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ABSTRACT

A preliminary design study has been made of a research reactor, based on

the enriched S.G.H.W.R. concept, to be used for power reactor fuel irradiation,

isotope production, basii research, and training in nuclear technology.

A reactor physics assessment established a core size which would allow

uninterrupted operation for the required irradiation period consistent with low

capital and operating costs.

A design was selected with 24 channels, a DgO calandria diameter of 2.7 m

and an overall core height of 4.0 m. The capital cost was estimated as

$750,000 for the fuel and $1,600,000 for the moderator, the refuelling cost

being $340,000 per annum.

A thermal design study showed that the fission heat of 65 MW could be

continued.



ABSTRACT (continued)

transmitted to pressurised light water at 200 lb/in2 abs. and rejected to sea

water in two conventional U-tube heat exchangers.

The basic design is flexible and can be adapted to meet many special require-

ments.
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INTRODUCTION

As part of a review of possible designs for a new research reactor for the

Australian Atomic Energy Commission some preliminary design work has been carried

out on an enriched S.G.H.W.R. system.

This report describes:

( i) the objectives to be met by the design,

(ii) suitability of the S.G.H.W.R. concept,

( iii) reactor physics assessment of the core,

( iv) some preliminary core cost calculations, and

(v) the design of the heat removal system.

Items ( i) to ( iv) are discussed in Part A, prepared by A. Bicevskis and

E. W. Hesse.

Item (v) is presented in Part B, which was written by A. G. Chapman.

This design of a heat removal system could be useful for other research

reactors with a similar heat output. ;.



2.

PART A - GENERAL CONSIDERATIONS AND NUCIEAR DESIGN OF A STEAM GENERATING

HEAVY WATER RESEARCH REACTOR

1. GENERAL DESIGN CONSIDERATIONS

1.1 Objectives to be Achieved with the Research Reactor

The proposal considered was that the research reactor should have the

following broad uses:

1i) fuel irradiation testing for the Australian power reactor programme,

(2) isotope production, and

(3) basic research (materials, physics, etc.).

However, it is difficult to provide exact specifications for the various

disciplines and to develop a reactor concept which caters equally well for all

d'jrriar.ds.

The alternative approach, adopted here, is to select an established design

and investigate its suitability for the main requirements.

The main need for the new research reactor is to test fuel elements as part

of the fuel fabrication and development programme because it would not be advisable^

to test new fuel in the power reactor. Consequently the main design parameters

of the selected Steam Generating Heavy Water Reactor (S.G.H.W.R.) concept are

governed by the following fuel irradiation requirements (W, B. Rotsey,

personal communication) :

(1) 12 ft long channel,

(2) G months' uninterrupted irradiation at steady power,

(3) several channels to be available, with independently controlled

coolant conditions for special work.

The aim of the above requirements is to provide a facility for irradiating

full scale fuel elements of various designs under appropriate power reactor

operating conditions (heat ratings, coolant conditions, flux levels, burnup, etc.).!

l.C Suitability of Features of the S.G.H.W.R.

The core of S.G.H.W.R, consists essentially of a calandria penetrated ,,

by (irocoure tubes which contain the fuel and form part of the primary coolant

o ire., i t . The pressure tubes may be either commoned up or utilised to form

^!'p.;i\ito eoolur.t loops operates under different conditions. The pressure tubes

:\,iy .iJco bo of different sizes and design, to test a range of different fuel

v-ii-i" I k-!io Vh
0;3o.iMy for several reactor concepts).

3.

The S.G.H.W.R. concept is ideally suited for irradiation of fuel and pressure

tube assemblies under controlled conditions. However, the large volume available

in the core and the surrounding DgO reflector make this reactor also suitable for

large scale general purpose irradiation (isotope production) and some physics

experiments.

It should be possible to modify the design to allow for an easy replacement

of irradiated pressure tubes (and possibly also calandria tubes).

In general, the flux levels would correspond to power reactor operations,

but for special applications higher values could be obtained by flux trapping

(replacing a fuel element by moderator and possibly increasing the enrichment

of the surrounding fuel assemblies).

Off-load refuelling is acceptable with the enriched fuel and the arrangement

of a pond above the vertically oriented pressure tubes leads to a simple under-

water refuelling (no heavy shielded flasks or refuelling machines are required).

In principle, the level of enrichment can be adjusted to achieve the desired

uninterrupted operating period.

1.3 Use of Standard Design

A great virtue of the S.G.H.W.R. is that the same basic fuel channel and

pressure tube assembly can be used for a wide range of reactor sizes including

a research reactor. Moreover, a commercial design is available and the Winfrith

100 MWe S.G.H.W.R. has been operating with the standard components for some time.

Host of the core parts should be available on a comparatively short manufacturing

time and at a reasonable cost.

1.4 Suitability for Training in Nuclear Technology

As the main components of the research reactor should be available on a

reasonably short delivery time and less extensive civil engineering work is

required, it should be possible to build the research reactor a year or two

before the proposed power reactor which is scheduled for 1976.

