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I shall review the salient features of helium-cooled reactors for

electric power generation. Two designs are important in the United States —

the high-temperature gas-cooled reactor (HTGR) and the gas-cooled fast

breeder reactor (GCFBR). The HTGR uses a graphite core structure containing

carbon coated fuel particles of uranium and thorium oxides or carbides in

a unique fuel element design. The reactor operates with neutrons in the

thermal energy spectrum. The GCFBR fuel is as oxide pellets of uranium

and plutonium clad with stainless steel. The fuel elements are similar to

those for water and sodium cooled reactors. As the name indicates, it operates

in the fast neutron spectrum. After a brief introduction, I will emphasize

the thermal features of these reactors, including some problem areas which

hopefully are of interest to heat transfer specialists.

GCRs have been under development in the United States since 1957. A

33O-MW(e) prototype HTGR power plant, the Fort St. Vrain reactor, is presently

under construction near Denver, Colorado. Both 78O-MW(e) and HOO-MW(e)

plants are available from Gulf General Atomic and four units have been sold

during the past six months. Extensive experience exists in Europe with other

types of gas-cooled reactors and with two HTGR experiments. In 1967,

Philadelphia Electric Company placed into operation a ^O-MW(e) experimental

HTGR, the Peach Bottom Atomic Power Station Unit I. It has operated

commercially since that time with very good performance for both the gas

coolant equipment and the core. Table 1 briefly summarizes some of the T-l

design and operating features of the Peach Bottom, Fort St. Vrain and

large HTGR units. Whereas the HTGR is now commercially available, the

GCFBR is in a relatively early stage of development.
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T a b l e 1

EVOLUTION OF HTGR NUCLEAR STEAM SYSTEM

Met plant output, MW(e)

Reactor thermal output> MW(t)

Net plant efficiency, %

Primary coolant

Primary coolant, temper a Lure,
(cold/hot), °F

No. of fuel elements

Fuel burnup, MWD/tonne

Reactor vessel

Control rods

He I Turn cf r'culator

Steam generators

Steam conditions, ps?g/oF/°F"

Peach Sot com

40

H5
3'i.6

Helium

650/1380

804

60,000

Steel

36 - bottom mounted

2 - motor-driven
centr ifugal

2 - U-tube, drum type

1450/JOOO

Fort St. Vrain

330
842

39.2

Helium

750/1430

1519

100,000

Prestressed concrete

74 - top mounted

4 - steam-turbine-
driven axial

2 - once-through
fntegral reheat

.2500/1000/1000

UOO-MW(e) HTGR

1100

2804

39.0

Helium

630/1413

3800

92,000

Prestressed concrete

146 - top mounted

6 - steam-turbine-
driven axial

6 - once-through
integral reheat

25OO/S55/1000
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pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.



These two reactor concepts have common features insofar as both

make use of helium as the coolant and thereby use similar components in

the gas circuit including heat exchangers, circulators, and prestressed

concrete reactor vessels. Thus development of HTGRs is useful in

developing this breeder reactor technology. In addition, the GCFBR

profits from the fuel development and testing facilities of the Liquid

Metal Fast Breeder Reactor program for which a demonstration plant is to

be built in Tennessee. As I am sure you know, development of economic

fast breeder reactors will greatly extend our ability to economically

utilize nuclear fuel resources.

The HTGR shows promise for operation at temperatures high enough

so a helium turbine can be profitably employed to drive the steam

generator. This could permit economic use of dry cooling towers with an

attendant reduction in thermal pollution effects and improved reactor

siting. It also appears that HTGR fuels can be developed for operation at

temperatures high enough for process heat applications such as coal gasifi-

cation.

HTGRs are generally proposed for operation on the thorium fuel cycle,

using uranium of high enrichment as the initial and makeup fissile

material. 2 3 3U produced by neutron capture from thorium is recycled to the

reactor system. GCFBRs are generally proposed for operation on the uranium

cycle with plutonium being used as the fissile fuel and 2 3 8U as the fertile

material. The product plutonium is recycled. Further, HTGRs can utilize

plutonium as the makeup fissile fuel, thus GCFBRs producing excess plutonium

(or 2 3 3U) and HTGRs can work together in a symbiotic system.

The schematic flow diagrams of the steam and coolant systems for

GCRs are indicated in Fig. 1. As shown, steam from the high pressure F-l

turbine drives the helium circulators of the coolant circuit, which

provides a compact, highly reliable motive power for the circulators.

