As expected, the beat transferred from the reactor vessel increases and the CO, mass flow
decreases as the vessel temperature increases. The decreased CO, mass flow for Option B
is almost half that for Option A due to higher friction losses resulting from the smaller
tubes in the downcomer for Option B. The fractional pressure drop increases from 0.0099
at a vessel temperature of 220°C to 0.011 at a vessel temperaturc of 450°C. The very
much increased outlet temperature of 280°C is shown in Fig. 4.11 for design Option B.

Figure 4.11 also shows the effect of the buoyancy force and frictional fluid drag forces.
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Table 4.1 Differences between Option A and Option B!

Property Option A Option B
General design parameters — Identical®> —
System physical dimensions — Identical®? —
TCS dimensional ratios — Identical? —
External heat exchanger — Identical® —
Internal heat exchanger
Type Upflow Downflow/upflow
vertical vertical
Height 17.4 m 174 m
Silo circumference covered 8 m 8m
Surface area facing reactor vessel 139.2 m? 139.2 m?
Downflow pipe diameter 0.5m 2 in.
Downflow pipe size —— Schedule 80
Downflow pipe number 1 163
Upflow pipe diameter 2 1in. 2 in. |
Upftlow pipe size Schedule 80 Schedule 80
Upflow pipe number 163 163
Operational parameters
Exit air temperature (Air in 35°C)
Vessel at 220°C 54.6°C 38.1°C
Vessel at 450°C 195°C - 189.2°C
Mass air flow rate
Vessel at 220°C 9.27 kg/s 8.9 kg/s
Vessel at 450°C 6.0 ke/s 6.0 kgls
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Table 4.1 Differences between Option A and Option B! (continued)

Property Option A Option B

Operational parameters (continued)

Inlet CO, temperature

Vessel at 220°C 46.1°C 45.1°C

Vessel at 450°C 81.3°C 68°C
Exit CO, temperature

Vessel at 220°C 55.8°C 62°C

Vessel at 450°C 247°C 280°C
Mass CQO, flow rate

Vessel at 220°C 6.0 kg/s 3.86 kg/s

Vessel at 450°C 3.9 kg/s 2.92 kg/s
Heat transfer

Vessel at 220°C 207 kw 204 kw

Vessel at 450°C 955 kw 926 kw

'All physical differences between options in internal heat exchanger. For Option B,
system not reoptimized, only heat exchanger changed.

*See Table 3.2

*N/A = not applicable.
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Thus, Option B may be preferable for the MHTGR, particularly for the direct-cycle
gas-turbine variety, if higher reactor vessel temperatures are expected. Further modeling
improvements are recommended, particularly to improve the modeling of the external heat
exchanger and the possible regenerative heat transfer from the downcomer and riser of

Option B.






5. TEMPERATURE CONTROL SYSTEM

The TIPACS is an RCHTS with a thermal switch, the TCS, that turns the system off
and on. When the system is off, there is no fluid movement, and the TIPACS is static.
When the system is on, there is flowing CO,. This off-on characteristic allows the initial
TIPACS design to be broken into two components—TCS for off-operation and RCHTS
for on-operation. The TCS can be considered that p‘ari of the TIPACS above the two
heat exchangers (Fig. 5.1). The RCHTS is primarily the two heat exchangers.

A series of simplified "models” of the TCS have been constructed to understand TCS
behavior, design parameters, and performance limits. Using these models, alternative
design options were considered. The actual performance of different TCS designs can be
determined with numerical models that can provide more detailed information but do not
provide the understanding of the TCS behavior. The details of these models are

presented in Appendix C.

5.1 PHYSICS OF THE TGS

The physics of the TCS must be understood in terms of its impact on the design of the
TIPACS. Important design parameters are the heights of the TCS and relative volumes of
various pipes and tanks. The RCHTS imposes only one significant constraint on the
TCS—a minimum pipe diameter for flow of CO, fluid from the inside heat exchanger to
the outside heat exchanger without excessive pressure drop. TCS operation is dependent
upon the expansion of CO, until a liquid natural-circulation loop is created or the fluid
passes the critical point and becomes a single-phase system. Where the éxpansion occurs
controls TIPACS performance and when TIPACS activates; thus, the relative fluid
volumes of various TIPACS components are critical design parameters. For this analysis,
the TIPACS can be broken into four sections: the exterior RCHTS zone, the exterior
TCS zone, the interior RCHTS zone, and the interior TCS zone. The consequences of
locating most of the {luid volume of the TIPACS in each zonc can be separately

cvaluated.
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For the first case, let us consider a TIPACS system where most of the volume for tluid
is in the exterior heat exchanger [Fig. 5.1(b)]. Fluid temperature deterrines TIPACS
operation. If most of the fluid is in the external heat exchanger, changes in external
temperature will control fhe expansion or contraction of the liquid CO, and startup of the
heat-transfer loop. The objective, however, is to control operation of the TIPACS by
interior temperatures. To meet this design objective of the TIPACS being controlled by
interior heat-exchanger temperature, most of the fluid volume must be in the inside zones
of the TIPACS.

For the second case, let us consider a TIPACS where most of the fluid volume is in the
exterior TCS zone [Fig. 5.1(c)]. This zone contains liquid CO, that is partly controlled by
exterior temperatures. The bottom of the liquid CO, in this zone has the same
temperature as that of the outside. The top of the liquid zone has the temperature of the
interior zone because it is in contact with saturated CO, in equilibrium with warm, liquid
CO, in the interior zone. Just as in the external heat-exchanger zone, there is a strong
incentive to minimize the fluid volume of the TIPACS here to ensure that the TIPACS is
conirolled by interior temperatures. In addition, when the TIPACS is not operating, this
zone contains the hot-cold CO, transition zone. The smaller the cross-sectional area of
this transition zone, the less heat that is conducted from the TIPACS when the TIPACS is
not operating.

The previous considerations indicate that for TCS operation, most of the liquid volume
when the TIPACS is shut down and cold should be in the internal RCHTS zone. The
liquid is the TIPACS’s temperature sensor. If the normal design of the RCHTS does not
result in most of the liquid in this zone, added storage volume for the liquid niust be
added to this zone. Because of the natural circulation of the liquid, the temperatures of
the interior RCHTS and the interior TCS are expected to be equal.

The optimum volume and geometry of the interior TCS zone are dependent upon three
factors. First, as the interior heat exchanger, exterior heat exchanger, and interior TCS
zones warm up, the liquid CO, density decreases, and the liquid CO, volume increases.
The expansion volume then fills with liquid CO, until the critical point is reached, and the

entire TIPACS is filled with a single-fluid expansion. The expansion reservoir volume
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must handle the expansion of liquid CO, from the coldest design conditions to a few
degrees below the critical temperatures without spilling liquid CO, into the external loop.