The construction, commissioning and operation of the research reactor would

provide good training and industrial experience for a large number of engineers

to be engaged on similar work for the power reactor. This would provide back-

ground information in reactor technology useful for any power reactor. However,

if the power reactor is also based on the pressure tube concept as used In CANDU

and, in particular, the S.G.H.W. reactor, the experience will have a more direct

relevance. Thus, besides meeting the other objectives, the research reactor

ecuId provide useful experience to both industry and power utilities. To

•iiuiiove this objective the time-scale and selection of the research reactor must

'•-•- related to the power reactor project.
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2. REACTOR PHYSICS ASSESSMENT 1
2.1 General

The achievable burnup governs the fuel replacement (operating) costs

whereas the core power distribution affects the initial (capital) cost of the

plant.

For the relatively small core size env'~aged, point model calculations are

not reliable as burnup estimates and are of course unable to provide the power

density distribution. A space dependent calculation is therefore needed and for

this the two-dimensional EQUICORE code (Bicevskis and Hesse 1969) was used with

the cross section library prepared by the METHUSELAH code (Alpiar 1964).

2.2 Design Data and Variables Investigated

2,2.1 Lattice data

The following lattice parameters used in the METHUSELAH calculation are

based on a typical S.G.H.W,R. design.

Lattice pitch (square array), cm 26.03

Fuel:

2% enrichment (standard for S.G.H.W. power reactors)

36 rods on 3 concentric rings (6:12:18)

Pellet dia., cm . 1.45

Can (Zr2) thickness, cm 0.066

Pressure tube (Zr2):

i.d,, cm 13.06

Thickness, cm 0.50

Calandria tube (Al):

o.d,, cm 18.41

Thickness, cm 0.33

Core height, cm 363

Average coolant density g cm~3 0.33

The coolant density of 0,33 g cm~a corresponds to typical natural S.G.H.W.R.

values. However, the design of the heat rejection system adopted a mean density
.,-3

All the burnup data in this report are based on 0.33 g cm-3 Subsequent

cl.'-'ck calculations with trie METHUSELAH code indicated a gain of about 2 per cent

el' reactivity with the higher density of 0.92 g cm~3 for the burnups envisaged

,,:-ott> the co:;,;r>ent under Section 2.2.6.). This implies a negative void coefficient

ei' I'tMetiv'.ty which, in general, becomes less negative as the enrichment is reduced!

5.

Any subsequent, investigations of the S.G.H.W. research reactor should

provide an accurate estimate of the void coefficient as this has a. fundamental

bearing on the safety and control problems.

2.2.2 Core size

At the start of the study a scan of lattice experiments with the S.G.H.W.R.

cluster indicated that at least 20 to 25 channels would be required to make the

core critical.

Based on the 26.03 cm square lattice pitch, several core arrangements were

drawn up. Within the range of i; Merest 24 and 37 channels gave a symmetric core

layout and these 2 cores were selected for a detailed study. The equivalent

active core diameter is 143.9 cm with 24 channels and 178.7 cm with 37 channels.

The standard S.G.H.W.R. core height of 363 cm was used throughout.

2.2.3 Reflector thickness

A reasonably generous radial reflector thickness of 63 cm was selected to

accommodate irradiation and experimental facilities. .This gave an i.d. of the

calandria of 269.9 cm with 24 channels in the core. A check calculation was

carried out with a reflector thickness of 35 cm.

2.2.4 Channel rating

A conservative average channel rating of 2.7 MW was assumed: the nominal

mean channel rating is 2.6 MW for the Winfrith prototype, but 3.6 MW for typical

S.G.H.W. power reactors. This gave a total heat output of 65 MW for 24 channels

and 100 MW for 37. The channel rating of 2.7 MW corresponds to a mean fuel

rating of 13.5 MW per tonne U.

2.2.5 Method of control

As relatively long operating periods (6 months) are envisaged and off-load

refuelling has been selected, either the full core or a reasonable fraction of

fuel would have to be replaced at the refuelling operation.

Initial calculations were made assuming that the entire core would be

replaced. More detailed investigations were made later with core sizes and

management schedules likely to satisfy the research reactor requirements.

With the above method of operation a reasonable excess reactivity must be

available at the start of the operating period which can be held down by either

poison (boron) dissolved in the moderator or by control rods. As there is no

physical barrier between the 'active core1 and reflector, high boron concentration

in the DaO affects the effective thickness of the reflector and th^ radial form

:'actor.
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Two types of calculations were made: the first represented boron dissolved

in all the D20, but in the second the boron was constrained to the nominal active

core to simulate control rods fully inserted in the core (or liners containing

dissolved poison).

2.2.6 Rig loading

In all investigations a further reactivity loss of 5 per cent was assumed in

order to account in principle for the parasitic absorption in the experimental

facilities, material? to be irradiated, and core structural members not included

in the lattice calculation. This reactivity was applied as a constant bias on

the effective multiplication constant.

The exact requirements have not been defined at this stage but the following

simple estimate indicates the order of magnitude of the permissible core loading.
%

With a thermal output of 65 MW the total neutron production rate is 5.0 x

10la sec"1. Assuming that 5 per cent of reactivity is equivalent to 5 per cent

of neutron absorption, the corresponding parasitic absorption rate is 2.5 x

1017 sec"1. This assumption would be valid for a uniformly dispersed absorber,

but for a parasitic absorber near the centre (position, of high importance) the

permissible absorption rate would be smaller at the same reactivity loss.

