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Abstract

,TJie importance of the so-called "conventional" parts of nuclear power
plants has sometimes been underestimated. Particularly the main heat
exchangers exert a considerable influence on lay-out, static and dynamic
behaviour, optimization, reliability, availability, and cost of a nuclear power
plant. They work under rather unconventional conditions regarding perior -
manee , space restriction, power density, safety requirements, accessibility,
leak tightness and cleanliness. The problems governing the design and the
design optimization of heat exchange equipment - ranging from steam generators,
intermediate heat exchangers or regenerative heat exchangers in the primary
cycle to condensers in the cold portion of the steam cycle- are reviewed for
types of reactors and nuclear power plants currently, being built or under
development

The steam generator design is largely governed by the overall design >
of the primary circuit. The integrated system of the gas-cooled reactor has
lead to the removable pod boiler concept, whereas present, water-cooled re-
actors still, are non-integrated. The once-through boiler system,, generally
with direct reheat, is now employed fqr gas-cooled and most of liquid metal
cooled reactors* Live steam data are about 17C bar, 540°C. Power densities
in the tube bundle of up to about 10 MW/m3 have been achieved. Safety consi-
derations are mainly concerned with loss of coolant and ingress of secondary
system water into the primary circuit, leading to adverse chemical reactions.
Apart from carbon mass transfer, the most serious material problem is still
•stress corrosion cracking of austeniticsteel. It is overcome by using nickel
alloys for the tubes of the steam generators in the PWR, HTGR and LMFBR,-
Identified problems with regard to structural integrity and presently incomplete
knowledge in the field of heat transfer are mainly connected with fluid flow:
flow instability, e. g. pulsations, or oscillations, particularly in downhill boiling,
two-phas.e pressure drop (especially in helical tubes), flow distribution, in-
complete flow mixing, phase separation, vortex shedding frequency, trans-
ient thermal behaviour.

In view of growing emphasis on increased performance, compactness,
accessibility for repair, and at the same time reduction in costs, heat exchan-
gers and particularly steam generators should receive special attention. In
addition, promotion of information and further exchange and dissemination of
experience in this important field is required. It is suggested that the IAEA
should act as a focus for activities of this kind.
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1. INTRODUCTION ' • • » * '

Although problems of nuclear physics and of heat and mass transfer
in the core have attracted interest from the very beginning of nuclear power
development, the design problems of heat exchangers in nuclear power plant
have only recently begun to receive a similar degree of attention [1 - 9].
The importance of these "conventional"items clearly has been underestimated.
This is borne out by the fact that the vast majority of breakdowns of nuclear
power plants had their reason in the conventional part and in a good many of
cases in the main heat exchanger.

Furthermore, it is a fact that today the nuclear behaviour of a core
• at least, as far as thermal reactors are concerned - may be predicted to
a much higher degree of accuracy than the behaviour of the heat exchangers
in terms of heat transfer and fluid flow (particularly under transient conditions)»
vibration, stress analysis etc. *

This lack of knowledge is partly due to the fact that even in conventional
steam power plants the corresponding problems are not known very well» but
there experience on the one hand and lower ratings on the other hand have lead
to an acceptable even if not fully satisfactory state of the art. Another reason
for the lack of knowledge are the rather unconventional conditions of the so-
called "conventional" parts of nuclear power plants such as heat exchangers
with regard to performance, space restriction, power density safety require-
ments, accessibility, leak tightness and cleanliness.

The heat exchanger thus has a considerable andhitherto sometimes
underestimated influence on lay-out, optimization, reliability, availability
and cost of a nuclear power plant, hi this paper, the problems that govern
the design and the design optimization of heat exchangers in nuclear power plant
are reviewed.

Reactor types being as divers as they are, it is understandable that
heat exchangers in nuclear power plant exhibit rather different features
although many problems are common for at least some of the reactor types.
After a short discission of types of reactors and associated heat exchangers,
the common problems are reviewed first, with discussions of the problems
specific to individual reactor types as appropriate.