Second, there is a minimum height (4,,) of the interior TCS based on the design of the
RCHTS. In a normal standby mode, the liquid on the inside will be hotter than the liquid
on the outside and, hence, have a lower fluid density. To maintain a balance hetween the
interior (hot) liquid and exterior (cold) liquid, the liquid heights must vary by height A,
(Fig. 5.2). This implies that the minimum height of the TCS is the sum of the height
required for the hot-cold transition zone (Ay) in the outside TCS plus the height A,

Third, the height of the TCS is dependent upon the placement and geometry of the
expansion volume. The TCS height is minimized if the expansion volume starts directly
above the minimum height and is a wide, shallow vessel [Fig. 5.1(d)]. As a wide, shallow
vessel, the height of fluid in the inside TCS volume does not change significantly with
expansion or contraction of the liguid. In effect, the height of liquid in the inside TCS is
fixed, while the height of liquid in the outside TCS varies.

The interior temperature control zone is shown inside the structure to be cooled, but
this is not a requirement. Because the TCS is insulated, it may be located inside or
outside the structure. There is a requirement that the liquid in the interior heat-
exchanger zone freely communicates with the fluid in the interior temperature control
zone so that the hottest liquid in a shutdown state can flow by naiural convection to the

expansion volume.

5.2 LIQUID-GAS RESERVOIR

The TIPACS has the option of including an optional liquid-gas reservoir (Fig. 5.2) at
the very top of the TCS. This allows liquid cxpansion to start operation of the TIPACS
betore all the gas volume is filled with liquid and the critical temperature is reached. A
liquid CO, RCHTS is created. The performance of this liquid RCH'TS is significantly less
than when a single-phase system is created. The liquid is near the boiling point of CO,;
therefore, boiling is likely to occur in the warm zone. This gas-liquid mixture is carried to

the exterior TCS zone. Here, the gas-liquid mixture attempis to descend to the exierior
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heat exchanger. The gas bubbles are pushed upward in the tluid by buoyancy forces. This
rise results in slow circulation of fluid. The liquid-gas reservoir allows an carly startup and
controlled heat transfer, but full performance occurs only when a single-phase fluid above

the critical point is created. Startup below the critical temperature does allow the height

of the TCS to be reduced.

53 HUEAT DIODE

The TIPACS acts as a heat diode. Heat can flow from inside the reactor cavity to the
exterior environment if the inside temperature exceeds both the operating temperature
and the outside temperature. Heat can not flow from outside to inside if outside
temperatures exceed inside temperatures.

The TIPACS is a heat diode because the cutside heat exchanger is at a higher elevaticn
than the inside heat exchanger. If outside temperatures exceed inside temperatures, hot,
low-density fluid fills the TCS with colder, higher-density fluid at the bottom of the

RCHTS. This is a stable configuration that can exist where there is no fluid circulation.



6. OTHER ISSUES

6.1 ALTERNATIVE DESIGN OPTIONS

A series of alternative design options can be chosen for specific applications. A brief

description of each follows.

¢ For warm climate conditions, the RCHTS can be used without the TCS. Such a _
system will be a two-phase RCHTS when temperatures and pressures are below the
critical conditions of CO, and will be a single-phase system when temperatures and
pressures are above the critical temperature of CO,. The RCHTS design and
performance characteristics would be similar to those described in this report. Such
a system may retain some of the characteristics of TIPACS with a TCS in that the
heat-transfer capabilities become more efficient once the critical point of the fluid is
exceeded. This reflects the change in physical properties that occur near the critical
point.

» TIPACS can be used in conjunction with other systems. For example, a variety of
systems have been proposed to absorb decay heat in an emergency for limited time
periods (water in tubes, etc.). TIPACS creates the option for such systems to
provide short-term cooling while TIPACS provides long-term safety.

» Other operating fluids can be used for TIPACS operation. Most of these have
lower operating pressures than does CO,, but they have other limitations, such as
flammability.

¢ Alternative ultimate heat sinks can be coupled to the TIPACS. Specifically, the
silo-reactor-cavity elevation allows the use of the small pond as a heat sink to
provide long-term evaporative water cooling. Because water is a very good heat-
transfer agent, a pond reduces the size of the external heat exchanger significantly.
It also tends to reduce the size of the internal heat exchanger because of the lower
heat-rejection temperature to the atmosphere. Earlier studies have examined pond
cooling for ultimate heat sinks.

6.2 MONITORING OF PERFORMANCE

A requirement for practical systems in nuclear applications is to monitor the
performance of the system so that one has confidence that the system is operational. For

TIPACS, this monitoring is relatively simple.

6-1
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TIPACS can be continuously monitored for leakage of CO, by using the same acoustic
techniques previously used to monitor for leaks in pressure vessels (Hutton 1993;
Kupperman 1993). Alternatively, the inventory of CO, can be continuously determined
during TIPACS operation. The required instrumentation includes a pressure sensor and
several temperature sensors in different parts of the system. TIPACS is a single-phase
system during operation and has a sealed inventory of fluid. Giver the known internal
volume of the system and CO, properties, system inventory can be calculated from a
pressure measurement and several temperature measuremenis.

System performance can be monitored with the previous instrumentation and four other
temperature measurements: (a) inlet-air tempertatures, (b) outlet-air temperatures,

(c) reactor-cavity-wall temperatures, and (d) reactor-vessel temperaiare. With any three
of these four measurements, the forth temperature can be calculated. Comparisons
among calculations and measurements provide real-time measurements that performance is
as predicted and can assess many formns of degraded performance. Causes of degraded
performance could included partial blockage of air coolers, changes in thermal radiation-
adsorption properties of the pressure vessel, and other long-term degradation mechanisms.
The same measurements would also monitor conditions during reactor transient or
accident conditions with real-time monitoring of reactor-cavity temperatures and rates of
heat removal from the reactor. Such sophisticated levels of sysiem monitoring may not be
required. Pressure and temperature measurerments for inventory determinations would
identify if TIPACS performance were degrading, but they would not necessarily provide

the cause of such problems.

63 EQUIPMENT AVAILABILITY

The components and instrumentation necessary to build TIPACS are commercially
available. The soft drink industry currently handles large quantities of CO, for carbonated
beverages (Coke®, Pepsi®, cic.). The CO, is usually supplied as a liquid CO,. Public
health standards require high-purity CO,. The vaporization of liquid CO, is often
achieved with natural-draft air coolers to minimize energy costs. Because CO, forms solid

dry ice at lower pressures, these air-cooled heat exchangers are high-pressure heat
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exchangers. There is a 60+ year experience-base with such technology. CO, has also

, been used in certain industrial air conditioning systems for over 60 years. There is also a
CO, dry ice industry. These large industries have resulted in a large supply industry for
heat exchangers, pumps, storage vessels, and instrumentation.