We also assume that the above rate is available for thermal absorption;

the true equivalent rate would be smaller because of the larger energy-dependent

importance of thermal neutrons.

With the above assumptions, 5 per cent of reactivity would be taken up by

a cobalt 60 production rate of 2.1 grams per day.

Assuming an effective thermal flux of 5 x 1013 n cm"a sec'1, 5 per cent of

reactivity would be taken up by any of the following:

18-8 Stainless Steel (Type 304)

Zr2

Aluminium

156 kg

3,830 kg

1,080 kg.

These materials could be mixed, keeping in mind the above 'equivalence.

As stated in Section 2.2.1, preliminary check calculations predict an increasef

of 2 per cent in reactivity to adjust the results fcr the final coolant density

adopted. This should increase the permissible r.1g loading to 7 per cent and

counteract the effect of some of the above optimistic assumptions.

7.

2.3 Full_Core Refuelling

2.3.1 Results

With the above data and assumptions the core burnup was calculated by means

cf the EQUICORE code, starting with a full charge of fresh fuel and operating

with a constant total reactor heat generation. The burnup was terminated after the

excess reactivity had fallen to 5 per cent; during burnup the 'boron concentration

was reduced to zero. The results are shown in Table 1.

TABLE 1

BURNUP WITH FULL CORE REFUELLING

Number of channels

Radial reflector, cm

Boron also in reflector?

Operating period, days

Average burnup, MWd/teU

24

63

Yes

420.0

5,686

24

63

No

430.7

5,831

The following values are paired, the first row being
second row being for the end of the operating period.

Boron concentration, ppm

Form factors: Radial

Axial

Overall

Flux levels at mid-height, 10 13 n c

Centre of core : Fast

Thermal

Near reflector: Fast

Thermal

Thermal peak in the reflector

0.499
0

1.258
1.069

1.421
1.208

1.788
1.291

— 2 — 1m sec

13.8

8.35

7.21

6.34

7.75

0.791
0

1.114
1.085

1.418
1.169

1.580
1.268

11.8

6.39

6.90

6.32

8.9

24

35

Yes

256.0

3,461

37

63

Yes

486.8

6,577

37

63

No

508.9

6,876

for the start and the

0.3P8
0

1.321
1.210

1.420
1.221

1.876
1.477

13.9
10.9

8.20
6.39

6.53
6.14

5.51
5.45

0.685
0

1.370
1.066

1.423
1.179

1.949
1.257

15.7
9.94

10.1
5.95

7.83
6.37

6.6?.
5.98

0.948
0

1.168
1.104

1.417
1.135

1.655
1.253

12.6

6.64

7.10

6.00

Notes on the Table:

1. The flux values given represent cell averages, the energy boundary

the 'fast' and 'thermal' flux being at 0.625 eV. Of the fast'-flux,

14 per cent is above 0,821 MeV.
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2. Both the fast and thermal fluxes vary across the cell and the following

data provide some guidance as regards the true local values. These factors were

obtained from a cell calculation with partially irradiated fuel (at 4000 MWd/teU).

Average flux in moderator
Average cell flux

Flux at centre of cluster
Average cell flux

Thermal

1.18

0.31

Fast

0.95

1.13

3. With the assumed full core reloading, the radial form factor represents

directly the maximum to average channel rating at a given time; this gets nearer

to unity as the burnup proceeds (higher rate of depletion in the central region).

4. As shown in Part B, the selected conservative channel ratings lead to

dryout margins of about 2.0. Thus, in general, the core output could bf increased

by up to 50 per cent with some adjustment to coolant conditions. This would also

raise the general flux levels by approximately the same factor and should be kept

in mind if higher fluxes are required. As a consequence the operating periods

would be reduced for the same burnup. However, the preliminary nature of the

dryout data must be kept in mind.

2.3.2 Favoured design alternatives

A survey of Table 1 indicates that with the assumed full core replacement,

a reasonably long burnup is obtained with the 24-channel core and increasing the

number of channels to 37 gives only a slight increase in burnup but a substantial

increase in the core capital cost. Thus it is reasonable to concentrate on

studying a 24-channel core (the final decision to be checked by overall optimisation

calculations).

With 24 channels there is a large reduction in burnup if the radial reflector

is reduced from 63 to 35 cm. Thus, the final choice should be nearer 60 than

35 cm.

The alternatives of controlling initial reactivity by dissolved boron in

the moderator or by control rods in the core (simulated by'boron in the active

core only) give virtually the same burnup but the second gives a lower initial

radial form factor.

Discrete control rods (poison filled liners) would introduce larger local

flux perturbation and also take up more of the core space which may be required

for the experimental or irradiation facilities. Of course other factors have

to be considered, but boron in the moderator should be a reasonable preliminary

design choice. (It has also been fully developed for the Winfrith prototype.)

9.

Therefore for more detailed fuel management studies we selected the following:

• 24 channels,

• boron control of long term reactivity, and

• reflector thickness 35 to 63 cm.

2.4 Radial Fuel Shuffling

2.4.1 Method of operation

Fuel shuffling makes possible a wide range of fuel management schemes. Since

the S.G.H.W.R. design has full length fuel elements, only radial shuffling has to

be considered. It was decided to study some typical shuffling sequences which

would provide consistent results in terms of burnup and form factors.

