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ORNL-6767 

Use of a Temperature Initiated Passive cooling System (TIPACS) 
for the Modular Hi&-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 me and performance were evaluated €or 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/confinernent 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 betwcen the vapor phase and the liquid phase no longer 
exists and only a supercritical phase remains. 

Hcat generated by losses from the reactor vessel heats the CO, in the rcactor-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 CQ, flows downward back to the reactor-cavity 

heat exchanger. The pcrforrnance of this natural-circulation heat-transfer system is high 

compared to other such systems because of the transport and physical propertics 01 CO, 

near the critical point. 

s- 1 



The TCS is a passive device that blocks the flow of C8, if the interior containment 
temperature d r o p  below the vapor-liquid critical temperature of CO,. Tlne control 

mechanism is driven only by the change of fluid propcrties near the critical point 

( i q  there are no active components). This feature of the TCS avoids overcooling of the 

reactor cavity under cold-weathcr conditions. 

TIPACS has scveral potential advantages over existing system. It i s  a passive system 
with no moving parts. The equipment space requirements ncar the reactor vessel are 

significantly smaller than those of cuarentlly proposed systems. It operates only above a 

preset temperature, thus avoiding potential crvercooling of the reactor cavity during cold- 

weathcr reactor shutdown. It provides several advantages in the event of a beyond-design 

accident. Decay heat from the reactor can be transport& to thc ground in the case of 

TIPACS failure. RPACS, 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 dcsign of containments with higher resistance to external 
scvere 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 

pcrformance of TlPACS exceeds the current conceph for cooling for both normal and 
accident conditions. 

‘here  is one major disadvantage: TIPA4CS i s  a new concept that has not been 

demonstrated. This implies significant uncertainties that can be reduced only by proof-of- 

PI inciple experiments, detailed models of performance, and economic engineering analysis. 
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1. INTRODUCI'ION 

A new type of passive cooling system has been invented (Forsberg 1993): the 

Tcmperature-Initiated Passive Cooling System (TIPACS). The characteristics of the 

TJYACS potentially match requirements for an improved reactor-cavity-cooling system 

(RCCS) €or the modular high-ternperaturc gas-cooled reactor (MWTGR). 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 rcactor pressure vessel temperatures up to 450°C. These temperaturcs may occur in 

designs of Brayton cycle (gas turbine) and process heat MHTGRs. 
The rcport is structured as follows. Section 2 describes the containment cooling issues 

associated with the MHTGR and the requirements for such a cooling systcrn. 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 

dctcrmines under what conditions the TIPACS rejects heat to the environment. Section 6 

addrcsses other design and operational issues. Section 7 identifies uncertainties, and 

Section 8 provides conclusions. The appendixes provide the detailed data and models 

used in thc analysis. 

1-1 





2. P 

R k an advanced power reactor (Fig. 2.1; Table 2.1) that has been u n d e ~  

development by the U.S. Department of Energy (DOE) and its c o ~ t r ~ i ~ t ~ ~ ~  for several 

years. Tbe conceptual design of this reactor emphasizes the ~ ~ t a ~ ~ i ~ ~ ~ ~  of safety goals 
that are more stringent than those currently required by the industry and r ~ ~ ~ ~ ~ t a r s  an 

requires that these goals be met with passive system relying solely ow the inherent 

physical characteristics of the system. Tke vital features of the M TGR design, vfitb 

respect to this passive safety goal, are the following: 

Ceramic fuel and core components that are able to ~ ~ ~ h s ~ ~ n ~  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 mast severe accident events. 

* A strongly negative core reactivity temperature coefficient under all conditions. 
This limits maximum power levels to those the reactor core can v6ithstand. 

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

0 Provision of a completely passive cooling system t~ remove that part of the decay 
heat which eventually reaches the outer surface 0 E  the reactor pressure vkssel and 
which then passes by conduction, convection, and radiation into the be 
concrete structure known as the reactor cavity. 

0 Provision of a reactor eontainment/confineiment system which further xeduccs the 
release of fission products to the atmosphere in thc event of leakagc of 
contaminated helium primary coolant. The passively cooled reactor cavity is an 
important element o f  that containment approach. 

As a result of the combined effects of the previously described features, sd'ety analysis 

that the maximum temperatures reache during any of the predicted transient 

events are well within the capabilities of the various materials used. Conse 

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

a comparatively close-in site boundary are met. 
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Table 21. NTXGR design parameters 

Thermal power 450 MW(t) 

Electrical power 170 MW(c) 

Pressure-vessel height 17.4 m 

Pressure-vessel diameter 8.0 m 
Reactor-cavity diameter 10.2 m 

Calculated design decay-heat removal 
rate at nominal conditions 

3.2 MW(t) 

2.2 RCCS: CUIRIIENTDESIGNREQU- 

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 (Le., 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. 

e 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 thcrn at sufficiently low temperatures, the concrete may be kept within i ts  
acceptable temperature range. 

Safety has similar requirements. If reactor-cavity temperature is limited, the reactor 
vessel wall temperature is limited (45OoC), and the nuclear fuel can not heat up to 
a temperaturz where there is significant fuel failure with release af 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 vcssel 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 MCCS irncludc (1) control of reactipr- 
cavity temperature, (2) passive operation-the system shoiald not require any 
operator action to operate, nor have moving compoi~ents that could fail, and 
(3) redundanq-the system should fa i l  progressively so that a partial failure does 
not result in total loss of cooling capacity. Safety requirements are summarized in 
Table 2.2. 

Q Investment protection has similar requirements. Although the reactor system has 
other multiple heat removal system (steam generators for power production and 311 
auxiliary shutdown cooling system), a highly reliable RCCS is needed to ensure low 
econipmis: risk to investors. 

-I--.- 

Expected vesscl (or 
cold-loop helium) 

I 

Operating condition Frequency tempe raturec RCCS protecting 

Normal: 25-100% Continuous About 220°C Cavity concrete 
power 

Normal: shutdown Frequent About 120" C Cavity C O ~ C K ~ ~ C  

Abnormal: Infreqwnt design About 425" C Vessel, cavity 
deprcssurized basis event csncretc and fuel 
conduction cooldown ( -6/year) 

I__._I 

5 For purposes of MCCS thermal analysis, the rcactor can be considered as a hcated 
cylindrical vessel. The cold-loop helium temperature controls the rcactor vessel interior 
wall temperaturc. The exteirial wall temperature will vary depending on how cold is the 
exvesscl cnvironmerat, 

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

characteristics are desired for an advanced replacement Ra3CS. 

9 Fail safe, In the event of a total system failure, it is dcsirablc to have alternative 
backup inherent safety cooling. With the MWTGR, decay heat can be conducted to 
the ground in an emeigeracy-provided that the RCCS does not create a significant 
thermal insulativc barrier bctween the reactor prcssure vessel and containment wall. 
The me of this decay-heat-coding option should protect the public against major 
releases of radioactivity, but the resultant higher temperatures may damage the 
powea-producing capability of the reactor. This opticla is beyond the design basis 
and is not required of the current systexm, but it i s  highly desirable. 

I . caded  containment capability. Thc cooling system should allow €or economic 
upgrade of reactor silo confinement capabilities, if desired. The National Academy 
of Sciences (NAS 1992) evaluations of the MHTGR have recornnicnded 
strengthened contairiinent for unknown or unexpected events. Such studies have 
recognized the safety features of the MHTGW, but these studies have also 
supported stpcpng sealed containment as a matter of philosophy. The silo 
containment structure provides intrinsically very high protection of the rezctor 
against external threat? and protects the envirannment against internal accidents. 
Containment perfsmancs: is currently limited by auxiliary systems such as the 
currently proposed RCCS-not the basic silcs 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 necessityyr, reactor control, reactor 
refueling, and primary heat-transfer equipment are near thc reactor vessel, thus 
resulting in confined space. This makes this spacc very valuable both in terms of 
capital expense and operating costs if excessively crowded. 