There is large-scale nuclear experience with CO, The British Magnox power reactors
are cooled with CQO,. This provides more than 30 years of nuclear power experience in
the use of CO, in nuclear applications. The radiation levels and temperatures of CO, in
Magnox reactors are much higher than corresponding radiation levels and temperatures in
an MHTGR reactor cavity; thus, there is high confidence that TIPACS can withstand

these temperature and radiation levels.






7. UNCERTAINTIES AND UNKNOWNS

The initial evaluation of TIPACS indicates the feasibility and limiting design conditions

for TIPACS. However, significant uncertainties remain that require additional work.

7.1 MHTGR DESIGN TRADE-OFFS

The general design requirements for the MHTGR are known, but there are engineering
trade-offs among various systems to meet the general requirements. TIPACS has a
different set of characteristics than does the existing RCCS. The optimum design of
TIPACS will involve different trade-offs than the currently proposed system. This analysis
is a first iteration to understand the TIPACS. The MHTGR program has recently
committed to an advanced gas-turbine-power cycle to replace the steam-power cycle. This
changes the reactor-cavity cooling requirements. The new power cycle will result in
reactor vessel temperatures of ~450 vs the 220°C assumed herein. This necessitates

alternative heat exchanger designs such as internal heat exchanger—Option B.

7.2 MODEL OF THE TIPACS UNDER ALL EXPECTED CONDITIONS

The behavior of the TIPACS under the full range of design conditions must be
evaluated. This will require a detailed numerical model of the TIPACS to evaluate design

options and operation under all expected conditions including transient conditions.

73 PROOF-OF-PRINCIPLE EXPERIMENT

The evaluation of TIPACS has been based on theoretical conditions. A proof-of-
principle experiment is required to confirm that major assumptions are correct and that
basic operation is as expected. A proof-of-principle experiment must show that

quantitative performance of TIPACS matches calculated performance.
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7.4 ENGINEERING SCALE TEST

If TIPACS is to be used, an engineering test is required to validate models of TIPACS
performance, test critical componenis, and ensure integration of the TIPACS into
containmeni design. An engineering test requires (1) significant scale of operation to be
ensured that all phenomena in [ull-scale operation are represented, (2) performance
measurements of key components such as heat exchangers, and (3) ability to change out

critical components to test different designs.

7.5 DEVELOPMENT OF ENGINEERING METHODOLOGY

An engineering methodology must be developed so that the TIPACS systems can be
reliability designed for different conditions without requiring prototype testing of
equipment for a wide range of conditions. This methodology would be based on the
results of earlier modeling work, proof-of-principle experiments, and engineering scale
tests. A key component of development of the methodology is determining the sensitivity

of various design parameters based on theory and experiment.



8. CONCLUSIONS

The initial evaluation of the TIPACS indicates the potential for a high-performance

RCCS with significant advantages over the existing air duct system. These advantages

include

Less equipment volume in the reactor cavity which simplifies design and may reduce
costs. This is a consequence of a high-density heat-transfer fluid in a high-
performance RCHTS.

Better reactor cavity isolation. The TIPACS is a sealed RCHTS. It provides two
high-pressure (>1000 psi) barriers between the inside of the reactor cavity and the
environment; these barriers must fail before possible release of radionuclides can
occur. It creates the option of a sealed containment building. The presence of
these barriers converts the RCCS from the weakest isolation link in the
containment system to the strongest.

Cooling cutoff under cold weather conditions. TIPACS does not cool the reactor
cavity below a preset temperature.

Optional emergency reactor cooling via conduction of heat to the ground. The
TIPACS is transparent to heat transfer from the reactor vessel to the soil in the
event of a total TIPACS failure. This provides an additional inherent level of
safety to ensure that MHTGR fuel can never be heated sufficiently to cause
sufficient release of radionuclides, even in "beyond design basis" events of extremely
low probability.

There is one major disadvantage of TIPACS. It is a new technology, and it has not

been tested. Because there are significant uncertainties, there is the potential for

unforeseen problems that would limit performance. Consequently, additional development

effort is required. There is one minor disadvantage of TIPACS. It is méchanically a

simple system, but it is complex to design. This is, in part, a result of the requirement that

it operate near the critical point of the heat-transfer fluid..






9. REFERENCES

Ball, S. J.,, ORECA-I: A Digital Computer Code for Simulating the Dynamics of HTGR
Cores for Emergency Cooling Analyses, ORNL/TM-5159, Union Carbide Corp., Nuclear
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 1976.

Conklin, J. C., Modeling and Performance of the MHTGR Reactor Cavity Cooling System,
NUREG/CR-5514, ORNL/TM-1145, Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory, Oak Ridge, Tennessee, 1990.

Forsberg, C. W., "Temperature Initiated Passive Cooling System,” patent application to the
U.S. Commissioner of Patents and Trademarks, application No. 08/098,550, July 28, 1993.

Forsberg, C. W, et al., Proposed and Existing Passive and Inherent Safety-Related
Structures, Systems and Components (Building Blocks) for Advanced Light Water Reactors,
ORNIL-6554, Martin Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tennessee, October 1989.

Friend, D. G., NIST Thermophysical Properties of Pure Fluids, Version 3.0, National
Institute of Standards and Technology, Gaithersburg, Maryland., 1992.

Ganapathy, V., "Specify Packaged Steam Generators Properly," Chem. Engr. Prog.
89(9), 62 (September 1993).

Green, D. W. and Maloney, J. D., Perry’s Chemical Engineers’ Handbook: Sixth Edition,
McGraw-Hill Book Company, New York, 1984.

Hahne, E. W. P., "Natural Convection in the Near Critical Region and Its Application in
Heat Pipes,” pp. 774-826 in Natural Convection Fundamentals and Applications,
S. Kakak et. al., eds., Hemisphere, New York, 1984.

Hutton, P. H., "Listening To Reactor Pressure Boundaries For The Sounds Of Cracks
And Leaks," Nuc. Eng. Int. 38(47), 38 (December 1993). ’

Kays, W. M. and London, A. L., Compact Heat Exchangers, Third Edition, McGraw-Hill
Book Company, New York, 1984.

Kupperman, D., "Considering Options For Leak Detection,” Nuc. Eng. Int. 38(47), 41
(December 1993). ‘

National Academy of Science, Nuclear Power: Technical and Institutional Options for the
Future, Washington, D.C., June 17, 1993.