The core was arbitrarily divided into five radial zones ( concentric cylinders)

with equal volumes and all the fuel within the zone was moved as a unit during

the refuelling. The two sequences investigated are shown in Figure 2.

2.4.2 Results and discussion

In general, a refuelling sequence had to be followed through with the

EQUICORE code several times until the results remained stationary and these

values are given in the following Table.

TABLE 2

BURNUP WITH FUEL SHUFFLING

Refuelling sequence
(Figure 2)

Radial reflector, cm

Operating period, days

Average burnup, MWd/teU

Radial form factor

Initial

Final

1

35

172

3,881

1.210

1.150

2

35

135

4,569

1.175

1.125

2

63

230

7,785

1.089

1.172

The same general comments as for Table 1 apply. Again a bias of 5 per cent

was applied to the effective multiplication constant and boron was assumed to

be dissolved in both the core and moderator.

For this type of operation the average burnup was calculated as follows:

Burnup (MWd/teU)
Rating (MW/teU) x Operating Period (days)

Core Fraction of New Fuel Added
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Again, an average fuel rating of 13.5 MW/teU was maintained.

Table 2 shows low values of radial form factor which compare favourably with

those for large power reactor cores. In general, if a higher radial form factor

is permissible the burnup could be increased further. (This would involve

biassing the fresh fuel feed more towards the centre of the core.)

In sequence No. 1 the burnups of zones 4 and 5 were nearly equal so the

scheme effectively reduces to 3 zones: this would be more practicable for the

relatively small research reactor cores.

If an operating period of exactly 6 months is required, an interpolation from

the results of refuelling sequence No. 2 points to a reflector size of 50 cm.

However, the corresponding burnup is reduced to 6,150 MWd/teU. A better solution

would be to retain the larger reflector size, but adopt a sequence which adds a

smaller fraction of fresh fuel. There is not much point in pursuing this

argument until the required rig loading is defined more clearly.

The operating period and burnup could also be adjusted as required by

varying the fuel enrichment from the standard value of 2 per cent.

To provide a consistent set of values it is assumed for the following cost

calculations that a radial reflector of 63 cm is adopted giving an operating

period of 230 days and an average burnup of 7,785 MWd/teU as listed in Table 2.

With this burnup the annual consumption of fuel is 3.05 tonnes expressed as

uranium and the following quantities of heavy elements are contained in the fuel

discharged from the reactor.

235u
239pu

240pu

241pu

242pu

kg tonne of
Uranium Discharged

10.22

3.18

0.83

0.27

0.06

Annual Discharge,
kg

31.15

9.69

2.54

0.81

0.18

Prom the above values the total annual production of fissile plutonium is

10.50 kg.

CORE COST ESTIMATES3.

3.1 General

11.

the latter being largely governed by the experimental facilities to be provided.

At this stage the facilities and mechanical design details have not been defined

so the total cost cannot be established as the sum of component costs. However

some preliminary costs are now estimated for the active core which consists of

the fuel assemblies and heavy water moderator.

3.2 Heavy Water Inventory

The following estimates are based on the current (December 1969) D20 price

of $U.S.30/lb which leads to a price of $A59,130/tonne.

The quantities were estimated from the core and reflector volumes. The

volumes of the calandria tubes, etc. have not been excluded, but it was assumed

that this and an additional 2 tonnes would cover the D20 contained in the

external circuit.

Radial Reflector
cm

35

63

DaO in Moderator Circuit

Weight
tonnes

17.7

27.0

Cost
$A

1,044,000

1,593,000

3.3 Fuel Costs

Fuel costs have been estimated with information provided by W..J. K. Wright.

(Private communication). Each fuel element assembly ccntains 197 kg of uranium

and the total weight with 24 elements in core is 4728 kg. With an estimated fuel

cost of $A160,000 per tonne of uranium the total cost of the core fuel charge is

$A750,000.

The annual cost of 3.05 tonnes of replacement fuel is $A490,000. Based on

the fissile content in the discharge fuel and assuming reprocessing in ths United

Kingdom, it was estimated that allowing for the costs of transport and reproces-

sing, a net credit would be obtained of $A50,000 per tonne giving a total annual

credit of $A150,000. Thus the net cost of the replacement fuel is $A340,000

per annum.

3.4 Total Core Cost

The cost of each pressure tube is estimated at $A2,500 and that of the

calandria tube at $A500 giving a total cost for the core of $A72,000.

With the above estimates the capital cost of the 'active core1 would be:

The cost of the fissile and moderator materials constitutes a relatively

small fraction, perhaps 10 to 20 per cent, of the total research reactor cost,
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Fuel elements

Pressure and calandria tubes

D20 in moderator circuit with
63 cm reflector

Total

$A 750,000

$A 72,000

$A1,593,000

$A2,415,000

and the annual net refuelling cost $A340,000. The D20 replacement cost should be

relatively low because of the simple unpressurised D20 system.

4. GENERAL ARRANGEMENT OF PLANT

A notional layout of the S.G.H.W. research reactor is shown in Figure 1.

The main drawing is based on the earlier 37-channel core, but the layout of the

24-channel core is also provided.