2. TYPES OF REACTORS AND HEAT
Of the many theoretically possible reactor types, i. e. combinations

of fuel,cladding, moderator (if any), and heat transfer medium, only a few
are presently being built as economic power reactors or prototypes and se-
veral others -mainly the fast breeder reactor types - are being developed
with some or major effort. They are listed in Table I where a classification
is made according to the heat transfer medium used and according to the
number of cycles employed. Only closed cycles are considered whereas the
open cooling cycle at the cold end of the process - the cooling water and/or
air cooling cycle transferring part of the heat to the environment • has not '
been counted.
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A single cycle means that the reactor coolant is at the same time the
working medium. This is the case in the reactor types generating steam
directly in the core: the Boiling Water Reactor (BWR), the Steam Generating
Heavy Water Reactor (SGHWR), the C/H2O reactor of the Beloyarsk type, and
the Steam Cooled Fast Breeder Reactor (SCFBR). There is no main heat ex-
changer other than the condenser at the cold end of the process. What is
called the nuclear steam generator or the nuclear steam supply system (NSSS)
consists only of the reactor as such plus equipment for water circulation and
for phase separation - cyclone-type separators and steam driers - and, in
the SCFBR, a Loeffler arum. In such a nuclear power plant there will, of
course, be regenerative feed water heaters, where bled steam is condensed,
and a variety of auxiliary heat exchangers. There may also be, in addition
to moisture* extracting buckets of the saturated steam turbine, a mechanical
steam dryer and a live steam heated reheater at an intermediate pressure of
the steam cycle in order to avoid unduly high wetness in the last turbine
stages.

The medium acting as reactor coolant and working medium in direct-
cycle systems niay also be gaseous as in nuclear gas turbine plants with
either High Temperature Gas-cooled Reactor (HTGR+GT) or Gas-Cooled
Fast Reactor (GCFR*GT)* in' possible future nuclear MHD plants, and in the
Ultra- High Temperature Reactor being developed foi* the nuclear rocket
(NERVA). m.the Brayton cycle of the nuclear gas turbine plants, the precooler
before the compressor and the intercooler between the compressor stages take
the place of the condenser in the steam plant as main heat sink. In addition,

there will be a rather voluminous regenerative heat exchanger (RHX) trans- .
ferring heat from the gas leaving the gas turbine before entering the compressor
to the gas leaving the compressor before entering the core (10, 11, 12].

In indirect cycle reactor types - the Pressurized Water Reactor (PWR),
the Canadian pressure tube heavy water reactor (CANDU), the Pressurized
Heavy Water Reactor of the pressure vessel type (PHWR), the Advanced Gas-
cooled Reactor (AGR), the D2

O/CC>2 reactor, the IITGR,the space ship or
space base reactor SNAP-8, "the GCFR, and other indirect cycle reactors -
heat transfer cycle and working cycle are separated. The heat transfer medium
in the closed primary cycle is now chosen according to the requirements of the
core, the working medium being steam as in conventional power plants (mercury
vapor in the SNAP -8). Both cycles meet at the main heat exchanger - steam
generator (SG), steam rising unit, boiler - which, together with the whole
primary cycle, forms the NSSS.

There are further reactor types employing three cycles: the Liquid Metal.
cooled Fast Breeder Reactor (LMFBR), and the Molten Salt Breeder Reactor
(MSBR). There, for safety reasons, an additional cycle is introduced between
the active primary cycle removing heat from the core and the steam cycle.
This intermediate cycle consists of non-active sodium in the LMFBR whereas
a eutecUc mixture of sodium fluorobate and sodium fluoride (NaBF. - NaF) is .
envisaged for the MSBR. For these two reactor types an intermediate heat ex-
changer (IHX) transferring heat from the primary to the secondary cycle becomes
therefore necessary. The nuclear steam generator thus consists of primary and
secondary cycle and includes HOC and SG. .
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The future fusion reactor may also employ three cycles. It is envisaged
to use lithium as heat transfer medium in a primary cycle» and a binary Rantdne
working cycle consisting of a NaK vapor cycle and a subsequent Ü2O steam cycle
113J.

3. HEAT EXCHANGER DESIGN

3.1 Steam generator design philosophy

There are two basically different design principles of the steam generator
in nuclear power plant. In indirect cycle water reactors (PWR, PHWR, CANDÜ),
the temperature of the primary water and therefore its pressure has to be higher
than the saturation temperature on the secondary side of the SG. Heat is trans-
ferred from a high pressure primary cycle to a medium pressure, saturated
steam secondary cycle (Fig. 1). In a non-integrated design, that is with external
SG units as usually employed in present PWR power plants, the primary fluid
will therefore be applied to the inside of the SG tubes, steam will be produced outside
of the tubes, similar to a conventional shell boiler. An integrated design has,
however, been chosen for the SG of the German nuclear ship Otto Hahn [14];
The SG tubes being located inside the pressure vessel that encloses both the
reactor and the whole primary circuit, the obvious choice in this case was to
apply the secondary water to the inside of the SG tubes which are now to be
designed for outside pressure.