9-1



9-2

Oka, Y. and Koshizuka, S., "Concept and Design of a Supercritical-Pressure, Direct-Cycle
Light Water Reactor," Nuclear Technology 103(3), 295 (September 1993).

Polyakov, A. F. "Heat Transfer under Supercritical Pressures," pp. 1-53 in Advances in
Heat Transfer, Vol. 21, Academic Press, New York, 1991.

Watts, M. I. and Chou, C. T., "Mixed Convection IHeat Transfer to Supercritical Pressure
Water," pp. 495-500 in Proc. Seventh Intemmational Heat Transfer Conference, Vol. 3, U.
Grigull et al, eds., Hemisphere, New York, 1982.

White, F. M., Fluid Mechanics, McGraw-Hill Book Company, New York, 1979.



Appendix A

CRITICAL PROPERTIES OF FLUIDS






Appendix A: CRITICAL PROPERTIES OF FLUIDS

The temperatures at which the TIPACS operates depends on the critical properties of
the heat transfer fluid. With appropriate selection of fluid, the TIPACS can initiate
operation at any desired temperature. Table A.1 lists a representative set of fluids that

are candidates for the TIPACS at different temperatures.



A

Table A1. Critical propertics

Substance t, °C P, atm o glem’®

Helium ~267.96 2.261 0.06930
Neon -228.71 26.860 0.4835
Nitrogen-14 -146.89 33.54 0.3110
Air ~140.6 37.2 0.313
Argon -122.44 48.00 0.5307
Oxygen -118.38 50.14 0419
Methane ~82.60 45.44 0.162
Krypton -63.75 54.20 0.9085
Perfluoromethane ~45.6 36.9 0.630
(tetrafluoromethane)

Silicon tetrafluoride -14.1 36.7

Boron trifluoride -12.3 49.2

Xenon 16.59 57.62 1.105
Perfluoroethane 19.7 0.617
Trifluvoromethane 25.74 47.73 0.525
1,1-Difluoroethylene 30.1 43.75 0.417
CO, 31.04 72.85 0.468
Ethane 32.28 48.16 0.203
Perfluoroethene 333 38.92 0.58
(tetrafluoroethylene)

Fluoromethane 44.55 58.0 0.300
Sulfur hexafluoride 45.55 | 37.11 0.734
Perfluoro-n-propane 71.9 26.45 0.628
1.1,1-Trifluoroethane 73.1 37.09 0.434
Dichlorodifluoromethane (R-12) 111.80 40.71 0.558
Perlluoro-n-butane 113.2 22.93 0.629
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Table A.1. Critical properties (continued)

Substance t, °C P, atm P gom’®
1,1-Difluoroethane 1135 4437 0.365
Ammonia 132.4 1113 0.235
1,2-Dichloro-1,1,2, 145.7 322 0.582
2-tetrafluoroethane (R-114)

Perfluoro-n-pentane 149 20.1

Silicon trichlorofluoride 165.3 353
Dichloroflucromethane (R-21) 178.5 51.0 0.522
Perfluorocyclohexane 184.0 24
Fluorotrichloromethane (R-11) 198.0 43.2 0.554
Perfluoro-n-heptane 201.6 16.0 0.584
Uranium hexafluoride 230.2 45.5

Ethanol (ethyl alcohol) 243.1 62.96 0.276
Perfluoro-n-decane 269.2 14.3

Bromine 311 102 1.18
Dideuterium oxide (D,0) 371.0 215.7 0.363
Water 374.2 2183 0.325
Iodine 535

Mercury 900 180

Source: Dean, J. A., Lange’s Handbook of Chemistry: Eleventh Edition, McGraw-Hill

Book Company, New York.
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Appendix B: CO, PHYSICAL PROPERTIES
BELOW THE CRITICAL POINT

The off-on characteristics of TIPACS depend primarily on the density of the heat-
transfer fluid below its critical point. The CO, phase diagram is shown in Fig. B.1.
Carbon dioxide density in tabular form (Table B.1) is shown herein between its triple
point (solid, liquid, and gas in equilibrium) and its critical point (gas and liquid with
identical properties). Density data allow calculation of the temperature of initial
operation of the TIPACS for any given TIPACS geometry. TIPACS operates at a single
pressure for a given set of temperatures; therefore, the data are in the form of density vs

temperature for fixed pressures.

B-3



PRESSURE psia (KPa abs)

B-4

ORNL DWG 93A-620

5000 (34,480)

Y | I I Y R T T 1777
4000 (27,580) fom —
3000 (20,680) Lo -
2000 (13,780} L e
1000 (302) LIQUID -
800 (5520) b REGION -
500 (4140) : CRITICAL :
500 (3430) b POINT .
400 (2760) foome o]
300 (2070) L -
200 (1380) fom e
SOLID VAPOR
REGION REGION

100 (690) -

80 (552) -

60 (414) weeed

50 (345) o

40 (276) TRIPLE o

POINT
30 (207) !
20 (138) o
14.7 psia
10 (89) I | | | ] | | | I | | J
°F -120 -100 -80 -60 ~40 -20 O 20 40 60 80 100 120 140 160 180 200

°C ~84.4 ~-733 -62.2 -51.1 -40 -28.9 ~17.7 -6.7 4.4 15.6 26.7 37.8 48.2 60 711 82.2 93.3

TEMPERATURE (°F,°¢)

Fig. B.1. Carbon dioxide phase diagram.



Table B.1. Carbon dioxide saturation line properties and

below saturation temperature

liquid propertics

Critical Point Data Triple Point Data
Critical temp: 304.21 K Tripie point temp: 216.58 K
Critical pressure: 7384.3 kPa Triple point pressure: 518.16 kPa
Critical density: 468 kg/cu. m
Saturation line data

Saturation temp (°C): 312 31 3075 305 3025 30 29 28 27 26 25 228 20 15 10 5 0 40 20 30 40 &0 B4
Saturation pressure (kPa). 7384 7347 7313 7263 7230 7180 7018 6860 6706 6553 6404 6044 5702 5062 4480 3949 3467 2634 1958 1419 988 679 575
Gas saturation density: 468 400 375 358 345 335 304 282 266 260 238 212 191 153 134 14 9T T ®1 31 2% 18 15
Liquid saturation density: 468 533 657 675 589 s01 636 661 681 699 714 748 776 B23 863 898 928 984 1032 1076 1116 1166 1170
Density of liquid carbon dioxide {kg/cu. m) at various system pressures (in kPa as column headings)