Vented Containgga. A pressure-resistant cavity-cooling system would allow thc 
option for filtered and vmted containment systems that require a minimum pressure 
to forcc gases through filter systcms. This is a particularly desirable feature for 
certain accident sequences in which depressurization of the reactor occ~irs late i n  
the accident scquence. Thc size oE the filter requircd to meet this requirement is 
extremely sensitive to allowablc pressure drop. An RCCS that docs not limit 
maximum cavity pressure would greatly simplify design of such filtcr systems. 
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0 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 

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





3. DESCRmON OF TLPACS 

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 TPACS units; therefore, no single failure could stop reactor-cavity 

cooling. The high density of CO, (p, = 0.468 g/cm3), 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 abovc the two heat exchangers and connecting the two heat 

exchangers. Thc 'TCS is a control mechanism that allows the RCX-ITS to opcrate only 

above a preset temperature. Below this temperature, the TCS does not allow fluid flow 

behveen internal and external heat exchangers. The TCS operation depcnds upon the 

geometry of the piping above the heat exchangers and choice of fluid. 

The choice of 'I'IPACS heat-transfer fluid is based on multiple considerations. As is 
described in Sect. 3.3, the operation of the TCS within TIPACS depends upon the 

changes in fluid properties near the operating fluid critical point. The systcrn begins full 

operation when a single-phase tluid exists abovc the fluid's critical temperature (T,). For 

3-1 
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this specific applicrtion, it is desired to initiate RCH" 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"G, was 

chosen as the preferred heat-transfer fluid. The following description and figures show a 

conceptual design €or a TIPACS as applied to the 450-MW(th) steam-cycle MNTGR. 

3 2  RCH'ISDESIGN 

3 2 1  GeneralDcsign 

The RCHTS consists of two heat exchangers, the connecting piping, and the CO, heat- 

transfer fluid. 'Re internal heat exchanger absorbs heat in the reactor cavity, while the 

external heat exchanger dumps the heat into the environment. 

3.2.2 I3ternal 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. 

3.23 Internal Heat khanger4pt ion  A 

A custom-designed containment heat exchanger with several special design features 

removes heat from the reactor cavity and transfers it to the single-phase 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 concrcte -wall (-1.5 kW/rn2). 

To prevent cxcessivc concrete tcmperatures, the heat exchanger must intercept this 
radiant heat. If an accident occurs, the radiant hcat flux may further increase because 
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Fig. 3.2. ‘External heat exchanger. 
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vessel ternperaturcs will increase. Simultaneously, if the TlPACS 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 reactor vessel and other design 

considerations. The proposed heat exchanger4pt ion 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 or 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: 

4 

* 

4 

3.24 

The tubes directly absorb radiant heat from the pressure vessel and convective 
cooling of the air. Most heat transfer ( ~ 8 0 % )  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 tu the concrete liner. Because the thema1 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. 

Alternative Znternal Heat Fkhanger-Option B 

For higher temperature operations (gas turbine or process-heat MHTGR) or lower 

reactor-cavity-wall temperatures, Option B is preferred. Internal heat 

exchanger4pt ion 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 exlcrnal 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 €3, the design limit 

is that the CO, temperature at the bottom of the tube membrane wall next to  the reactor 

cavity wall can not exceed 66" C - t h e  maximum allowable reactor-cavity-concrete 

temperature. Exit temperatures from the tube membrane wall next to the reactor 

pressure vessel arc not limited because the reactor cavity does not sce 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 option provide a good estimate of the perfomance 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 CO, 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 

differcnces in the temperatures of the two surfaces to the Eorth power; that is, 

Eq. (3.1) 

With this type of heat transfer, small increases in the temperature differcnces between two 

Surfaccs 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 samc 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 section 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 flw. This is an 

intrinsic characteristic of this type of heat-exchanger design. 

3.3 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 tluid is chosen whose vapor-liquid critical point 

matches the temperature abovc which the TIPACS is to operate. The vapor-liquid 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 changes 

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 rcniain near 

room temperature. Liquid CO, would fill the bottom of the loop, and gaseous CO, would 

fill the top. The liquid CO, in the warm zone would be  warmer than the CO, outside in 
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Table 3.2. Physical propcrtks of several fluids near their respec4Ne c r i i i d  points 
(critical point data in bold) 

Density (kg/m3) 
Tcmperature Pressure 

Fluid (“C) (kw 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 60 1 335 

31.1 73384 468 468 

300 8,600 712 46 
Water 320 11,300 667 65 

340 14,600 61 1 93 

360 18,700 528 114 

374.1 4 22, loo 31 7 317 
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the colder environment and have lower density. The differenccs in densitics V K N - ~ ~  rcsult 

in differences in elevation-delta height static (h,) of the fluid in the piping to ensure 

hydrostatic balance. 

Tne CO, critical point (TC) is 31.04"C (84.W"F). As the reactor cavity temperature 

rises toward 3 1.04" C, the specific volume of liquid CO, increases rapidly. The expanding 

volume of liquid CO, would yuickly raisc the level by lip. Once the liquid CQ, 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 eone to 

the external environment. When the ternperatwe exceeds 31.04" @--the critical point-the 
liquid and gaseous forms of d'0, become a single phasc: that ensures steady operation of 

the hcat-transfer loop. In practice, these b o  sequential phenomcna occur over such a 

small temperature range such as to be almost simiiltan~ous events in most rcal 

systems-with the observe1 noting that a two-phase system has bccornc, a onc-phase system. 

The very rapid changes in physical, pioperties near the critical point make the device 

€unction 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 dcsigned 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 liquid-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; arid release 

heat to the cool, outside zone. In effect, a Lwo-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 

cxchanger which i s  coldcr and rejects hcat to the enviionment. The liquid terriperatures a t  

t h e  gas-liquid inter€acc in the insulated pipe on the oirtside 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 TTPACS 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 h, 

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 TfPACS 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 volumc should be in the interior warm 
zone. The fluid is the temperature sensor. Fluid expansion depends upon the 
amount o f  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 TXPAC.4 DESIGN APPLIED TO MHTGR 

Table 3.2 lists the design parameters for a representative TIPACS for the 4SO-MW(t) 
s team-cycle MHrGR. 
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General design parameters 

4 

880 kW 
-40O c 
35" c 
17" C 

Number of TIBACS per reactor 
Heat duty (nominal - 4 units) 

Minimum external air temperature 
Maximum cxternal air temperature 
TIP ACS start up temper at ure 

Maximum operating pressure 150 bar 

TIPACS full-operating temperature 31°C 

System physical dimensions 
Height 

Intel nal heat exchanger 
Top of internal heat exchange1 to ground level 
External heat exchanger abovc ground level 
External heat exchanger 

Air duct above cxternal heat exchanger 
Totals 

Reactor cavity diameter 
Reactor cavity circumfcrcnce 
Reactor cavity circumference covcred by a single TIPACS systcm 

External CQ, pipe diameter 

TCS Dimension Ratios 
Fractional height of RCHTS 
Fractional height of TCS 
Internal volurnc fraction of internal heat cxchangcr with piping 
Internal volume fraction of external heat exchanger with piping 
Interrial volurnc fraction of TCS 

17.4 m 

4.5 m 

5.0 rn 

1.0 m 

.24.0 rn 

52.0 rn 

10.2 m 
32.0 m 
8.0 rn 

0.5 n3 

0.65 
0.35 

0.315 

0.200 

0.485 
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Table 3.2. Design parameters for representative ?*upAa with 
internal heat exchauger-Option A (continued) 

Internal heat exchanger4pt ion A 

Type 
Height 

Diameter (nominal) 

Size 

Number 

Cavity circumference covered 

Nominal radiation heat flux 

External hcat exchanger 

Duty 

TY PC 

Design 

Air  passes 

Co, passes 

Dimensions 

Height 

Width 

Length 

Pipe size 

Pipe thickness 

Pipe length (4 passes) 

Number of parallel pipes 

Fin pitch 

Fin height 

Vertical pipe 

17.4 m 
2 in. 