la steam generators of reactors with liquid metal or molten salt as heat
transfer medium, conditions are reversed: Pressures in the primary cycle
may be medium or low even at high temperatures, for the primary fluid is
either a gas and thus above the saturation temperature or a liquid with very
high boiling point Pressure and temperature on the secondary'side may be
chosen freely. Even supercritical pressures are possible. The only restriction
is that the SG inlet temperature of the primary fluid is somewhat higher than
the temperature of the superheated steam on the secondary side. Heat is trans-
ferred from a low or medium pressure high temperature primary fluid to a
high pressure, superheated (and often reheated)steam secondary cycle. The
primary fluid will therefore be applied to the outside of the SG tubes, steam
will be produced and superheated at the inside of the tube much in the same
way as in the conventional water-tube boiler.

Steam water flow is the next consideration (Table H). In water reactors,
the simplest and cheapest way at the limited pressure is natural circulation.
Por the SG of the PWR and the PHWR, the U-tube design (Fig. 2) has become
customary [15, 16, 171; for the CANDU, the U-tube, U-shell type with
external drum has been used, one leg of the U-shell serving as counter-current
economizer, thus increasing the steam pressure obtainable and/or reducing the
heat transfer area required [18]. The same effect is obtained by the integrated
helical coil design of the aforementioned SG in the German nuclear ship [14].
There, with steam generators in relatively long and almost horizontal tubes
winding around the core, a once-through system was chosen. In this way slightly
superheated steam is produced (Fig. 1). A similar solution may be adopted for
future land-based integrated PWR or PHWR systems in prestressed concrete
reactor vessels.
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la high-pressure, high-temperature steam generators for gas or liquid
metal cooled reactors, recirculation or once-through designs are feasible in
principle. Of the gas-cooled reactors, -.early non-integrated Magnox reactor;
steam generators had used natural or forced recirculation designs. The U-tube,
U-shell modular design (Fig. 3) is being used for the forced recirculation boiler
of the Czechoslovak nuclear power station A-l [19]. Modern gas-cooled re-
actors feature integrated systems in prestressed concrete reactor vessels
(PCRV). Regarding the boiler units, there is a strong tendency to the so-called
pod boiler concept [20 - 26] which consists of a number of SG units arranged
in cylindrical holes in the wall of the PCRV (Fig. 4 and 5). As the SG units
are to be removable, closures of the double-barrier type are required and
the penetration of the feed water, live steam and cold and hot reheat lines
through the PCRV becomes a meta design problem. The once-through boiler
requires the minimum number of penetrations and is the clear choice for this
reactor type {20 - 32]. Since the possibility of plugging individual tubes or
groups of tubes in case of a tube failure is usually required in addition to the
removability of the complete pod boiler unit,there must be no intermediate hea-
ders between water inlet and superheater outlet. By the same token, internal
spray attemperators for fast-response control of the superheater temperature
are not feasible. Contrary to conventional once-through boilers, steam tempera-
ture control has therefore to rely on the control of feed water mass flow and/
or primary cycle mass flow.

Turning to liquid metal cooled reactors. Table II shows that no clear
picture has yet emerged regarding the flow scheme for future large commercial
LMFBR plants [2; 33-37]. Forced recirculation as well as the once-through
principle have been .employed for LMFBR prototypes {2,38, 39,40]: recircu-
lation for the British PFR, genuine once-through without any intermediate
headers between feed water inlet and superheated steam outlet for the Enrico
Fermi Nuclear Power Plant (EFNPP) and a modified once-through design featu-
ring a once-through evaporator with slightly superheated outlet and separate
superheater and reheater units for EBR-H. This latter .design has the advan-
tage that sodium streams from 1he superheater and reheater may easily be
combined and pass through the evaporator as is shown in the heat transfer
plot (Fig. 1). .