System temperature
{°C} {K) 7384 7347 7313 T263 7230 7180 7018 6860 6706 6553 6404 8044 6702 5062 4480 3949 2467 2634 1968 1419 998 679 675
31.2 304.2 468 X X X X X X X X X X X X X X X X X X X x X
31 304.0 582 | 533 X X X X X X X X X X X X X X X X X X X X X
30.75 303.8 610 | 588} 557 X x X X X X X X X X X X X X X X x X x X
305 3035 628 | 6181 606 | 575 X X X X x X X X X X X x X X X X X X X
30.25 303.3 641 | 631 | 623 | 606 | 589 X X X X X x X X X X X X X X X X X X
30 303.0 653 | 647 | 641 | B30} 621 { 601} x X X X X X X X X X x X x X X x X
29 302.0 686 | 6831 680 | 675} 671 | 665 ) 636 | X X X X X X X X X X X X X x X X
28 301.0 710 | 708 | 708 } 702} 700 | 696 | 681§ 661 ] «x X X x x P x X X X X X X x X
27 300.0 730 § 728} 726 | 7231 722 | 719 | 709 { 697 | 881 X X X X X X X X X X X X X X
26 299.0 746 | 7451 743 | 741 | 740 | 738 | 730} 721 ] 711 | 699} x X X X x X X x X X X X X
25 298.0 761 | 760 | 759 | 757 | 756 | 754 | 747 | 740 | 733 | 724} 714} X X X X x X X X X X X X
225 285.5 792 | 791 | 701 | 789 | 788 | ver | 783 | 778 | 773 | 768 | 763 | 748 | x X X X x x X X X X X
20 293.0 519 | 818 | 817 | 816} B16 | 815 ] 811 | 808 | 804 | 801 | 797 | 787 | 776 ] X X X X X X X X X X
15 288.0 862 | 862 | 861 | 8611 860 | 860 | 857 | 855 853 | 850 | 848 | 842 | 836§ 823§ x X X X X X x x X
10 283.0 590 | 898 | 898 | GUB | B97 | Bg7 | BYS | 893 | 892 | 890 | 888 | 8a4 | 880 871} 863§ «x X X X X X X x
5 278.0 931 10301 930 | 930§ 920 | 929 ] 928 ] 926 | 925 924 | 922 | 919 | €16 9101 9041 898 | x ¥ X x X X X
g 273.0 959 | 9591 959 | 950 | 958 | 958 | 957 | 956 ] 955 | 954 | 953 | 950 | 948 | 943 938 | 833} 928] «x X x X X %
=10 263.0 1010 | 10101 1070 | 1008 | 1009 | 1008 ] 1008 1007} 1007 | 10081 1005 | 1003} 1001} 996 | 995 992 { 983 | 984 | x x X X X
-20 253.0 To55 | 10541 1054 | 1054] 1054 | 10541 1053] 1053} 10521 1051] 1051} 1048} 1048 1045} 1043} 1041 1039} 1035} 1032} x X X X
=30 243.0 1095 1 1005 1095 | 1095] 1095 | 1095 | 1094{ 1084] 1093} 1093] 1092} 1091} 1090} 1088 1086 1084} 10831 1080} 1078] 1076} «x X X
-40 233.0 1134 1 1134 1134 | 1134] 1133] 1133} 1133] 1133} 1132} 1132] 1131} 1130} 1120} 1128 1126 1125] 1123} 1121} 1119} 1118} 1118} x X
-50 223.0 1170111701 11701 1170] 1170 | 1170} 1170} 1169] 1169} 1169 1168] 1167} 1167} 1165} 1164 1183} 11621 11601 11581 1157} 1156} 1155} x
-54 218.0 1184 | 11841 1164 | 1184] 1184 | 1184] 1184} 1183} 1183] 1183} 1182} 1182 1181{ 1180] 1178 1177} 11761 1174} 1173} 1172] 1171} 1170} 1170
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Appendix C: ANALYTICAL MODELS OF TEMPERATURE
CONTROL SYSTEM PERFORMANCE

Four analytical models of TCS performance have been developed to understand design
trade-offs and allow for scoping calculations of equipment size. Key parameters of the

model are shown in Fig. C.1.

C.1 HEIGHT OF A TCS

The height of the TIPACS is determined by two parameters: the heights of the
RCHTS and TCS, respectively. The RCHTS height is dependent on the application and
the necessary elevation for efficient natural circulation. The TCS height is a function of
the RCHTS height, the coldest expected external temperature (7) and the temperature
of initial RCHTS operation (7).

The relative heights of the RCHTS and the TCS can be parametrically determined.
Consider TIPACS of unit height, the RCHTS with fractional height (X), and the TCS with
fractional height (I - X). The TCS height is the transition interface zone between hot
and cold fluid in the exterior TCS zone (hy), the static hydraulic head between hot tluid
and cold fluid (h,), and some additional volume for piping (h,). For simplified analysis,
the transition zone (h;) and the piping zone (h,) can be assumed to have zero height.
This assumption is a reasonable approximation for large systems where ki and &, tend to
have fixed heights independent of system size. Figure C.1 is a schematic of a TIPACS
with critical dimensions. |

The static head is at its maximum when the difference in densities of the fluid in the
interior and external zones are greatest. Maximum external fluid density occurs under the
coldest external design temperature (T;). For a cold climate, this might be -40°C. The
internal fluid has the lowest density when it is at the highest temperature (7)), just before
the 'I"IPACS begins operation. T, is at the critical temperature‘or below. |

For any given coldest design point, external temperature T and interior startup
temperature T, , X can be calculated by a force balance of fluids on the exterior side of

the TIPACS and the interior side of the TIPACS at the bottom of the TIPACS.
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Xpprp, * A =X pgr p= 0l Prr p > Eq. (C.1)
where
X = the relative height of cold liquid = relative height of RCHTS,
1~-X = the relative height of hot gas above cold liquid =the height of TCS,
Prrp = the density of liquid at temperatures T and pressure £,
P, TEPO = the density of gas at temperature T, and pressure P,
pL’TdPO = the density of liquid at temperature T, and pressure P,
o e

This equation includes several assumptions. The liquid and gas densities do not change
significantly over the height of the TIPACS because of the weight of the fluid. This is
valid—except when very close to the critical point. For TIPACS heights in meters, the
pressure from the fluid weight is <1% of the system pressure. It also assumes that hot-
cold transition zones are flat surfaces rather than temperature transition zones over some
distances.

Figure C.2 shows the relative height (X) of the RCHTS for different designs of
TIPACS when using CO, as the fluid. The horizontal axis shows different minimum
external design temperatures between ~40°C and T,. Practical designs have T between
0 and -40°C, depending on the climate. The full range of temperatures is shown because
it shows how Ak, changes with temperature.