The general arrangement of a llOO-MW(e) commercial HTGR is shown in

Fig. 2. The heat exchangers are in a pod arrangement surrounding the core, F-2

all housed within the prestressed concrete pressure vessel. The PCRV is

stressed by wire-wrapping the cylinder and utilizing anchored vertical

tendons. Helium enters the reactor at the top and flows downward through

the core. The coolant enters the steam generator at the bottom, and makes
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several passes in a once-through steam flow design. There are six primary

gas circulators and steam generators; in addition, there are three auxiliary

coolant heat exchanger circuits for removing radioactive decay heat energy

in case of loss of primary cooling capacity.

In Internal steel liner within the PCRV serves as a sealing membrane;

penetrations and closures provide access to the cavities of the vessel.

The PCRV is protected by a thermal barrier between the; high temoerature

helium and the 'iner. Fiaure 3 shows schematically the insulation, liner, F-3

§nrf cooling arrangements in section for the upper plenum of the reactor

cavity. -The cooling tubes attached to the steel liner remove heat and

ma into in the concrete at a peak temperature less than 150°F. In the

higher temperature regions of the circuit, additional Insulation, is

required.

Continuing development work Is desirable'to improve Insulation ;

materials and particularly to demonstrate their lona-term performance \

capabilities in gas-cooled reactor environments. Development work should

include measurement of thermal conductivity, thermal cycling tests of

various materials* and studies of thermal stability on wear-resistant

furface coatings* Some excellent work Is being done in both France and

England. Four types of insulation have been employed in PCRV application.

These are: the fibrous ceramis. reflective metal metallic gauze, and '

pumice concrete. Silica foam, alumina foan, and graphite cloth are

promising materials for very high temperatures* i

Returning to the reactor core, Fig, 4 illustrates a basic fuel F-4

particle, and a fuel element. The Utter consists of a hexagonal graphite •

block about 14 in. across the flats and 31 In. long; the block contains }

108 coolant holes 5/8 in. in dfam, end 210 fuel holes */2 in. in diant. The |

fuel particles have a kernel about 400 y in dlam, and surrounding the ;

kernel are four layers of coatings, consisting of an inner buffer layer of

porous pyrolytic carbon (for absorbing fission recoils and providing space

for gaseous fission products), a second layer of dense isotropic pyrolytic |

carbon, a layer of silicon carbide (for retaining metal fission products ,

fuch as Sr and Cs) and an outer layer of dense Isotropic pyroiytfc carbon. I

The coated fuel particles are blended with pitch and graphite flour, and I

prtssed Into rods about 2 in. long and 1/2 In, In dlam. The rods are heat I

treated prior to loading Into the fuel block. The fuel assemblies are

placed together to form the core $s Indicated In Fig. 5. F-5
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The performance of the fuel particles is influenced by the

operating temperature of the fuel, since radioactive fission products are

more difficult to retain at higher fuel temperatures. Thus, a compre-

hensive thermal analysis is required in designing the reactor core, which

takes into consideration the general power distribution, the power peaking

factors at fuel gaps and reflector interfaces, the influence of control

rod manipulation on power peaking, fuel manufacturing tolerances,

flow conditions, and the influence of reactor irradiation on the dimensional

stability of fuel and graphite, as well as on physical property values.

These, in general, are interacting effects. Further, engineering factors

have to be considered, such as flow maldistribution due to streaming

from inlet ducts. This core, as do all nuclear reactors, provides a

challenge to the heat transfer specialist.

The steam generator is another component..area where complex thermal

analysis and experimental measurements are required. Figure 6 gives a F-6

schematic view of an HTGR steam generator. Helium enters near the bottom,

passes through the reheater portion, and then down through the superheater-

evaporator-economizer sections before exiting and passing upward to the outlet

coolant duct. Feedwater enters at about 340°F and 3000 psig, and leaves at

about 950°F and 2500 psig. After expanding through the high pressure turbine,

the steam is piped back to the turbine drives of the helium circulators, and

then returned to the reheaters at about 625°F and 635 psig. The hot reheat

steam leaves the steam generators at about 1000°F and 575 psig and flows to the

intermediate pressure section of the turbine. The heat transfer bundles are

generally of a helical coil tube design, as shown in the photograph of a _

Fort St. Vrain unit, Fig. 7. F-7 <m

The helium coolant temperatures are quite high, entering the steam

generator at about 138O°F (and 680 psig), and exiting at about 635°F.

These conditions require careful steam generator design including material

selections. The materials used range from carbon steel to nickel-base

alloys, depending upon the particular conditions of temperature and pressure,

and the materials characteristics with regard to corrosion resistance, weld-

ability, and long-term creep properties. Sufficient allowances in design

temperature and material selections need to be made for factors such as

temperature unbalances, tube plugging, hot gas streaks, and gas bypass.