For the sake of completeness, the direct cycle reactor systems--BWR,
SGHWR, C/H2O and SCFBR - have been included in Table IL

3. 2 Safety considerations
' :

The steam generator in a double-cycle system is part of the primary
cycle and as such a main item in investigating normal and accidental transient
behaviour of the plant, after-heat removal,and other overall safety analyses.
More specific safety considerations are:
(a) Consequences of the failure of one or more SG tubes in terms of reactivity
increase of undermoderated thermal or of fast gas-cooled reactor cores;
(b) Consequences of tube failures in terms of corrosion (mass transfer) of ..
graphite-moderaxed cores due to C-HoO reactions;
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(c) Consequences of penetration cover shell failures on primary circuit pres-
sures , mass flow and shut-down heat removal capacity of gas-cooled reactors,
particularly gas-cooled fast reactores;
(d) Consequences of tube failures in terms of Na-I^O reactions in single-
wall steam generator units of liquid metal cooled reactors.

Small bore tubes will help to reduce the problems connected with tube
rupture (a, b). Gas flow restrictions or double shell designs will be used to
limit or avoid the loss-of-coolant problem (c). Regarding (d), thermal shielding
of critical parts such as tube plates or nozzles by their location in an inert
gas filled space above the sodium level will minimize transient thermal stresses
and thermal fatigue. The inert gas space will also act as a shock-surge cushion.
Besides, rupture disks on the shell are provided in order to reduce the effects
of a large reaction. Unfortunately, very small leaks that would be tolerable
in terms of the Na-H2O reaction, lead to localized corrosion. Stringent leak
testing and sensitive, fast acting leak detection by hydrogen monitoring is
required [40]. Although the double-wall SG design with a narrow NaK or Hg
interspace might greatly alleviate the problem, todays effort is mainly on ihe
less expensive single-wall designs.

3.3 General steam generator design features

One of the basic design alternatives- of the. SG is the choice between the
madule concept and the concept of maximum unit performance. The module
concept has been followed in the development of: theU-tube, U-shell SG units
for CANDU [18]; the helical coil tube steam generator for the early French
gas-graphite natural uranium stations; the SG for the Czechoslovak D2O/CO2
power station [19]; early French designs for LMFBR steam generators [34];*
and of the pod boilers for modern gas-cooled reactors, although in this case
the number of units has become rather small recently, when it turned out that
remarkably large openings in. the PCRV wall could be designed. The advantages
of the module concept are easier testing and handling of the smaller units, the
possibility of assembly-line production, smaller PCRV penetration diameter»
«nd easier replacement of a faulty unit. The large unit, on the other hand, has
the advantage of the law of decreasing specific cost with increasing unit size.

Another design alternative is the choice between straight or U-shaped
tubes on the one hand and helical or involute tubes on the other (Table II).
Steam generators of water-cooled reactors mainly use U-tubes with the ex-
ception of the integrated design for ship reactors where helices are employed
[14]. In steam generators of early gas-cooled reactors, straight tube nqnean-
ders in cylindrical shells or involute tube meanders in annular geometry were
employed [25], whereas in the pod boiler units helical tubes are used. In
LMFBR steam generators, straight tubes with a sine wave to accomodate
thermal expansion, involutes (EFNPP), and helical coils [33] are being used
or proposed.

Experience has shown that almost absolute leak tightness (zero leakage)
can be achieved even for intricate tube bundles with many hundreds of welds
[41]. A high standard of welding is required and automatic welding techniques
are preferred. During manufacture, stringent inspection and non-destructive
testing methods are applied. Leak tests are performed by means of the helium
mass spectrometer»
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3. 4 Steam generator lay-out data

Typical data for steam generators of large power reactors are given in
Table ItL For comparison, data of a large conventional boiler have been in-
cluded. Since space is at a premium at the, generally, high pressures of the
primary cycle, there is a strong tendency to high power densities in the steam
generator tube bundle [42]. For the cases considered, power densities range
from about 4 to more than 10 MW/m3 for modern reactor types as compared
to about 0.1 MW/m3 in a conventional boiler. These high power densities are
the result of an increase in the heat transfer area density by about an order
of magnitude due to smaller tubes and smaller tube spacings which in turn be-
come possible in the clean, ash-and soot-free medium; in addition, the mean
flux is increased by almost one order of magnitude as a result of heat transfer
coefficients which are more than one order of magnitude higher and mean
temperature differences which are somewhat lower than in conventional boilers.
(Peak heat fluxes are, however, of a magnitude comparable to the ones in the
furnace chamber of conventional boilers).