The design lines for different initial operating temperatures (T,) are shown. For
example, if the exterior minimum design temperature is -40°C and the design operating
temperature (7,) is 25°C, the RCHTS height is 53% of the total TIPACS height, with the
TCS being 47% of the total TIPACS height. A )

Two separate effects occur as T, varies. First, the density of the hot, liquid CO,
decreases rapidly as the critical temperature (T,) is approached. This tends to increase the
height of the TCS zone with the relative height of the RCHTS decreasihg as T, is
changed from 15 to 25 to 30°C. Second, for any given T, (15, 25, or 30°C), the relative

height of the RCHTS does not significantly change over minimum exterior temperatures
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from -40 to 0°C. Note: To obtain 7, less than the critical temperature, the expansion
reservoir must be reduced in size while the liquid-gas reservoir (Fig. C.1) is expanded in
size. The combined volume of these two reservoirs is a constant. The reservoirs can be
combined into a single reservoir where the exit to the reservoir is at a particular elevation
on the side.

The design of TIPACS can be modified to minimize its height by reducing the
hydraulic-pressure height of the RCHTS and, hence, the TCS (Fig. C.3). This is not
required for current MHTGR designs but is an option if these were major
reconfigurations of plant design. The RCHTS is divided into an upper and a lower
section at the bypass flow connector. The bypass connector is a connection between the
interior and external RCHTS zone. In this configuration, the lower RCHTS does not
influence the sizing of the height of the TCS. The lower RCHTS looks like a dead-end,
constant temperature, leg. The bypass connector flow creates isothermal conditions in the
lower RCHTS leg with a static pressure balance between the interior and exterior RCHTS
at the level of the connector. Calculations based on the previous equation start at this
level.

If the bypass connector flow is small and the bypass connector contains a fluidic diode,
it can reduce the height of the TCS without significantly altering the behavior of the
RCHTS when the system is operating. In a standby mode, very low flows are necessary to
ensure zero hydraulic gradient across the bypass connector. The system has static
conditions. With zero hydraulic gradient at this point, the height of the TCS is
determined by the height of the upper RCHTS zone. When the RCHTS is operating,
there are large flows around the system and large hydraulic gradients. The bypass
éonnector is essentially like a small leak between two zones in a natural-circulation loop.
The leak effect can be further reduced by the addition of a fluidic diode. Fluidic diodes
are no-moving-parts components with the characteristic that flow allowed in one direction
is 10 to 100 times as much as that allowed in the other direction given a constant pressure
drop (Forsberg 1989). Such devices have been developed for special nuclear and chemical

applications.
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C2 RELATIVE VOLUMES OF TCS COMPONENTS

The temperature T,, at which TIPACS initiates operation, is primarily determined by
the relative internal volumes of different components and the lowest expected external
design temperature Tp. The key component to be sized is the expansion reservoir. For a
parametric analysis of preferred relative volumes of different components, a system of unit
internal volume is chosen where Y equals the fractional volume of the external heat
exchanger, Z equals the fractional volume of the interior heat exchanger, and (1 - Y - 2Z)
is the fractional volume of the TCS zone. For purposes of understanding, consider a
system where the only volume in the TCS zone is the expansion reservoir; i.e., piping
volumes and gas-liquid reservoir volumes are small. '

The expansion reservoir (TCS zone) is designed so that at the coldest external
temperatures (7;), it is filled with gas, while there is cold liquid to just fill the RCHTS
zone (volume fractions Y + Z). This assumes cold conditions in both the interior and
exterior zones. When TIPACS is just about to start operating, the inventory needed to fil
the system is also determined by the coldest external temperature. The external heat

-exchanger with volume fraction Y must be filled with cold liquid. The remainder of the
system with volume fraction (1 - Y) must have fluid at the critical temperature, pressure,
and density to provide the single-phase RCHTS. The mass of fluid under both conditions
in the system must be equal; hence, a mass balance can be made. The mass of liquids and
gases under coldest standby conditions equals the mass of fluids at point of operation on

the coldest day:

X +D oy e, * A ~Y =D pgr p, =Y Prr,p,*A-Nop, . Eq. (C2)

where
P, = the density of liquid at coldest temperature (7;) and corresponding
LTpfe pressure for saturated system at P,
Pon p = the density of gas at coldest temperature (7;) and corresponding pressure
Tl

for saturated system at Py,
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P, = the density of liquid at coldest temperature (77;) and pressure of fluid at
B the critical point, and
o, = the density of fluid at the critical point.

Figure C.4 shows the external heat exchanger volume fraction Y vs minimum external
temperature Tg for different internal heat exchanger volume fractions Z. (Note: The
equations were derived assuming the minimum fluid in the system.) The TIPACS can
operate with higher fluid inventories that imply lower temperatures for TIPACS’s initial
operation. Different inventories of fluid will modily this figure, as will the existence of
temperature transition zones (A7) and piping zones (/).

Several observations are noteworthy:

e The TIPACS designs arc insensitive to the choice of coldest exterior design

temperature 7,. The volume fraction of the exterior heat exchanger is insensitive
to the exterior temperatures from ~40 to 0°C. This is seen by the almost

horizontal lines and reflects the fact that the density of liquid CO, does not
significantly change over this range.

¢ The volume of the TCS (1 - Y - Z) is basically a function of the internal RCHTS
volume fraction. Liquid CO, below 0°C expands -150% when heated to the
critical temperature. For example, at -40°C with an exterior heat-exchanger

volume fraction of ~0.25 and an interior heat-exchanger volume fraction of 0 3, the
TCS volume fraction is ~0.45. This is ~150% of 0.3.

C3 RELATIVE VOLUMES OF INTERNAL AND EXTERNAL HEAT
EXCHANGERS

The initial operating temperature T, of the TIPACS depends upon the fluid volume
fraction Y of the external heat exchangers, the fluid volumae fraction Z of the interior heat
exchangers, and the exterior ambient temperature 7,. The external heat exchanger has a
fixed volume. At T, the lowest design temperature conditions, a defined mass of fluid in
the internal heat exchanger = YpTE' If the outside temperature 7, increascs, the fluid in
the external heat exchanger will expand, its density will decrease, and the. fluid will be

expelled to the rest of the TIPACS. The added liquid will cause the TIPACS to initiate
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operation at a lower interior temperature. The impact of variable exiernal ambieat
temperatures and design parameters on TIPACS startup temperature 7, can be
parametrically studied.
'The quantity of fluid expelled from the exterior heat exchanger as the ambient

temperature increases above the lowest design point temperature is Y [pTE - Pr,J. If this
fluid is uniformly spread over the rest of the TIPACS internal volume (1 ~ Y), it increase

the average density by ¥ (o7, . A7)/ (1 - Y). The interior fluid density of the TIPACS
at startup is p,. If there were no external variation in temperature, T, would equal 7,
and the interior fluid density would be the density at the critical point -g,. The aciual
density of the interior fluid of the TIPACS at startup (p,) is the idealized startup fluid
density plus what is expelled from the exterior heat exchanger when its temperature is

above Tg:

Y(pr, - Pr) Eq. (C3)

The liquid density at startup can be calculated for any given exterior heat-exchanger
volume fraction Y and any exterior heat exchanger temperature 7,. Given the density, the
corresponding startup temperature 7 Is determined given the restrictive assumptions
previously discussed.