Schedule 80 

163 

8.0 m 

1.5 kW/m2 

200 kW 

Air-cooled mu1 t i pass 
cross counter flow 

1 

4 

1 m 

8 ni 

4 in 

2 in. 

Schedule 80 

16 m 

321 

346 m 
18 m m  



~ 

Operational parameters 
Maximum CO, temperature 66" c 
Internal pressure-vcssd wall temperature 290°C 

External pressure-vessel. wall temperature 220" c 
'Iernpcrature (hot day) 

Inlet air temperature 35.0" c 
Outlet air tempcrature 54h0 c 

Outlet CO, temperature 55.8" C 
Inlet CO, temperature 461°C' 

Mass flow rate 
Air flow rate 9.27 kgts 

CO, flow rate 6.0 kds 

0.0Q91 
Î_ 

CO, system pressure drop, Ap / p 



4. REACTOR CAVITY ICIEAT TRANSFER SYS 

7lPACS has a set of characteristics that define its performance. This results in 

performance characteristics fundamentally different from those of other systems. 

4.1 CHOICXOFFLULD 

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

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

e It will not freeze in cold weather [freeze point is -566°C (-7O"F)]. 

It is nontoxic. 

It is inexpensive. 

0 In its dry state, it is noncorrosive. 

* Neutron activation of it is insignificant. 

e There is a very large industrial experience-base. l t  is used to make dry ice and in 
carbonated beverages. Before the development of chloroflurocarbons, it was widcly 
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 oE GO,-but these 

have othcr disadvantages, such as flammability. 

4.2 HtGH PERFORMANCE FOR NATURAGClKCULATlON 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 ternperature- 

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 propcrties of fluids 

4- 1 
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near their critical points. %lie ‘IIPACS’s TCS requires operating in this region to ensure 

the initiation of the TPBACS at a preset temperature, but coincidentally because of the 

very desirable physical properties of fluids, it implies excellent RCWTS performance. In 
the last several years, becausc of the very desirable physical properties of fluids near the 

critical point, there has been increased research (Oka 1993) o n  the operation of heat- 

transfer systems in this fluid regions. 

Four physical properties primarily determine the pmffomance s f  a natural-circullatkm 

heat-transfer system: change in density of the fluid with temperature ovcr its operating 

ranges, dynamic viscosity, specific heat capacity, and thermal conductivity. ‘l’kese four 

properties are shown for CO, near the critical point. More deeailcd tablcs are available in 

Appendix l3. 

For a natural-circulation heat-transfer system, large changes in fluid density over the 

operating range are 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 doam. The general rule for gascs is  that as the temperature goes up, the 

Viscosity goes up. This implies that the viscosity mininiurn for any fluid is near the critical 

point. Because generalked 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 CQ, is shown in Fig. 4.3. 

TKc third desirable property for a natural-circulation KCHTS is high specific-heat 

capacity. The greater the specific-heat capacity, the more heat that can bc removed per 

unit of fluid mass. For single-phase system, this property is maximized near the critical 
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point as shown for C8, in Fig. 4.4. It is also noted that as pressure incecascs wjth 

increasing temperature in 'TIPACS, the inaxamurn specific hcat increases with tcmperature. 

This reaction ensures good performance aver an extended range. 

The fourth desirable property Cor a natuial circulation RCIrTTS fluid is high thermal 

conductivity. 'l'kis property is also nminiized near the critical point (Fig. 4.5), but it 

decreases thereafter with temperature. 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. 

4.3 a FOR 
a A 

A serics of design studies were conducted to optimize RC'H'n performance for 
different sets of conditions. ?he primary design constant was to maintain TIPACS's 
hottest temperatures below 66°C: and, thus, maintain reactor cavity concrete tse1o.s~ 6 6 O  C. 
The design methodology is  described in Appendix D. Tbc initial design studies evaluated 
different TIPACSs designs with internal heat ex-changer-Option A. This option has a 

single set of tubes betweern the reactor vessel arid the reactor cavity wall. CO, flows in 

the upward direction. 

To begin analysis, appropriate component sizes and heights €or the "IPACS 
components are assumcd. The heights of certain components are Fied, at least by the 

current design of the MII'I'GR. 'These Ficd heights are thc internal heat exchanger of 

17.4 rn (matching pressure vessel height) and a concrete thickness above the reactor cavity 

of 4 5 m. The external heat exchanger was assumed to be 5 rn above the ground with a 

total height of 9.5 m bctween the top oE 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 $cat 

exchanger; the height is determined by the requiremefits of the TCS to be 15 m (stx 
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Sect. 5). The other components arc sized appropriately to yield reasoaablc numbers for 

loop temperatures at a reasonable height. "he 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 oE 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 rn 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 €or 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. ?*he 

number of parallel tubes in each hcat 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 oE the rcactor cavity (at grade level) is 5 m, and the height of the air stack 

is 25 m. These heights wcre based on a combination of practical considerations and 

results Q€ scoping calculations. The air stack is 30 m above grade and only 5 m above the 

highest point of the e@, 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 reasonablc €or a nuclear reactor plant of 
this power rating. 



For a given design, to calculate system performance, only two parameters ivcsld be 

sct-the ambient air temperature and the reactor vessel tennperatvre. For the total 

simulation of the MHTGR, the reactor vessel temperature is controlled primarily by the 

ismkrnal 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 tempcmture sE 220" C, which approximately corresponds to normal 
operating temperature, was chosen, Tlis temperature is di€fcrent for different MIXTGR 
designs and requires resizing the TIPACS coirnpanents for different MMTGR designs. 

The air inlet temperature was arbitrarily choscrn as ranging from 5 to 35"C, corresponding 

to cold and hot ambient conditions. Thc CO, pressure in Y1PACS was varicd from 

75 {just slightly above critical) to 150 bar for investigation OF 'TIPACS perhrmance. 

Tnc 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 systcm pressure. At a given 

ambient temperature, however, the heat removed from the reactor varies differently as the 

pressure is  increased. As shown in Fig. 4.6, at an ambient temperature of S"C, the heat 

load decreases slightly as the system pressure is increased. At 15°C ambient inlet 

ternpcrature, the heat load decreases as the pressure is raised from 75 to 80 bar-the heat 

load incrcases 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 i s  imcressed. 

The resultant CO, mass flow is  s h o w  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 f low 

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 inlct temperature, the CO, mass flow incrcases with pressure for the rangc of 75 to 

110 bar, at which it levels off to a fairly constant flow. For 35°C air inlet temperature, 

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 2.5" 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 thcn 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 k W  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-exchmger metal 

temperatures 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 TTPACS 
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 suppositiori and to develop an 
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understandiag of the necessary design parameters to achievc this desirable 

condition-perhaps very imporlanl under pos tukdted off-normal reactor conditions. 