It is interesting to compare the SG of the water, helium and liquid metal
cooled reactors. Table III demonstrates that their power densities are almost
equal. This is achieved in the PWR by a rather low temperature difference but
a very large heat transfer coefficient due to high-velocity water in the tubes
and boiling water on the outside; in the LMFBR by a medium temperature
difference and an equally medium heat transfer coefficient (despite the very high
coefficient on the sodium side its mean value is considerably lower than in
the SG of the PWR because of the steam-side limitations in superheater and
particularly reheater); and in the HTGR and GCFR by a relatively high tem-
perature difference but a relatively moderate heat transfer coefficient due to
gas-side limitations.

Deviations from the standard subcritical steam parameters - 170 bar,
540/5400C (about 2400 psia, 1000/1000°F) - take place for the PWR (saturated
steam), for the GCFR (where a non-reheat cycle has been assumed in Table IH),
for the LMFBR (where, for present sodium technology, an upper primary
sodium temperature of 600°C and a superheat and reheat of 500/500°C was
assumed). Feed water temperatures are generally somewhat lower in gas-
cooled reactors than in conventional boilers with comparable steam para-
meters since SG heat transfer surface as well as reactor inlet temperature
and circulator power are rather sensitive to this parameter [42]. As is
shown in Fig.l, enthalpy rise per unit mass of live steam is, of course,
smallest in the PWR; it is largest in the AGR with its low feed water tempe -
rature. The specific live steam rate varies thus by a factor of 2.

Because of the generally low temperature difference between primary
and secondary side (compared to the conventional boiler), extensive use is
made of the counter-current principle (Fig. 1). Other arrangements of super-
heater and reheater have, however, been suggested Í23].

3. 5 Specific steam generator design features

'From Table III it may be taken that the U-tube steam generator of the
PWR (Fig. 2) today is built for steam rates of up to about 2400 tonnes/h per
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unit, that is of about 4800 tonnes/h for an 800 MWe reactor with 2 SG units,
or about 6600 tormes/h for an 1100 MWe reactor with 3 SG units. The number
of tubes (about 22 r.:m o. d., 1. 2mm wall thickness) per SG unit exceeds 5000,
their length 16m, their haat transfer area 6000m2. The shell diameter in the
tube bundle section ranges up to about 4 m, in the steam dryer section up to
about 6 m, the tube plate thickness up to about 700 mm, and the unit weight up
to about 450 tonnes (15-17].

The inner (primary) surface of the hemispherical headers is clad with
nickel alley by an c.uton?atic weJ.d deposit method or explosively. For connecting
the tubes to the cladding of tba tube plate, automatic welding guns are used.
The tubes are given a mechanical roll to minimise the crevice between tube
cr¿d tubssheet thereby excluding las collection of solids from the secondary
v<T*er, Alterantivsly, the so-called explosive-expansion (Explansion) method
xaay be used. Thin consists oí tube expansion by the detonation of a carefully
controlled explosive in c. plastic plu«f inserted in a tube through the thickness
of the tube sheets.

After the first helix steam generator had been built for the Dragon HTGR
[41], this tube configuration - which fits very v/eU. to the cylindrical geometry
cf the pod boiler concept - is used o.r to be used in steam generators for gas-
ccoled reactors of the E^O/CC^, AGR, HTGR and GCFBR type and even for
rât orated F7/R systcras"snd the LMFBR (Fig. 4, 5, 6). The straight tube or
involute tube'near. 1er configuration, of shell-type or annular boilers of Magnox
end earlier AGR plants h<is been largely abandoned. It req'iires a large number
of tv'bc bcncb vhicj. ?.?3 expensive to rr^anuíacture, le?.ds to additional steam-
\7t.tor cioe precnvro <¿ ..-o?, rcqvircs .larger longitudinal tube spacings than the
fcelL: tlssisn and is therefore not very v/cll edited to the pod boiler concept.

The onca-thvrough boiler tubes usually are fitted with inlet orfices which
minimise maldistribution cf flov^ and restrict water ingress into the primary
circuit in caso of a tube failure.

As hs.s already been mentioned, the helix tube configuration has great
promiGS also for the steam generator of tho LTjETBR. In this application, its
possibility to anally e;:pand or contract virtually v/ithout any thermal stress
is an advantage. However, other cscign concepts - a hockey-stick configura-
tion with ene 90° bend to ailov/ for thermal expansion; and U-tubes - are being
pursued, too(Fig. 7).