In general, the arrangement consists of standard commercial S.G.H.W.R.

features, t̂ e the pond above the core with simple grab refuelling after

raising the core cover.

There is adequate space in the moderator for experimental facilities.
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PART B - DESIGN OP A HEAT REMOVAL SYSTEM FOR A RESEARCH REACTOR

1. GENERAL DESIGN CONSIDERATIONS

In a study of a heat removal system for a research reactor ( see Introduction)

the first question that arises is whether the fission heat • is to be wholly

rejected to a secondary cooling medium or whether part of it is to be used for

generating power. An efficiency of about 25 per cent could be achieved with a

steam turbine plant.

A detailed economic study would be necessary to determine whether the value

of the electricity generated would justify the capital and maintenance costs of a

power generating plant; at this stage no such study has been made. However, there

are a number of factors unfavourable to the economy of a power generating system

and it is considered that a more suitable system for a research reactor is a

simple heat exchanger rejecting all of the fission heat to a secondary cooling

medium. The factors referred to are: i

the(i) Owing to the experimental nature of

power output could not be guaranteed

of the electricity generated.

(ii) Uninterrupted operation at a steady ;

conflict with the power system demands

(iii) Malfunction of the generating plant,

connected electrical grid would lead

in the irradiation schedules.

an

êacto'r, the level of the
i

ttfis would reduce the value

sr /is required; this would

•otActive equipment, or the

(3 unscheduled interruptions

reactor by the primary coolant

.ger units, one in each of two

its would be arranged on

ihangers with the shells

It is proposed that the heat absorbed in tl

be rejected to sea water in tvo similar heat ex

separate primary coolant circn:*''.~ The propose,

opposite sides of the reactor; they are U-tube

vertical and the tubeplates at the bottom. Thejfliw arrangement of each unit

is 1 - 2, with sea water in single pass in a sejsmeitally-baffled shell and

primary coolant in two-pass reversed flow insics tie tubes. When it is necessary

an be lifted from the tube

Donnections.

3ra.il. dimensions of the heat

to clean the outside of the tubes, the shells c

bundles without disturbing the primary coolant

This preliminary design established the ov
It '

exchangers, determined suitable flow quantities and conditions> and provided
| I

a basis for an estimate of the cost. Details are jjjiven in the next section followed
! *

oy reasons for the choice of the main features,| indicating those which would

require further consideration in the preparation of a final design. Beside each

detail in Section 2 is a reference to the appropriate comment in Section 3.
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The exchangers are designed for a total rate of heat rejection of 70 MW in

tv;o units. However, many of the details given would apply at any other design

rating up to, say, 150 MW, if The flow rates of the primary coolant and of the

s~a water were changed in the same proportion as the heat rating. The only

Important dimensions to change would be the diameter of the shell, which would

vary as the square root of the heat rating, and the number of tubes, the thick-

ness of the tubeplate, and the approximate weight, all of which would vary

directly as the heat rating. The tube and shell lengths, and all temperatures,

velocities, and pressure drops would remain unchanged.

15.

EETAILS OF PRELIMINARY DESIGN OF̂  ONE UNITJEAT EXCHANGER

Number of units required:

Type:

Arrangement:

Tube side details:

fluid:

pressure:

flow rate:

temperature at inlet:

temperature at outlet:

subcooling at outlet:

number of passes:

mean velocity:

pressure drop:

flow direction:

branch size:

Shell side details:

fluid:

maximum pressure:

flow rate:

temperature at inlet:

temperature at outlet:

number of passes:

mean velocity between
tubes:

mean velocity in
baffle opening:

pressure drop:

flow direction:

branch size:

Tube bundle details:

tube material

tube o.d.

tube wall thickness:

tube form:

number of U-tubes

mean tube length
(unbent)

maximum tube length
(unbent)

shell and U-tube

vertical shell, header at bottom

Section 3
Comment
Reference

13

14

primary coolant (demineralised H20) 03

200 lb/in2 abs. 38

850,000 Ib/hr 36

184°C (363°F)

108°C (226°F)

10.5°C (18.9°P) 37

2

7 ft/sec 28,29

6.2 lb/in2

up : down

12 in

sea water

50 lb/in2 gauge

4,375 gal/min

21°C (70°F)

68.5°C (117.5°?)

1

4.15 ft/sec

8.3 ft/sec

10.3 lb/in2 (24 ft head)

up

18 in

stainless steel

0.5 in

0.04 in

U-tube

610

30 ft

32 ft

01,03

35

02

35

28,30
28,30

31
31

39

23

16

17

13



tube pitch:

tubeplate material:

tubeplate thickness:

tubeplate diameter:

method of fixing tubes:

baffle material:

baffle form:

number of baffles:

baffle pitch:

Header details:

header form:

header material:

header diameter:

header wall thickness:

Shell details:

shell form:

shell material:

shell bore:

shell wall thickness:

shell length:

corrosion protection
system:

Approximate weights:

tube bundle (without
tubeplate):

tubeplate:

header:

shell:

Thermal part i culars:

heat rejection rate
per unit:

tube side heat transfer
coefficient:

shell side heat trans-
fer coefficient:

tube wall thermal
resistance:

tube side fouling
factor allowed:

16,

0.75 in square

carbon steel, clad both sides

4.25 in

45 in

welding

stainless steel

segmental, 33$ cut-out

5

29 in

welded end cover with division
, plate

stainless steel

35 in

0.5 in

welded drum with dished end cover

mild steel with protective coating

35 in

0.25 in

15 ft

coating + cathodic

4,250 Ib

1,650 Ib

1.850 Ib

2,400 Ib

35 MW

2,520 Btu/ft2.hr.°F

1,020 Btu/ft2.hr.°F

0.0004 ft2.hr.°F/Btu

0.0005 ft2.hr.°F/Btu

Section 3
Comment
Reference

18

24

20

15

27

19,31

21

25

22

26

29

30

32

33

17.

shell side fouling
factor allowed:

overall heat transfer
coefficient:

counterflow mean temp-
erature difference:

mean temperature
difference
correction factor:

1 - 2 mean temperature
difference:

heat transfer surface
area required:

heat transfer surface
area provided:

heat transfer surface
margin:

maximum temperature of
surface in contact
with sea water (clean
surfaces):

maximum temperature
of surface in
contact with sea
water (fouled
surfaces):

thermal effectiveness:

0.0010 fta.hr.°F/Btu

305 Btu/ft2.hr.°F

197. 5 °F

0.97

191. 5 "P

2,044 ft2

2,310 ft2

Section 3
Comment

Reference

33

228°F

167 °F

0.466

34

33

33
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3. COMMENTS ON FEATURES OF THE DESIGN

3.1 Secondary Cooling Medium

Comment
No.

01 The alternative media are water and air. In general, water-

cooled exchangers are simpler, smaller, and cheaper than air-cooled

ones and on a coastal site the obvious choice of cooling medium is

sea water. On a site remote from the sea, water from a lake or river

could be used in exchangers of similar design; to compensate for a

higher temperature of the water source the heat transfer surface

area would be increased or the primary coolant pressure and temperature

would be raised.

02 The average temperature of sea water on the south coast of New

South Wales during January is about 70°P (21°C). This has been chosen

as the design sea water inlet temperature. If the reactor is at full

power when the sea is above the average temperature, all fluid temper-

atures will rise above the design values. An allowance is made for

this in the choice of the design fluid temperatures, but in a final

design the margins allowed would have to be reconsidered with data

for the sea water temperature range at "the sitp.

3.2 Flow Arrangement

Sea water is passed through the shell and the reactor primary

coolant through the tubes for the following reasons:

(i) Passing the clean fluid through the tubes makes the choice

of U-tubes acceptable. U-tubes are preferred because they

permit a simple design of exchanger. If sea water were

passed through the tubes, these would have to be straight

to lessen the likelihood of blockage and to facilitate

cleaning; the choice of exchanger construction would then

lie between the floating header and the expanding shell

types, the former complicated and costly, the latter

impracticable for high pressure and large shell diameter.

(ii) Passing the clean fluid through the tubes enables tubes

of small diameter to be used to obtain an exchanger of

compact size.

06 (i.ii) The primary coolant has the smaller flow rate, therefore

a tube bundle of smaller diameter is obtained by passing

it through the tubes.

03

04

05

Comment
No.

07

08

09

10

11

12

19.

(iv) The primary coolant pressure is considerably higher than

the sea water pressure, therefore the high pressure part

of the exchanger is smaller when the primary coolant is

put in the header.

(v) If it is necessary for the materials in contact with the

primary coolant to be of a special kind, the size of the

vessel affected is smaller when the primary coolant is put

in the header.

The disadvantages of the chosen flow arrangement and the measures

proposed to ease the problems involved with it are:

(i) Periodic cleaning of the sea water side is more difficult

when this is the shell side. The shell must be removed from

the tube bundle and the tubes cleaned of deposits and lodged

matter. To facilitate cleaning, the tubes are arranged in

a square pitch with a minimum clearance of -5- inch be en

tubes.

(ii) The vessel containing the sea water can be made of mild steel

if it is lined to protect it from corrosion. When tills

vessel is the shell, the lining can be damaged by insertion

and withdrawal of the tube bundle. Since the exchanger is

vertical, the tube bundle is not supported by the baffles

and the baffle-to-shell clearance can be increased slightly

to reduce the likelihood of damage to the shell lining. A

hard, smooth lining, such as an epoxy resin, is the least

likely to sustain damage.

(iii) Build-up of corrosion products and deposits in the shell

could make withdrawal of the tube bundle difficult. Increased

baffle-to-shell clearance and a smooth shell lining would

assist bundle removal. The removal is made considerably

easier if rings are welded inside the shell and machined to

provide raised lands for the edges of the baffles.

(iv) Marine growth inside the exchanger is more likely when sea

water is on the shell side, because water velocity must be

lower to avoid high pressure drop. A system of chlorination

may be required to control marine growth in the cooling

water circuit.
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Comment
Mo.

3.3 Exchanger Construction

13 A conventional U-tube type is chosen for its simplicity and

complete freedom of longitudinal expansion.

14 A vertical shell arrangement suits the situation of the units

alongside the reactor vessel. The header is put at the bottom so that

the shell can be lifted from the tube bundle for periodic cleaning of

the tubes on the sea water side.