The helical evaporator tubes present interesting problems in fluid dynamics

and heat transfer.
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By increasing the outlet coolant temperature of an HTGR to 1500—1600°F

(from 14OO°F), it appears practical to consider use of a helium turbine to

drive the generator. Gas turbine use should permit economic application of

dry cooling towers thus opening up new sites for power plants. Figure 8 F-8

gives a schematic diagram of a direct cycle HTGR, in whi :h low temperature

energy is rejected from the coolant circuit to a dry cooling tower by means

of a water loop.

In general, dry air cooling of a steam plant is costly because of the

low temperature of the condensation process by which the steam plant rejects

the waste energy. As a result, the thermal driving force is small and large

air flows are required. The gas turbine (or Brayton) cycle, however, has a

great advantage over the conventional steam (or Rankine) cycle. This is

indicated in Fig. 9, which compares the two cycles. In the Brayton cycle, F-9

sensible heat rather than latent heat is involved, and the heat rejection

is spread over a much wider temperature band. In practice this increases

the economically useful cooling air temperature rise some 10 fold, reducing

cooling tower area requirements; it also allows an increase in air velocity, j

which improves heat transfer, further reducing flow needs. A comparison •

of dry cooling tower requirements for a steam cycle and the direct cycle

is shown pictorially in Fig. 10. An attractive alternative for direct F-10

cycle heat disposal would be a low temperature heat use such as for desalting j
i

water. j

Further increase in outlet coolant temperatures to l600-200Q°F might

permit HTGRs to be used as an energy source for high temperature process

heat. Under such circumstances, extensive investigations would be needed j

in the development of high temperature design criteria, and in the develop- j
I

ment of high temperature materials which could be used to transfer energy

to hydrogen.

Fuel development today permits reliable-operation for the required

exposure to fast neutrons and fuel burnup at fuel temperatures of 2200—2^00°F.

This provides for the gas temperatures of l400°F. Experimental fuel has

operated successfully up to 2900"F and some tests have been conducted to

35OO°F. One fuel particle tested for the full operating requirement is

shown after irradiation in Fig. 11. F7II

Let us now turn to Gas-Cooled Fast Breeder Reactors (GCFBR). Work

on GCFBRs has been under way for about 10 years, supported by the USAEC,
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a group of electric utility companies, and Gulf General Atomic. Since j

1968, the effort has concentrated on the design and safety analysis of a |

demonstration plant. !

Some of the design parameters of a 30Q-MW(e) GCFBR demonstration |

plant are given in Table 2 along with corresponding values for a large . T-2

plant. The main features of the reactor plant are shown in Fig. 12. You F-12

will note the similarity between this layout and that of the MTGR. The

entire primary system is enclosed in the PCRV, with the core, blanket

and shield within the central cavity, and the circulators and the steam

generators in PCRV wall cavities. In the 300-MW(e) demonstration plant

design, there are three main loops and three auxiliary loops for backup

cooling. Each main circulator is driven by steam turbines in series with

the steam generator, while each auxiliary circulator is driven by an

electric motor. ~

The all-encompassIng concrete pressure vessel and auxiliary cooling

systems are essential to the safety and viability of this reactor system.

In contrast to the HTGR, the full structure In thts core has little heat

capacity and the helium is much denser than water or sodium. Thus it is

essential that coolant circulation be maintained reliably to remove the

decay energy afterheat. For some time, It was widely held that the cooling

system reliability requirements would exceed practical limits. However,

studies during recent years have indicated that the emergency cooling

requirements may be no more severe than for water-cooled reactors.

The reactor fuel assembly Is composed of 210 hexagonal core and

blanket elements, each about 10 ft long and 6 1/2 !n. across flat. (Fig. 13) F-13

Adjustment of the orifices in these elements distributes coolant flow so

as to levelize cladding hot spot temperatures. Pressure in the fuel rods

Is essentially the same as in the primary coolant by use of a pressure

equalization system to eliminate pressure-differential stresses on the

cladding. It also limits the release of activity to the primary coolant

from failed rods and allows for detection of failed cladding. •'•*• • J

The fuel cladding is artificially roughened to double the local

heat transfer coefficient, at a cost of about tripling the local friction

factor. However, the heat transfer coefficients need further experimental

verification, particularly for abnormal operating conditions (e.g., low



• r"l

p.: •»

• t i :

k\
> 'I

Table

«MAIN DESIGN PARAMETERS FOR GCFR PLANTS

Demonstration
Commercial
(Typical)

Operating, Conditions.