An evaluation of Eq. (C.3) shows two phenomena.

¢ The choice of the coldest design temperature has little impact on this feature of the
design because Pr, does not vary significantly from -4€ to 0°C.

» For small-volume-fraction external heat exchangers (Y < 0.3), this phenomenon
altets startup temperatures by at most a few degrees. The reason for the small
effect is that most of the expansion of CQ), before the critical point occurs within a
few degrees celsius of the critical point. Fluid that is expelled from the external
heat exchanger is expelled to the expansion reservoir and equilibrate at expansion
reservoir temperature. A small addition of fluid has little impact because most of
the expansion in the expansion reservair occurs just below the critical point.
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C.4 SYSTEM PRESSURE

The system pressure is determined by (1) the design of TIPACS, (2) the external and
exterior temperatures, and (3) the fluid inventory. Exact system pressure is difficult to
calculate during TIPACS’s operations because it depends on the temperatures of each
volume of fluid in the system where temperatures vary with location. Representative
average pressures can be calculated for different temperatures, assuming the same average'
temperature represents the system as a whole. ‘

Equation (C.2) shows the mass of fluid for the TIPACS of a unit volume; hence, each
side of the equation calculates the average density (p,) of the fluid in the system. This
implies that

P, = YPL,TE,PC +(A-Y)p, . Eq. (C4)

Given the average fluid density, the operating pressure is directly determined from the
equation of state for any assumed temperature. Figure C.5 shows the CO, density vs
temperature for various pressures. For any given TIPACS system with a fixed average
density, the pressure for the corresponding temperatures is on a horizonal line, as shown
in Fig. C.5. Figure C.6 shows the TIPACS’s pressures when CO, is the working fluid for
different exterior heat exchanger volume fractions (¥) and different average temperatures.
[Note: The results shown in Fig. C.6 depend on the assumptions used to derive Eq. (C.2)
and Eq. (C.4)]. From Eq. (C4) and Fig. C.6, several conclusions can be drawn.

¢ There is a strong incentive to minimize the exterior heat-exchanger volume to

minimize maximum system pressure. Under the most severe conditions for
initiation of TIPACS operation, the external heat exchanger is filled with cold,

liquid CO,. This liquid CO, increases system pressure as it warms up. The external
heat exchanger volume fraction should be kept below Y = 0.25.

e With a {ixed-volume system, pressure can increase significantly with average
operating temperature.

¢ For the expected range of operating conditions, the pressures are below those of
steam in typical coal power plants with temperatures far below power-plant-boiler
temperatures. No unusual difficulties of design would be expected with such
operating conditions.
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Appendix D: ANALYSIS OF RCHTS

D.1 INTRODUCTION

For natural convection flow, a fluid is induced to move by a buoyancy force caused by
different densities which themselves are caused by different temperatures. The

temperature levels throughout the system that result in density differences that induce

buoyancy forces must balance with the disipative forces for fluid circulation. For TIPACS,

there are two natural convection loops—the CO, closed loop—(removing heat from the
reactor vessel cavity) and the air open loop-(rejecting heat to ambient). These two loops
are coupled by the external heat exchanger. Thus, the flows of heat and fluid in one loop
will affect the other. Also, the conservation of momentum and conservation of energy
equations are coupled in natural convection flow. An iterative technique is used here to
achieve this coupling. The following analysis and results from a simplified computational
model will demonstrate this coupled effect, particularly on the supercritical CO, in the
high-pressure, internal loop.

As in an earlier version of the RCCS, only a quadrant, or one-fourth, of the periphery
of the reactor cavity will be modeled (Conklin 1990). The internal heat exchanger (riser)
is modeled with an arbitrary number of computational nodes representing the riser length.
Eight axial nodes gave a good representation of the temperature profile during the

calculations.

D.2 GOVERNING EQUATIONS

Two simplifications are made to model the heat transfer and fluid flow in the TIPACS.
The first is the assumption of steady-state conditions—this assumes that the overall heat
transfer process from the reactor vessel and ultimately to the ambient air is controlled by
the reactor-vessel temperature. Thus, the dynamics, or time-dependent behavior, of the
TIPACS are not considered for this preliminary model. The second assumption is that the
heat transfer and fluid flow can adequately be described as a one-dimensional process; that

is, only spatial variations in the flow direction are considered.

D-3
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Because the {low in the internal heat exchanger is driven by the adiant heat from the

~

reactor vessel, the velocity and iemperaiure profile normal to the flow divection may be
skewed toward the hotter, or reactor-vessel, side of the tubes, However, the spatial

variations of temperature and flow, entry length, or other two-dimensional transverse flow

jna]

effects are neglected for this simpie model. The flows in the TIPACS are model=d as a

one-dimensional, turbulent convection process driven by body forces caused by density
differences between the vertical poriions. This assumpiion should be justified by an
appropriate experiment using a fluid at or slighily above the critical poini.

The flow of air through the external heat exchanger and out the 2ir chimney is modeled

with the algebraic, spatially integrated, one-dimensicnal momentum conseivaiion eguation
’ < &
he MHTGR

cooling channels. This equation, as modified for the air flow in the stack of the extemal

r

originally developed by Ball (1976) {or modeling the helium coolant fiow in tl

heat exchanger, is given by the following:

T. -T.. T L =
rn(zw{ii} lu',ou!z hx in . zhx lf ki -0 . i’iq (Dl)
1 A hxfr A he ff 2 th,hyd

For the external heat exchanger, 4y, ; represents the frontal area, 4, - represents the
free-flow area, f represents the Moody fricticn factor, L, tepresents the flow iengﬁi? and
D, 1ya represeuts the hydraulic diameter.  For the air stack above the external heat
exchanger, L and T have analogous represeniations.  For simplicity in the air stack, no
{riction losses and no heat losses are modeled. Thus, the air flow through the external
heat exchanger is a balance of the buoyant force generated by the relatively warmer air in
the stack and the acceleration and friction forces opposing motion in the heat exchanger.