15 The tubes are welded into the tubeplate to obtain a high integrity

of the tube to tubeplate joint and to reduce the likelihood of leaks

developing in service,

16 A tube size of ̂  inch o.d. is selected because it is small enough

to give a reasonably compact ̂ xchanger, yet the number of tubes required

is not excessive and the tubes are stiff enough to permit a wide spacing

of the v iffles.

17 A tube wall thickness of 0.04 inch (19 S.W.G.) is chosen to allow

a reasonable margin for wastage by corrosion and erosion.

18 The tubes are placed in \ inch square pitch to provide a clearance

of \ inch between tubes and straight lanes £ inch wide through the

bundle. This arrangement lessens the likelihood of the bundle acting

as a filter for suspended matter and eases the task of cleaning it.

iy There is a single pass of sea water on the shell side and a

conventional arrangement of segmental baffles with 33 per cent cut-out

is chosen. The baffles are attached to the tubeplate by longitudinal

stays.

20 Tha tubeplate is designed as an unstayed plate. For a final

design, the advantages and disadvantages of supporting the tubeplate

by stays passing through the header would be considered.

•jl The U-tubes are arranged to give two passes of the primary

coolant and the header has a single central division plate.

?.?. The shell is a fabricated cylinder with a dished end-closure.

To wake lining with a protective coating practicable, rings are

welded inside the shell and are machined to form lands for the

location of the edges of the baffles. '.

21.

Comment
_No.

3.4 Materials

23 The usual choice of tube material for sea water-cooled exchangers is

66/30/2/2 copper-nickel-iron-manganese alloy, which has very good

resistance to corrosion in salt water and also resists erosion by

solids in suspension. As a copper-bearing alloy, however, it may be

unsuitable for use with deinineralised water in a reactor circuit. There-

fore, the preliminary design has been based on the use of stainless

steel tubes. In a final design, the choice of tube material must be

based on an analysis of the cooling water and expert metallurgical

advice.

24 The tubeplate material must have high strength, resist corrosion

by sea water, be acceptable in the primary coolant circuit, and be

compatible with the tube material with regard to similar electro-

chemical potential and facility of welding. To reduce the cost, the

plate could be of carbon steel, clad on both sides with stainless

steel or a material compatible with the tubes.

25 The header is of stainless steel because the material must be

acceptable in the primary coolant circuit.

26 To reduce cost, the shell is of mild steel; to assist in pre-

venting corrosion it is lined with a protective coating, such as an epoxy

resin. A coating alone is not. a sufficient protection for mild steel

in sea water; sea water is an electrolyte and galvanic action would

promote rapid attack on the naturally anodic steel at any small areas

exposed by damage to the coating. The protection afforded by the

coating should therefore be backed up by a system of cathodic

protection. As the exposed areas would be small, the anodes required

would also be small. In preparing a final design the cost of providing

and protecting a mild steel shell would, of course, be compared with

the cost of providing a shell in a corrosion-resistant material.

27 The baffles and baffle stays are of stainless steel or a material

resistant to corrosion in sea water and having an electrochemical

potential similar to that of the tube material.

3.5 Heat Transfer

28 Values commonly used in heat exchanger practice are chosen for

the fluid velocities in and across the tubes. These values give good

coefficients of heat transfer with reasonable pressure drops and avoid



ent
No.

29

30

31
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significant erosion and fouling of the tubes. Optimum values for

minimum total cost of capital and pumping have not been determined.

A primary coolant velocity of 7 ft/sec inside the tubes is suitable

for clean water in tubes of any material likely to be used. It gives

a two-pass tube bundle of reasonable diameter and a pressure drop in

the heat exchanger comparable with that in the reactor channels. This

velocity could be reduced if a lower pressure drop is desired; a

reduction to 5 ft/sec would reduce the pressure drop of the primary

coolant in the heat exchanger by 44 per cent (2.75 lb/in2), increase

the shell and header diameters by 18 per cent and increase the heat

transfer surface required by 4 per cent.

A sea water mean velocity of about 4 ft/sec between the tubes is

suitable for water without sand in suspension and keeps the tubes free

of soft deposits. If the water is likely to contain sand in suspension,

it may be necessary to reduce the velocity of flow. A reduction to

2.5 ft/sec would increase the heat transfer surface required by

12.5 per cent.

A baffle cut-out of 33 per cent is chosen instead of the more

common 25 per cent to avoid an excessive velocity of sea water in the

baffle opening. The number of baffles is small and a mean velocity

of about 8 ft/sec is acceptable if the water does not contain sand in

suspension. An increase in size of the baffle cut-out would adversely,

affect heat transfer and therefore an increase in shell diameter

would be the preferred change if the water is likely to contain sand.

The thermal conluctivity of stainless steel is low compared with

that of other common tube materials. The choice of a different tube

material would therefore not be likely to necessitate an increase in

the heat transfer surface required.

The chosen fouling factors are those customarily allowed for

water of high purity and for sea water with a heating medium at a

temperature between 240°F and 400°P. The fluid temperatures are

such that when the exchanger tubes are perfectly clean the sea water

could, depending on its pressure, be in contact with a tube surface

at a temperature above the saturation temperature and consequently

the rate of formation of scale could be high. However, before the

resistance of the scale has built up to the value of the fouling

factor allowed, the temperature of the surface in contact with the

23.

sea water has fallen below the saturation temperature.