Hence, when the temperature levels and flow conditions are optimum, the TIPACS will 

remove heat from the reactor very eIfectively. At other than these favorable conditions, 

TIPACS will remove a sufficient amount oT heat from the reactor vessel and keep thc 

cavity concrete below 66"C, whicb is a desirable temperature range for steady-state 

normal operating conditions. 

4.4 HIGHER TIE1WPERATUm TRANSlENT OR STEIUIY-STATE 0 IONS 

Tlme 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 mdy also be higher. Thus, the computational model was used to compute the 

steady-state tcmpcratures, flows, and heat transfer of the TIPACS for an ambient air 

temperature o€ 35°C and at a CO, pressure of 1.50 bar for higher reactor vesscl 

tempcratures. Preliminary designs for the gas-turbine MHTGR indicate possiblc reactor 

vcssel temperatures as high as 450" C; hence, this initial examination of TIPACS 
performance at higher tempcratures 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 describcd in Sect. 3.2, are shown in Fig. 4.9. At a reactor 

vessel ternpcrature of -260"C, the CO, temperature at the outlet to the internal heat 

exchangcr rises above 66" C, thc nominal design teniperature limit for concrete in long- 

tcrrn use. As the rcactor vessel temperature increases to 325"C, the CO, inlet 

tcmperaturc also rises above 66°C. At a reactor vesscl tcmpcraturc of 4SO"G, the  CO, 

inlct temperature is 81"C, and the outlet tcrnperaturc is 247"C, which may be an 

undcsirable operating condition of TIPACS design Option h 

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 beat transferred from the 

reactor vcssel increases as the reactor vcssel tcrnperature incrcascs. Also, the CO, mass 

flow decreases as the vessel temperature increascs. This decrcase in flow is the result o f  
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changing physical piopesties thdt induce higher Erictioirai pressure losses. ihc fractional 
pressljrc drop increases from 0.0891, at a vessel temperaiure of 220°C to 0.010, at a vcsscl 
temperature of 450" C. 

TIPACS design Option B, as described in Sect, 3.2, was also modclcd. The exteinal air- 
cooled k a t  exchanger and the internal heat exchdnger next to the pressure vessel wall is 
of the same desigii as Option A- but ailother iow of tiihcs i s  used as a "domcamcr" to 

iineioduce CO, to the upflow section of thc internal heat exchanger. The differences in 
the ~ W Q  designs are summarized in Table 4.1. No regenerdve head exchange between the 

downcomer and the riser was nzodeled for Shh- sirnpl@xi' naadel.. As discussed earlier 

(Sect. 3 4 ,  radiation tramport is limited at low tenipcratures, hence, only a few perccnt of 

the heat is transferred  ti^ the downcomer. The temperature of the CO, cnteP-ng the 

downward flowing section and exiting the upward flowing section of the internal heat 
exchanger for the Option B design are shown in Fig. 4.11 for ai1 ambient air temperature 
of 35°C (hot day) and at a CO, pressure of 150 bar. The inlet CB, temperature 1s 

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, whik the outlet 
temperature risss to 288°C. Because of the design of Option. B, the concrete forming thc 
reactor cavity may only slightly excccd, 011 hot days, the nominal design limit for the 
conerstc (in long-term use) of 66°C. (Note: These scoping studies did not optimize the 
exteinal air-cooled heat exchangcr to limit the temperature seen by the corncrete f ~ r  
design Option B.) 

The CO, mass flow and heat transfericd from thc reactoi vessel for design Option H3 
are shown in Fig. 4.12 for one 'I'PPACS unit that cools one quarter of the ieactor cdvity. 

As expected, the heat tiansfcrrcd from the reaetar vessel increases and the C6, inass flow 
decreases as the vessel temperature increases. The decreased CO, mass flow for Option B 

i s  almost half that for Option A due to higher friction losses resulting from the smaller 
tubes in the  downcomer for Option B. The fractiorial pressure drop increascs from 0.0099 

at a vessel ternpeiature of 2'20°C to 0.011 at a vessel tcrnperaturc of 450°C. Thc vcrgi 

much increased outlet ternperatuie of 280°C 1s shown in Fig. 4.11 tor design Option B. 
Figure 4.11 also shows the  effcct of the buoyancy force and frictional fluid drag forces. 
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Table 4.1 Differences bctwecn Option A and Option B1 

Property Option A Option B 

General design parameters 

System physical dimensions 

TCS dimensional ratios 

External heat exchanger 

Internal heat exchanger 

Type 

Height 

Silo circumference covered 

Surface area facing reactor vessel 

Downflow pipe diameter 

Downflow pipe size 

Downflow pipe number 

Upflow pipe diameter 

Upflow pipe size 

Upflow pipe number 

Operational parameters 

Exit air temperature (Air in 35°C) 

Vessel at 220" C 

Vessel at 450" C 

Mass air llow rate 

Vessel at 220°C 

Vessel at 450" G 

- Identical2 - 
- Identical2 - 
- Identical2 - 
- Identical2 - 

Upflow 
vertical 

17.4 m 

8rn 

139.2 m2 

0.5 m 
- 

1 

2 in. 

Schedule 80 

163 

546°C 

195" C 

9.27 kgJs 

6.0 kg/s 

Down flow/upflow 
vertical 

17.4 rn 

8 m  

139.2 m2 

2 in. 

Schedule 80 

163 

2 in. 

Schedule 80 

163 

58.1"C 

189.2" C 

8.9 kg/s 

6.0 kg/s 
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.~_ 
Option I3 .-.--- Fmperty Option A 

Operations? parameters (continued) 

Inlet CC3, temperature 

Vessel at 220°C 

Vessel at 450" C 

Exit 430, temperature 

Vessel at 220" C 

Vessel at 450°C 

Mass CO, flow rate 

Vessel at 220" C 

Vessel at 450" C 

Heat transfer 

Vessel at 220" C 

46.1OC 

81.3" C 

55.8" c 
247" c 

6.0 kg/s 

3.9 kgls 

207 kw 

45.1OC 

68" C 

62" c 
280" C 

3.86 kg/s 

2.92 kgls 

204 kw 

955 kw 926 kw 
_-11- 

Vessel at 450" C 
__y 

'All physical differences between options in intcrnal heat excbangcr. For Option B, 
system not reopiirnized, only heat exchangcr changed. 

'SCC Table 3.2. 

3N/A = not applicable 



INTERNAL HEAT EXCHANGER DESIGN = DOWNFLBW/UPFLOW 
AIR INLET TEMPERATURE = 35 "C, CQ, PRESSURE = 150 BAR 
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Thus, Option B may b e  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 downcorner and riser of 

Option B. 





Tlie TIPACS is an R with a thermal switch, thc TCS, that turns the system off 
and on. When the systcrn is off, there is no fluid movement, and the TPACS is static. 

When the system is on, there is flowing CO,. This off-on characteristic allows the initial 

1'IPACS design to be broken into two components-TCS for off-operation and KCHTS 
for on-operation. The TCS can be considered that part of the TIPACS abovc thc two 

heat exchangers (Fig. 5.1). The CHTS is primarily the two heat cxchangers. 

of the TCS have been constructed to undeastand TCS A series of simplified 

behavior, design parameters, and performance limits. Using these models, alternative 

design options were considered. The actual pcrforrnance of different TCS dcsigns can he 

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. 