The bheat transferred to the air is calculaied by the methods oresented by Kays and
London {1684). The effectiveness-aumber-of-iransfer-units (2-NTU) method was used to
calculate the heat duty given an arbitrary height, widil, and leagth of the external heat

exchanger. Tor simplicity, the CO, flow resistances and heat-transfer coefficient in the
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external heat exchanger are modeled at the mean temperature, and variable

thermophysical effects are considered. This simplistic assumption should be improved for

a more detailed TIPACS model.

The CO, flow in TIPACS is modeled with a similar, algebraic, spatiaily integrated, one
dimensional momentum conservation equation. Equation (D.1) was derived for a perfect
gas, which is a good assumption for atmospheric air but not for CO, near the critical

point. Hence, the governing equation for the CO, mass flow is:

D,

J :

. 1 L4 L,
mz“’zz 'i;if:"“ - gz pszjszgn(mj) =0 , Eq. D2
1 7] )

where the subject j represents only the vertical portions of TIPACS. The sign of the flow
in the vertical components is present to account for the direction of the buoyancy force
caused by the density differences, where downward flow is positive. As for the air flow,
this equation represents a balance between the friction and buoyancy forces in TIPACS.
Note that for the closed CO, loop, the acceleration momentum forces are balanced and
do not appear in Eq. (D.2). Also, no minor losses resulting from pipe bends, expansions,
or contractions are modeled for simplicity. -

The Moody friction factor in Eq. (D.2) is computed with the Blasius appro:dmétion
(White 1979) as modified for variable properties (Polyakov 1991).

s D -1/4 173 1/5
f - 0'316[mc02 hyd] [pwall] [uwall} ) F'..:qn (D3)
Ap P H

The heat transferred to the CO, in each modeled node of the internal heat exchanger
is computed with a conservation of energy equation spatially integrated in the flow

direction to give the following:
0, = mC(T,,, - T.) Eq. (D.4)

where the mean specific heat is used for each segment.
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Because of convective heat traosfer, the CO, temperature at the outlet of each node is

computed with the exponential approach method developed by Ball (1976), where

T = Lo T T‘,m}{l Cexp| | Eq. (D)

mC
Equation (ID.5) is an exact solution of the differeniial equation for conservaticn of
energy of the CO, in the riser, where the metal node temperature is uniform over the
node length, the transit time is negligible, and the specific heat can be represented as a
bulk mean value.
The heat-transfer coefficieni 4 in Eq. (D.5) for the riser nodes is determined with the
relationships presented by Watts and Chou (1982). They introduce a "buoyancy

parameter” which has the form

L Eq. (D.6)

Watts and Chou (1982) also claim that under variable propetty conditions in CO,, the

Nusselt number was correlated by

( 03
0.82 ;i 1/2f Poa o
Nu,, = 0.0183Re] Pl d) Eq. (D7)
Py
This equation must be modified for heated upflow to account for two effocts observed
in near-critical flows of water and CO,. If the buoyancy pararacter is >107° and <~107,
there is a degradation in heat transfer because of buoyant effects suppressing near-wall

turbulence. In this range, the heat transfer is given by
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0.295

Gr
Nu = Nu, (1 - 3000 2 : Eq. (D.8)
Rey Pry

If the buoyancy parameter is >107*, there is an augmentation in heat transfer because
the buoyant effects apparently increase near-wall turbulence. In this range, the heat

transfer is given by

0.295
Nu - Nu_|7000_S" : Eq. (D.9)

These "near-wall" effects that modify the Nusselt number correlation with variable
properties exist only in heated upflow (or cooled downflow) for fluids with positive
thermal expansion coefficients, and are not present in horizontal flow. Thus, no buoyancy
effects are modeled for the horizontal CO, flow in the external heat exchanger.

The heat transferred to the riser-tube wall is modeled as purely one-dimensional
radiation heat transfer in an annulus. Heat transferred by other mechanisms is typically
<10% of the total heat load. The cross-section of the reactor cavity is modeled as two
long, concentric cylinders. The heat flux from the reactor to each of the riser tube nodes,

as developed by Conklin (1990), is given by

. e &,
g = it o (T}-T)) . Eq. (D.10)
ﬁq+q~qq

This equation represents the radiant heat transferred to each riser node from the
reactor vessel. Participating media thermal radiation effects are not considered. If there
is a substance in the annulus between the reactor and the risers that can absorb and emit
thermal radiation, this equation must be modified to account for the resultant degraded

heat transfer. CO, is such a radiation participating gas, as is steam.
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D3 SOLUTION METHODROLOGY

The cquations representing the air and €O, mass flows in a TIPACS, as given by
Egs. (D.1) and (D.2), must balance according io the heat trausferred and considering the
varying thermophysical propertics. To begin, initial riser temperatures and CO, and air-
mass flows are assigned. First, the heat flux from the reactor is trausicired to the riser,
with the resulting temperatures of the metal and the flowing CO,. Then the mass-flow
equation is solved for the CO, closed loop with the calculated temperatures. Thea the
exiernal heat-exchanger thermal performance is caleulated, yielding outlet temperatures of
air and CO, given the calculated CO, mass tlow and specificd air-inlet temperature to thc
heat exchanger. After convergence of the external heat-exchanger air mass tlow, the
calculated external heat-exchanger CO, outlet temperature is then the riser inlet
temperature. The iterations are repeated with the new CO, temperature, and 2 new miser
temperature distribution and reactor hcat load are calculated. The iterations are complete
when the CO, mass flow computed in one complete internal loop iteration agrees within a
specified tolerance of the previous iteration (arbitrarily set to 0.1% for this simple mode!).

Calculating the heat duty of the external heat exchanger is also an iterative process
because (a) the heat duty of the heat exchanger is depecdent on the air flow rate thiough
it and {b) the air tlow is dependent on the heat duiy, as given in Eq. (ID.4). Thus, an
initial air flow is guessed, and iterations are done with Eq. (D.1) and the e-NTU
relationships until convergence.

All during these flow and heat balance iterations, the algorithms computing the
thermophysical properties of CQO, and air must be invoked. The algorithms presented by
Friend (1992) are used for the thermodynamic properties. The algorithms of Hahne
(1982) are used for the wransport properties. Simpson’s rule is used if integration over an
appropriate temperature interval is necessary.

Thus, a computational-intensive process results, even for the simple, one-dimensional

model as described. If additional modeling detail is needed—which would be the case for

an actual design--commensurate cormputational efforts and facilities are needed.
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