34 To permit operation of the reactor at a small overload without

exceeding the design temperature of the primary coolant, a small

excess of heat transfer surface is provided.

3.6 Fluid Conditions and Flow Rates

35 The chosen sea water flow rate is 125 gal/min per megawatt of heat

transfer rate. This is the smallest flow rate that can be used, sea

water being returned at a temperature of 117.5°F. The generally

accepted temperature limit, set by corrosion rate, for water without

special treatment is 120°F. This would be exceeded if the temperature

of the sea water at inlet were above 72.5°F. Use of the minimum flow

rate keeps pumping costs down and makes a small diameter shell practic-

able.

36 The flow rate of the primary coolant is chosen to give a reasonably

small diameter of tube bundle with two passes. It must also be sufficient

to provide a safe margin between the channel burnout power and the

maximum channel operating power. For a channel form similar to that

of S.G.H.W.R., the chosen flow rate provides an estimated burnout

margin of 2.0, assuming that the coolant is distributed in proportion

to the channel power. This is not an excessive margin, because measure-

ments of burnout power have not been made with the S.G.H.W.R. channel

at the chosen pressure. If a different form of channel is chosen, the

estimate of the burnout margin must be revised and, if necessary, the

flow rate of the primary coolant must be adjusted.

37 • A subcooled liquid state is chosen for the primary coolant at

exit from the reactor channels. The absence of net steam generation

implies the absence of large changes of volume in the primary coolant

circuit and simplifies the system of pressure control. No steam drum,

and no separate condenser are required, and the flow instabilities

associated with two-phase systems are avoided. The degree of sub-

cooling at the channel; exit is sufficient to allow a 13 per cent power

overload without the occurrence of net steam generation, when the

temperature of the sea water at •'.nlet is 70°F. This margin is reduced

at higher sea water temperatures.

38 The chosen pressure of the primary coolant is 200 lb/ina abs., a

pressure that does not impose difficult problems of design yet is high

enough to allow the maximum tolerable temperature difference in the

heat exchanger. The use of a greater temperature difference would
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lead to an excessive rate of scale formation on the surface exposed

to sea water. At any lower pressure a larger heat exchanger would be

required; for example, at 100 lb/in2 abs. pressure the highest

temperature of the primary coolant would be 308°F and the heat transfer

surface area would have to be 50 per cent greater. The pressure of

the primary coolant is higher than that of the sea water, hence,

leakage in the heat exchangers would result in a loss of primary

coolant and not in contamination of the reactor coolant.

.7 Direction of Sea Water Flow

An upward flow of sea water in the shell is chosen because it has

the following advantages:

(i) Entrained air and air driven out of solution are swept

naturally through the shell and cannot form stationary

pockets.

(ii) With the inverted U-tube arrangement, the hottest primary

coolant is at the same end as the coldest sea water;

consequently the maximum temperature of the surface on the

sea water side is not as high as-it would be with downward

flow.

(iii) Natural convection currents are in the same direction as

the main flow and do not tend to set up secondary circu-

lations.

A noteworthy disadvantage of upward flow is that the highest

point in the sea water system is downstream of the heat exchanger

and the pressure at this point is therefore lower than it would be

with downward flow. This is of significance if the frictional loss

in the outlet culvert is low, for then an additional flow resistance

may have to be placed in the outlet culvert to maintain a positive

pressure at the highest point of the system. The relative importance

of this factor can bb determined only when the levels and culvert

losses are known.

25.

GENERAL SUMMARY

The work done so far indicates that the enriched S.G.H.W.R. concept could

form a suitable basis for the design of a research reactor.

A selected design with 24 channels would have a calandria diameter of

2.7 m and an overall core height of 4.0 m. The active core diameter would be

1.44 m (radial reflector thickness of 0.63 m) and the active core height 3.66 m

(end reflectors of 0.15 m each). The total core fuel inventory would be 4.7 tonnes

of 2 per cent enriched uranium. The moderator circuit would contain 27.0 tonnes

of D20.

The core would be capable of operating for uninterrupted periods exceeding

6 months, providing flux levels of about 2 x 1013 n cm~a sec"1 above 0.8 MeV

(fast flux) and about 1.2 x 1014 below 0.6 eV (thermal flux). A rig loading

corresponding to 2.5 x 1017 absorptions per second or a cobalt-60 production rate

of 2.1 g/day could be carried for the full operating period.

The average fuel burnup would be 7,800 MWd/teU and the annual make-up fuel

3 tonnes, the reject fuel (3.0 te) containing 10.5 kg of fissile plutonium.

Fuel loading would take place off-load by means of a simple grab arrangement

in conjunction with the pond above the core.

The fission heat generated would be 65 MW to be carried away from the core

by pressurised light water coolant operating at 200 lb/ina abs. in the temperature

range 226°F (108°C) to 363°F (184°C). L> two conventional U-tube heat exchangers

the heat from the primary circuit would be rejected to sea water.

The capital cost of the fuel (full core charge) is estimated at $750,000

and the DaO moderator would cost $1,600,000.

The annual net fuelling cost allowing for fissile materials recovered is

estimated to be $340,000.
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