Tlic 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 minimurn pipe diameter for flow of GO, fluid from the inside heat exchanger to 

the outside heat exchanger without excessive pressure drop. TCS opcration is dependent 

upon the cxpansioii 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 expansion occurs 

controls TIPACS performance and when "WACS activates; thus, the relative fluid 

volumes of various PrPAGS components arc critical design parameters. For this analysis, 

the "WACS can be broken into four sections: the exterior RCEXTS zone, the exterior 

TCS zone, the iiiterior RGHTS zone, and the interior TCS zone. Tihe consequences of 

locating most of the fluid volurrie of the TIPACS in each mnc c a ~ i  be separatcly 

evaluated. 

5-1 
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For the first case, let us consider a TlYACS system wherc most of the volume for tluid 

is in the exterior heat exchangcr [Fig. 5.1(b)j9 Fluid temperature determines 

operation. If most of the fluid is in thc external heat exchanger, changes in external 

temperature will control the expansion or contraction of the liquid CO, and startup of the 

heat-transkr loop. ?’he objective, howcver, 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 flu volume milst he ifi &e inside zones 

ofthe TIPACS. 

For the second case, let us consider a TlPACS where most of the fluid volume is in the 

exterior ‘L”CS zone [Fig. 51(c)]. This zonc contains liquid c0, that is partly controlled by 

cxterior temperatures. The bottom o T  the liquid CQ, in this zone has the same 
tcrnperature 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 IFIPACS here to ensure that the TIPACS is 
controlled by interior temperatures. In addition, when thc TIPACS is not operating, this 

zone contains thc hot-cold CO, transition zone. The smaller the cross-sectional area of 

this transition mne, thc less heat that is conducted lrom thc TIPACS when the TIPACS is 

not opcrating. 
The previous considerations indicate that for TCS operation, most of the liquid volumc 

when the TIPACS is shut down and cold should be in the internal KCZITS zone. T’he 

liquid is thc TIPACS’s temperature sensor. If the normal design of the RCHTS does not 

result in most of the liquid in this zone, addcd storage volume for the liquid must be 

added to this zone. Because of the natural circulation of the liquid, the tcrnpcraturcs of 

the  intcrior RCHTS and the interior ‘I’CS are expected to be cqual. 

Thc optimum volume and geometry of the interior ‘lC7S zonc are dependent upon thrcc 

factors. First, as thc interior heat cxchaiigcr, exterior hcat exchanger, and interior TCS 

zoiics warm up, the liquid CO, density decreases, and thc liquid GO, volume increases. 

‘Thc cxpansion volumc then fills with liquid CO, until the critical point is reached, and the 

cntire TIPACS is filled with a single-fluid expansion. Ilie expansion rcservoir volume 
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must handle thc expansion of liquid CO, from the cddcst design conditions to a few 

degrecs below the critical ternapcratures without spilling liquid CO, into the extT~rna1 loop. 

Second, therc is a minimum height ( In , )  of the interior TCS based on the design of the 

RCHTS. In a norrlial standby mode. the liquid on the inside will be hotter than the liquid 

on the outside and, hence, havc: a lower fluid density. To maintain a balance between thc 

interior (hot) liquid and exterior (cold) liquid, the liquid heights must vary by hcight h, 

(Fig. 5-21, This implies that the minimum height of the TCS i s  the sum of the height 

required for the hot-cold transition zone (hp> in the outside TCS plm the height h,. 

Third, the height of the TCS is dcpmdent upon the placement and geometry- of the 

expansion volume. The TCS height is minimized if the expansion volumc starts dirc:c;:y 

above the minimlim height and is a wide, shallow vessel [Fig. 5.l(d)]. As a wide, shallow 

vessel. t he  height of fluid in the inside TCS volume does not change significantly with 

expansion or contraction of the liquid. In effect, the height of liquid in the inside TCS is 

fixed, while the height of liquid in the outside TCS vailes. 

The interior tempcratuse control zone is shorn inside the structure to bc caoled, but 

this is m t  a requirement. Because the TCS i s  imulatcd, it may be !mated inside nr 
outsickc the structure. There is a requirement that the liquid in the interior heat- 

exchanger ZQKE freely communicates with the fluid in the interior temperature control 

zone so that the hottest liquid in a shutdowm state cain flow by natural convection to the 

expdnsmIi volume. 

The '1'IPACS has the option of including an optional liquid-gas rcscwoir: (Fig. 5.2) at 

the very top of the '1'CS. This allows liquid cxpansioii to start operation of the TWACS 

bcforc all the gas volurne is filled with liquid and the critical tempemture i s  reached. A 

iiqi.iid CO, RCIWS i s  created. 'The performance of this liquid RCH'T'S is significantly lew 

than when a single-phase systern is created. The liquid is near the boilirng point of CO,; 

therefore, boiling is likely to occur in the warm zonc. This gas-liquid mixture is carried to 

the exterior 'TCS zo~pe. Mcre, the gas-liquid mixture atternpis to descend to the exterior 
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1 7  hear exchanger. Ihe g2s bubblcs are pushed upward in thc tluid by buoyancy fmces. Ibis 

rise resalts in slow circulation of f'luid. lhe liquid-gas reservoir allows an early startup and 

controlled heat transfer, but full perfmnance O G C I I ~  only when a single-phasc fluid above. 

the critical point is created. Startup below the critical temperature does al!ow the height 

of the -res to be reduced. 

The 'l'.lPA4CS acts as a heat diode. Hcat can flow fmm inside the reactor cavity to the 

exterior environment if the inside temperature exceeds both the operating temperature 

and the outside temperature. Hcat can not flow from outside to inside if outside 

temperatures exceed imide teniperatules. 

The l'1PACS is a heat diode becsuse the outside heat exchanger is at a higher elevation 

than the inside heat exchanger. If outside temperatures exceed inside ternpcmtures, hot, 

low-dcnsity fluid fills the 'TCS with colder, higher density fluid at the bottom cjf the 

RCITIS. This is a stablc configuration that can exist where there is no fluid circulation. 



DESIGN OPTIONS 

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

dcscription of each follows. 

For warm climate conditions, the RCHTS can be used without the TCS. Such a 
system will be a two-phase RCE-ITS when temperatures and pressures are below the 
critical conditions of (20, and Will be a single-phase system when temperatures and 
pressures are above the critica'i temperature of GO,. The RCI-ITS design and 
performance characteristics would he 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 
cxcceded. This reflects thc change in physical properties that occur near the critical 
point. 

TIPACS can be used in conjunction with other systems. For example, a variety oE 
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 TlPACS provides long-term safety. 

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

Alternativc ultimate heat sinks can bc coupled to the TIPACS. Specifically, the 
silo-reactor-cavity elcvation allows the usc 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 studics have examined pond 
cooling for ultimate heat sinks. 

6.2 MOrnORrnG OF PERE'DKMrnCE 

A rcquircrnent for ptactical systems in nuclear applications is to monitor the 

performance of the system so that onc has confidence that the system is operational. For 

'IWACS, this monitoring is relalively simple. 

6-1 
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TIPrCtc'S can be continuously nionitorcd for leakdge of CO, by using tha same acoustic 

techniques previously used to monitor for leaks in prcssure vessels (Hutton 1993; 

Kuppeman 19%). Mternativelly, the inventmy of CO, can be continuously detcmined 

during TIF.WS operation. TIE required instrumcfitation includes a pressure sensor and 

sevcral teinperature sensors in different parts of the system. 'I'iPACS is a six&-phase 

system during operation and has a sealed inventory of fluid. Giveri the howa intcmai 

volume of the system and CO, properties, systcn inventory can be calculated from a 

pressure ineasurement and several tempcraturc measur- bEauC1lt.S. 