Size, MW(c)
Helium temperatures, °C
Helium pressure, atm (psi)
Cladding hot spot temperature, °C
Relative system pressure drop, %

Proportion

Core volume, liters
Rod diameter, cm
Cladding OD/IO ratio
Percent fissile . . •• •

Performance

Net thermal efficiency, % . .
Average fuel rating,'MW(t)/kg (fissile)
Average power density, kW(t)/liter (core)
Maximum linear rating with ]0% overpower,

V//cm (kW/ft)
Conversion ratio
Fuel life (ful. power days) • . •
Ooubiing time, years • . •
Maximum burnup, MWO/'tonne

311
310-540
85 (1250)

3200
0.71
1.15
18.5 :

37.6
0.60
0.24

460 (13.9)
1.33
690
18
100,000

1000
290-595

« 85 (1250)
r75O
4.8
9

6240
0.60
1.10 .
16

38
1.2
0.375

545 (16.5)
1.5 . ..
440
7
100,000

. - ; . • ; .
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coolant .flow). These latter studies would concern the ability to cool

the core under possible accident conditions.

The principal components of the power cycle are shown schematically

in Fig. 14. Note that the generated steam goes directly to the steam- F-14

turbine drive of the circulator, which should provide a high degree of

reliability for providing coolant flow through the core.

Thermal evaluation of the GCFBR core involves many of the same

factors as for the HTGR; however, since a clad element design is involved,

the correspondence is not exact. Thermal features are influenced by power

distribution, coolant flow distribution, orificing factors, changes in

power distribution with time, mechanical tolerances, thermal deformations

of core structures, flow redistribution due to* power density gradients,

and effects of inner subchannel flow. Further, the prediction o'f heat

transfer coefficients depends upon the effect pf turbulence promoters,

surface roughening, and fuel pin spacers. Further, fuel temperatures are

influenced by the thermal conductivity of the fuel, radiation damage

effects, the generaiton of fission products, the fuel and cladding

dimensional changes with irradiation, gas gaps occurring between fuel and

cladding, changes in fuel properties with irradiation, and thermal cycling

effects. Engineering factors which need to be considered are mal-

distribution of flow, mechanical tolerances, fuel enrichment tolerances,

and uncertainty of heat transfer coefficients.

Reactor performance improvement can be obtained by use of more

sophisticated fuel zoning and flow orificing to give a more uniform power

distribution uind temperature rise through the core, at the expense of

higher fuel enrichment requirements, use of higher working pressures, use of

higher pumping power, or tighter thermal tolerances.

Fuel swelling during reactor irradiations will change flow cross

sectional areas, which in turn will influence flow distributions in the

core. This will influence heat transport as well as heat transfer, and

also the temperatures in the core. Since permissible core temperatures

are limited, thermal designs have to properly account for these factors.

Insulation problems are similar in the GCFBR as in the HTGR except

since the coolant temperature is somewhat lower, these problems are

probably less severe. Steam generator design problems are similar, although

the design conditions for the GCFBR are more stringent due to the lower
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coolant outlet temperature, which places more emphasis on obtaining a high

performance steam generator so as to improve steam conditions. Thus,

heat transfer coefficients in steam generators need specific evaluation

under GCFBR conditions.

Another feature associated with GCFBRs is the transparency of the

coolant to gamma radiation. Because of this, a thermal shield has to be

provided which permits helium to flow and yet protects ducts from high

irradiation doses. This is not directly related to thermal evaluation,

but it is related to coolant flow pressure drops, which in turn have an

influence on thermal design.

In summary, gas-cooled reactors are a commercial reality with

apparent possibility for substantial improvement. Much of this potential

must derive from further studies and testing in heat transfer and fluid

dynamics. If realized, the capabilities of gas-cooled reactors can exceed

those of any other reactor system. The HTGR capability for using either

thorium or plutonium as fuel, its potential for the steam turbine or gas

turbine energy cycle, and its potential for dry cool ing.towers and process

heat applications make it the most versatile cf all reactors. When the

HTGR is combined with the GCFBR (which has the highest breeding potential)

these reactors offer a very attractive power system. Although I have

emphasized the development requirements, hopefully in response to heat

transfer interests, the total development requirements are not excessive.

This derives from the similarities between the thermal and breeder designs

and the capability of the gas breeder to utilize sodium-cooled reactor fuel

experience.

In this talk I have given the general features of HTGRs and GCFBRs,

their interrelation and their future applications, and also some of the

thermal features which need additional investigation in order to improve

the design and performance of these systems. While this overall view has

been rather sketchy, I hope it stimulates you to look more deeply into

pertinent thermal studies.

Thank you.

PRKasten
3/20/72
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