System perfomatice can be monitored with the previous instrumentation and four othcr 

temperature meaurements: (a) inlct-air tempcratures, (b) outlet-air tempcratwcs, 

(c) reactor-caviiy-wail temperatures, and (d) reactor-vessel tempesatuie. With any thnec 

of thcse four measurements, the forth temperature can he calculated. Comparisons 

among calculations and measurerncnts providc real-time measurements that pcrformance is 

as predicted and can assess many forms 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 mcchanisrns.. 

'The same measurements would also monitor conditions during reactear transient or 

accidernt conditions with real-time monitoring ot: reactor-cavity temperatures and rates of 

heat renioval from the reactor. Such sophisticated levels of system monitoring may not be 

raquired. Pressure and tenipcrature ineasureincnts for inventory ckterminations would 

idcntify if 'I'IPACS performance were degrading, but they vmdd not necessarily provide 

the  cause of such pioblcms. 

The components and instrurnentaiion necessary to build 'I'lPkCS are commercially 

available. The soft drink industry currently handles large quantities of CO, fur carbonated 

beverages (Coke@, repsi@, etc.). The  CO, is usually supplied as a liquid CO,. Public 

health standaids require high-puiity CO,. lhe vaporization of liquid CO, is often 

achieved \+ith ndtural-draft air  coolers to rninirnizc energy costs. Because CC), forms solid 

dry ice at lower pressures. thrsr air-cooled heat exchangers are high-pressure heat 
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exchangers. There is a 604- 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 CQ, 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. 





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

€or TIPACS. However, significant uncertainties remain that require additional work. 

7.1 MHLTGI;1 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 steampower 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 exchanger4pt ion  €3. 

7.2 MODEL OF ?rilE TIPAG WNDER ALL EXPECXED CONDJTIONS 

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 t o  evaluate design 

options and operation under all expected conditions including transicnt conditions. 

73 PROOF-OF-PRINGZPEE EXPERIMENT 

The evaluation of TIP,%CS has been bascd a n  thcorctical conditions. -4 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. 



If '11PACS is to be used. ari cr;gineering test is requircd to validate inodels of 'I'LPIZCS 

peiformance, test critical coniponcnts, and ensure inteqation of the TIPACS irito 

containment d~,sEgii. An erigineeririg tcs: requirss (1) significant scale of operation to bc: 

ensured :$ai all phmcsmena in rull-sss!e opcratiorn arc reprcsented, (2) performance 

me;4surements of key cnmporrcnnts such zs heat exchangers, ai-rd (3) sbility to change out 

critical componeilts to test di€€eremit designs 

"hi engineering methodology milst be developed so that thc TIBACS system can be 

reliability designed for different conditions without requiring protcstype testing of 

equipment €or a wick range of conditions. T h i s  met$odxPloLg=i would bc based on the 

results of earlier nnodeling work, proof-of-prificipk experimccts, and enginecring scale 

tests. A key component of devdopment of thc rnethodakasgy is determining the sensitivity 

of various design parameters based on theory and expimeat. 



8, CONCLUSIONS 

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

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

include 

e Ifiss 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 RCHlX 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. 

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

e 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 tu 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 ncw technology, and it has not 
becn tcstcd. Because there are significant uncertainties, there is thc potcntial for 
unforeseen problems that would limit performance. Consequently, additional development 

effort is required. There is one minor disadvantage of TIPACS. It is mechanically a 
simplc 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. 
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Appendix A: C I i f f C a  PROPERTIES OF FLuIp)S 

The temperatures at which the TTPACS 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 A1 lists a representative set of fluids that 

are candidates for the 1SPACS at different temperatures. 
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Helium 

Neon 

Nitrogen-14 

A i s  

Argon 

%P 
Methane 

Krypton 

Per fluor omethane 
(teerafluarornethane) 

Silicon tctrafluoridc 

Boron trifluuridc 

Xenon 

Perthoroethane 

Trifluorornetharie 

1 ,l-Difluoroethylene 

co* 
Ethane 

Pcrfluoroet hene 
(tetrafluorocthylene) 

muoromethane 

Sulfur hexafluoride 

Perfluoro-n-propane 

1,1,1 -?'rifluoroethane 

Dichlorodifluoromethane (R-12) 

Perfluoro-rz-butane 

-247.46 

-228.71 

- 146.89 

..- 140.6 

-122.44 

- 118.38 

--S2.60 

-63.75 

-45.6 

- 14.1 

- 12.3 

16.59 

19.4 

25.74 

30.1 

3 1.04 

32.28 

33.3 

44.55 

45.55 

71.9 

73.1 

11 1.80 

113.2 

2.261 

26.86 

33.54 

37.2 

48.00 

50.14 

45.44 

54.20 

36.9 

36.4 

49.2 

57.62 

47.43 

43.75 

72.85 

48.16 

38.92 

58.0 

37. i 1 

26.45 

37.09 

40.91 

22.93 

0.06930 

0.4835 

0.3110 

0-313 

0.5307 

0.419 

0.162 

0.9085 

0.430 

1.105 

0.617 

0.525 

0.41 T 

0.468 

0.2,0.3 

0.58 

0.300 

0.734 

0.628 

0.434 

0.558 

0.629 
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Table AI. Critical properties (Continued) 

Substance t,, "C I?,, atm Pa g h 3  
1,l-Difluoroethane 113.5 44.37 0.3 65 

Ammonia 132.4 111.3 0.235 

1,2-Dichloro- 1,1,2, 145.7 32.2 0.582 
2-tetrafluoroethane (R-114) 

Per fluoro -n -pen t ane 149 20.1 

Silicon trichlorofluoride 165.3 35.3 

Dichlorofluoromcthane (R-21) 178.5 51.0 0.522 

Perfluorocyclohexane 184.0 24 

Huorotrichloromethane (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.% 0.276 
Perfluoro-n-decane 

13romine 

269.2 14.3 

311 102 1.18 

Dideuterium oxide (D20) 371.0 215.7 0.363 

Water 

Iodine 
374.2 218.3 0.325 

535 

Mercury 900 180 

Source: Dean, J. A, Lange's Handbook of Chemistw: Eleventh Edition, McGraw-Hill 
Book Company, New York. 
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Appendix B CO, PHYSICAL PROPERTlES 
BELOW THE CRFFICAL 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 thc form of density vs 
temperature for fixed pressures. 
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Appendkc G: ANALYTICAL MODELS OF TEMFERATL?RE 
CONTROL SYSTEM PERWRIMANCE 

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.l. 

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 (TE) and the temperature 

of initial RCHTS operation (Tu). 
The relative heights of the RCHTS and the TCS can be parametrically determined. 

Consider TIPACS of unit height, the RCHTS with fractional height (a, and the TCS with 

fractional height ( I  - X). The TCS height is the transition interface zonc between hot 

and cold fluid in the exterior TCS zone (hT), the static hydraulic head between hot h i d  

and cold fluid (hJ, and some additional volume for piping (hp). 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 h, and hp tend to 

have fixed heights independent of system size. Figure C.1 is a schematic of a TIPACS 
with critical dimensions. 

Thc static head is at its maximum whcn the difference in densities of the fluid in the 

interior and extcrnal zones are greatest. Maximum external fluid density occurs under the 

coldest external design temperature (TE).  For a cold climate, this might be -40°C. The 
internal fluid has the lowest density when it is at the highest tcmperature (To), just before 

thc TlPACS begins operation. To is at the critical temperature or below. 

For any given coldest design point, external temperature TE and intcrior startup 

ternpcrature T u ,  X can be calculated by a forcc balance of fluids on the exterior side of 

the 1'IPACS and the interior sidc of the TIPACS at the bottom of the TIPACS. 
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where 

Eq. (C.1) 

X 
1 - X 

' L  TEP0 

= 

= 
= 
= 

= 

the relative height of cold liquid = relative height of RCHTS, 
the relative height of hot gas above cold liquid =the height of TCS, 

the density of liquid at temperatures TE and pressure Po, 

the density of gas at temperature To and pressure Po, 

the density of liquid at temperature To and pressure Po. 
p ~ , ~ d p o  

pL,TdPo 

This equation includes several assumptions. The liquid and gas densities do not change 

significantly over the height of the TlPACS because of the weight of the fluid. This is 
valid-except when very close to the critical point. For 'ITPACS 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 Tc. Practical designs have TE between 

0 and -4O"C, depending on the climate. The full range of temperatures is shown because 

it shows how h, changes with temperature. 

The design lines for different initial operating temperatures (To> are shown. For 

example, if the exterior minimum design temperature is -40°C and thc design operating 

temperature (To) is 25"C, the RCHTS height is 53% of the total TTPACS height, with the 

TCS being 47% of the total TlPACS height. 

Two separate effects occur as To varies. First, the density of the hot, liquid CQ, 

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 decreasing as To is 
changed from 15 to 25 to 30°C. Second, for any given To (15, 25, or 3O"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 To less than the critical temperature, the expansion 

reservoir must be reduced in size while the liquid-gas reservoir (Fig. (2.1) 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 isothcrmal conditions in the 

lower RCHTS Icg with a static pressure balance behvcen the interior and exterior RCHTS 
at the level of the connector. Calculations based on the previous equation start at this 
level. 

I€ 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 thc TCS is 

determincd by the  height o€ the upper RCHTS zone. When the RCHTS is operating, 

thcrc arc large flows around the system arid large hydraulic gradients. The bypass 

connector 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 

i s  10 to 100 times as much as that allowed in the other direction given a constant pressurc 

drop (Forsbcrg 1989). Such deviccs have been developed for special rauclcar and chcmical 
applications. 
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C2 RELATIVE!, VOLUMES OF TCS COMPONENTS 

The temperature To, at which TIPACS initiates operation, is primarily determined by 
the relative internal volumes of different components and the lowest expected external 

design temperature TE' 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, 2 equals the fractional volume of the interior heat exchanger, and (1 - Y - 2) 

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 coIdest external 
temperatures (TE),  it is filled with gas, while there is cold liquid to just fill the RCHTS 
zone (volume fractions Y f 2). This assumes cold conditions in both the interior and 
exterior zones. When TIPACS is just about to start operating, the inventory needed to fill 
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 cbnditions 
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 

thc coldcst day: 

Eq. (C.2) 

where 

= the density of liquid at coldest temperature (TE) and corresponding 
pressure for saturated system at P,, L, T$E 

= the  density of gas at coldest temperature (T6)  and corresponding pressure 
for saturated system at P,, %& 
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= the density of liquid at coldest temperature (YE> and piessure of fluid at 
'L,TEFc the critical point, and 

Pc =I the density of fluid at the critical. point. 

Figure C.4 shows the external heat exchanger volume fraction Y vs minimum external 

tcmperaeure TE for different internal heat exchanger volume fractions Z. (Note: 'D&e 
equations were derived assuming the miniinurn fluid in the systera.) The 'lyIPA@S caw 

operate with higher fluid inventories that imply lower temperatures for 'PTYACS's initial 

operation. Different inventarks of fluid will modify this figure, as will the existence of 

temperature transition zones (h,) and piping zones (hp). 

Several obsenmtions are noteworthy: 

e The TTPACS designs are insensitive to the choice of coldest exterior design 
temperature To. Tlie volume fraction of the exterior hcat exchanger is insensitive 
to the exterior temperatures from -48 to 0°C. This is seal by thc almost 
horizontal lines and reflects the fact that the density of liquid CO, does riot 
significantly change over this range. 

B The volume of the TCS (1 - Y - Z> is basically a €unction of the internal RCHTS 
volume fraction. Liquid CO, below 0°C expands -150% when hcatcd to the 
critical temperature. For example, at -48" C with an exterior heat-cxchanger 
volume fraction of -0.25 and an interior heat-exchanger volume fraction of 0.3, the 
TCS volumc fraction is -0.45. This is  -150% of 0.3. 

The initial operating temperature To of the "IIP"KS depends upon the fluid volume 

fraction Y of the external. heat exchangers, the fluid volumc fraction Z of the interior heat 

exchangers, and the exterior ambient temperature TA. Ihe cxiernal heat cxcbangcr has a 

fixed volume. At T,, the lowest design temperature conciitioiis, a defined mass of fluid in 

the internal heat exchanger = Y p  If the outside temperature '4'' increases, the fluid in 

the external heat exchanger will expand, its density will decneasc, and the fhnid will be 

expelled to the rest of the TIP,4CS. '[%e added liquid will cause the TIPACS to initiatc 

I E  
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operation at a lower interior temperature. The impact of variable external ambicnt 

temperatures and design parameters on TIPACS startup temperature Ts can be 

parametrically studied. 

'The quantity of fluid expelled from the edesinr heat exchanger as the ambimt  

tcmperature increases above the lowest design point temperature is Y [p  - pTAI. lf this 
3 E  

fluid is uniformly sprrad over the rest of the TIPACS internal volume (1 - Y), it increase 

the average 

at startup is pTo. If there were no external variation in temperature, To would equal Tc, 

and the interior fhid density would be the density at the critical point -pc. Tlie actual 

density of the  interior fluid of the 'TIPACS at startup ( p J  is the idealized startup fluid 

density plus what i s  cxpelled from the exterior heat exchanger when its temperature is  

abovc TE: 

( P T ~  .- P T ~ )  / (1 - 3')- The interior fluid density of the TFIPACS 

Eq. (C.3) 

The liquid density at startup can be calculated for any given exterior heat-exchanger 

volurnc fraction Y and any ex?erior heat exchanger temperature TA. Given the density, the 

corresponding startup tcmpcratiire 7; is determined given the restrictive asswmptions 

prcviously discussed, 

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

Q The choice of the coldest design temperature has little impact on this feature of the 
design because p does not vary significantly from -40 to 0°C. 

=E 

8 For small-volume-fraction external heat exchangers (Y e 0.3), this phenomenon 
alters startup temperatures by at most a few degrees. The reason €or the small 
effect is that most of the  expansion of CO, before the critical point occurs within a 
few degrees Celsius of the critical point. Fluid that is expclled Erom the external 
heat exchanger is expelled to the expansion rcsewoir and eqii1ibrai.e at expansion 
resemoir temperature. A sinall addition of fluid has little impact becausc most of 
the expansion in the expansion reservoir occurs just below the critical point. 
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c.4 SY!STEMPREsSuRE 

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 tluid in the system where temperatures vary with location. Representative 

average pressures can be calculated for different temperatures, assuming the same averagc 

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 (PA) of the fluid in the system. This 
implies that 

Eq. (C.4) 

Given the avcrage fluid density, the operating pressure is directly determined from the  

equation oE 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 €or 
different exterior heat exchanger volume fractions (Y) and different average temperatures. 

[Note: The rcsults shown in Fig. C.6 depend on the assumptions used to derive Eq. (C.2) 
and Eq. (C.4)) From Eq. (C.4) 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 illled with cold, 
liquid CO,. This liquid GO:, increases system pressure as it warms up. The external 
heat exchanger volume fraction should be kept below Y = 0.25. 

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

0 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 expectcd with such 
operating conditions. 
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D.1 INTKODUaON 

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, 
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 lonps 

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 ener 
equations are coupled in natural convection flow. An iterative technique k 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 (ConMin 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 GOVERNPNG- EQUATlONS 

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 beat 

transfer process from the reactor vessel and ultimately to' the ambient air is c ~ ~ ~ r o ~ ~ ~ ~  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 Row direction are considered. 
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For the external heat Cxckmgcr, rep eserits the frnntal xza ;  4, represents the 

frce-flow area, f r q r e s e ~ t s  the Kcsody fricticn factcr, Is!+ r c p a  

D,,,, reprcscnts the hydraulic diameter Foi the air stack above the exTcifial bcs: 

exchanger, L and T have analogous icprcscntatiai For simplicity iil thc air stack, nu 

friction losses and mi he;t losses arc ~i~ocizkd. Thus. the air flow through the cxtcsnal 

heat exchanger i~ a balance of thc blioyaiit force generated by thc re!atively wairnct air i n  

the stack and the accelextiaa and fiictiotl forcc3 wpposirng motion ii-, +hc heat; exhanger-. 

the flow arid 

'l'k hcat transferred IO the air is calcuiarsd by the inethocis pie uted by' Kzys and 

calculate the heat duty give;, an Zrbk1aJ-y height, wkt l l h ,  and lewigth of t I x  r ~ . c r n d  k a t  

exchanger. Foi simplicity, the  C/O,  llov: iesistai~ces and ka t - t ransfer  cocfficicnt in thc  
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external heat exchanger are modeled at the mean temperature, and variable 
thermophysical effects are considered. l%iS simplistic assumption should be improved for 
a more detailed TI?AeS model. 

The GO, flow in IPACS is modeled with a similar, algebraic, spatially ~~~~~~~t~~~ O ~ S I  

dimensional momentum conservation equation. Equation (D. 1) was derived far i t  
gas, which is a good assumption for atmospheric air but not for GO, near the critical 

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

Eq. D.2 

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 Eriction and buoyancy forces in TIPACS. 
Note that for the closcd CO, loop, the acceleration momentum forces are balanced and 
do not appear in Eq. (0.2). Also, no minor losses resulting from pipe bends, expansions, 
or contractions are modeled for simplicity. 

The Moody friction factor in E¶. (D.2) is computed with the Blasius approximation 

(White 1979) as modified for variable properties (Polyakov 1991). 

Ey. (D.3) 

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: 

Eq. (D.4) 

where the mean specific heat is used €or each segment, 
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Because of convective hm: transfer, tile CO, terlipciiature at t he  outlrt of cach nodc is 

computed with the expiincn:i'al approach mirtiiod d s d o p c d  by Ball (19'76): whcx  

Eq. (D.5) 

Equation (D.5) is  an  exact solution of thc di€€creIi;ial equation for C O J ~ ~ ~ ~ T L : ~ C X I  of 
energy of the  CO, in the riw-, where the  metal node temperature i s  uniform over thc 

i idc  length, the transit tinnc is iicgligiblc. and thc spcciEc heat c m  bc represented as a 

bulk mean valuc. 

i'hc heat-transfer coefficieni li in Eq. ( 0 . 5 )  for thc riser nodes is deter milied with ihe 

relationships prcsmted by Watts arid CRoii (1982). 'Ikey introduce a "bmyanc- 

parameter" winch has the forin 

G T b  
-......_I_ . 

2 1  112 Re, I rb 
Eq. (U.6) 

Watts and Cnou (1982) also claim that under variable proper7 conditions in CO,, tLe 

Nussclt number war correlated by 

cq. (D.7) 

Illis equation must be iliodificd for heatrd upflow to account for iwc cffccts observed 

in near-critical flows of water and CO,. If thc biuoyanq paiarnztcr is >lo-' and < 
there is a degradation in heat transfer becnusc of buoyant effc-cts suppressing near-wall 

turbulence. In this range, thr heat transfer is givcn by 
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Eq. (D.8) 

If the buoyancy parameter is > lo4, 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 

These "near-wall" cffects 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 Row. 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 
~ 1 0 %  of the total heat load. The cross-section of the reactor cavity is modekd 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 

Eq. (D.20) 

This equation represents the radiant heat transferred to each riser node from the 
reactor vessel. Participating media thermal radiation effects are not considered. E there 

is a substance in the annulus between the reactor and the risers that can absorb and emit 
thermal radiation, this equation must be modif'ied to account for the resultant degraded 
heat transfer. CO, is such a radiation participating gas, as is steam. 
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'Ike equations icpresenting the air a d  C 0 2  mass flows in a TIPACS, as given by 

Eqs. (11.1) and (D.23, mist  balance according io thc heat trarxferrcd snd ~ ~ 7 , r ; d c & q  the 
varying thermoplyical properties. '10 begin, initial riser icmperaturcx and C8, and air- 

mass t lom me assigned. First, thc heat flux from the reactor is ti-ansfcl-pcd to  the rise7 

with the eesultirng temperatures of thc rnefal and tbc flowing CO,. 'Ihctn thc mass-flw 

equation is solved for thc CO, closed loop x,iiit.h the calciilated tempcratuics ili"lza thc 

external heat-exchanger thcrnal perfcrnarnce is ~ i l ~ i i l a t e d ,  yirldirig outlet temperntrarcs of 

air and CO, given the calculated CO, m a s  flow mil yxx i f icd air-inkt t c q m a t u r e  to thl: 

heat exchanger. M e r  convergence of the cxtemal heat-exchasgei air ;; 

calculated external heat-exchanger CO, outlc: t empcatwe is then the iiscr inlet 

temperature. The iterations are repeated with the new CO, teiinpextaic, arid a new riser 

temperature distribution and reactor heat load arc calculated The iterations are comp?c+l- 

when tkic CO, mass flow computed in one complete initcmal loop iteration agiees  thin a 

specified tolerance of the prevlous iteration (arbitrarily set to 0.1% for this simple modcl) 

Calculating the heat duty of the ex<emal beat exchanger is  also an iterative; process 

because (a) the hcnt duty of the heat exshangcr is dcpecder: on the air flaw rate thii?ugh 

it and (b) the air flew is dependelit on t$c hseat ditty, as givcn in 5.9. (D.4). %nu, an 

initial air flow is guessed, and iterations are d a m  wit11 kq. (D.1) and the e-NT1 

relationships uiitil convergence. 

All during these flow dnd heat balance iteratiom, the algorithms romputing the 

thcrmuphysical propat ies  of CO, and nir munt bc  invoked 1 h s  algorithms presented b j  

Friend (1992) are used for the thermodyriamic propertirs. Tk z!gorithms of H n h x  

(1982) are u e d  for the transport properties. Siixpscn's rule is used if iiitegrztion GVCL an 

appropriate temperature inteiyv a1 i s  mccessary. 

"fius, a cortsputatioIlal-intensive process resultss, even for thc kizpk, one dimasioiiial 

model as described. If additional modeling detail is i-iccded-which wolrlil be  the case h i  

an actual Jcsign.--.commePlsurate corslpiiatioml efforts and facilities arc: seeded. 
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