Tube support i cruotur-ss require special attention in the pure non-
o-ïydizing hslium environment of thfi HTGR or GCFR. Fretting may therefore
occur v;here parto in contoct xnuergo repeated relative motion without
special protection. A sleeve end v3-*!ge ccmbûiation has, for instance, been
provided for the ste^m generator 'abes of &. large HTGR v/here they are in
contact with their support structure [32], The design principle involved is that
the sleeve material which is in contact vdth the support must have a higher
v/ear resistance than tLo support ¡material, aid the v/edge material which is
in contact with the tube must bs similar to the tube material. To avoid a loose
fit between tube and sleeve undsi- thermal expansion the sleeve material must
have a coefficient of thermal expansion leso than that of the tube material.

In addition.hocit transfer tubing that is subject to relative motion and in
contact with bsfiles or thermal shields has been flame-sprayed with chromium
carbide, snd structural parts that are in sliding contact with each other are
protected by a weld-overlay of cobalt-base alloy in appropriate areas.
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S. 6 Design features of heat exchangers other than SG

The intermediate heat exchanger of a LMFBR plant is usually of the
straight tube type with sine waves to allow for thermal expansion or of the
IJ-tube type [38Î.

Regenerative heat exchangers of nuclear gas turbine plants (Fig. 8) or
future MHD plants present design problems due to their size and due to the
necessity of integrating them into the PCRV [10, 11, 12, 43],

For the live steam heated reheater of nuclear power plants with water-
cooled reactors, an interesting design solution has been found by combining
it with the steam dryer [44]. Fig, 9 shows one of the two combined units for a
SOCMWe station.

3.7 Materials

The following are some of the criteria for the selection of materials for
heat exchangers in nuclear power plant:
- adequate strength (tensile strength, yield strength, creep resistance) at

design condition to avoid unduly thick walls which may cause large steady
state and transient thermal stresses;

- adequate ductility;
- acceptable thermal conductivity to limit thermal stresses;
- adequate fatigue properties at design temperatures and at the temperatures

where load changes occur;
- adequate resistance to corrosion caused by the primary fluid (CC^; Na);
- resistance to mass transfer such as carburization or decarburization;
- adequate resistance to chloride, caustic, and oxygen-assisted corrosion

(SG tubes);
- workability and weldability;
» reasonable cost and cost/strength ratio.

In Table IV, some of the materials used in recent installations or
proposed for use are listed, whereas in Table V the chemical composition
of the materials and approximate cost figures are given. Inspection, accep-
tance testing and clean condition requirements are more severe for tubes in
nuclear service than for conventional plants. This puts an economic burden
on the material but the percentage cost increase due to nuclear standards is
now much smaller for expensive materials, .reducing the cost multiplier for
high-alloy materials.

In the somewhat radioactive steam circuit of a BWR it is customary to
use Monel for the feed water heaters. In steam generators there is a strong
tendency to avoid the use of austenitic stainless steel due to its susceptibility
to stress corrosion if, for instance, traces of chlorides from a condenser
leakage are present. For PWR steam generator s, nickel-alloy s are therefore
used in more recent plants for the tubes and the cladding of the tube plate.
In addition, the tuble bundle is always kept flooded on the secondary side; con-
sequently there is no dry-out on the tube surface and, therefore, no concentrat-
ion of solids which could lead to stress corrosion.

23



The same tendency to the use of nickel alloys can be observed with steam
generators for HTGR or LMFBR plants. An alternative for these types of
reactors is the use of ferritic alloyed steels. This is relatively easy for the
LMFBR where optimized steam temperatures are of the order of only 500°C
(900 F); for reasons of high temperature strenght it is difficult to achieve in
ah HTGR with steam temperatures of the order of 540 C (1000°F) or more •
where it may necessitate the use of 12% C-Steel which is somewhat difficult
to manufacture and for which only limited operational experience in conven-
tional plant is available.

A nickel alloy has also been proposed for the heat exchangers of the
Molten Salt Breeder Reactor [45].

For the AGR steam generator, so far, austenitic steel has been used for
the superheater tubes but its use is limited to the portion where under all oper-
ational conditions a superheat of at least 50 degree C above saturation will pre-
vail [25]. A 9% Cr-1% Mo alloy steel is used in the evaporator and primary
superheater section. This is dictated by the CC^ coolant.

The tendency to the use of nickel alloys has no counterpart in conventio -
nal plants, although the stress corrosion problem is the same. The reason is
an economic one: As may be taken from Table III, the heat flux in a PWR,
HTGR or LMFBR is about 8 to 10 times higher, and the required heat trans-
fer area correspondingly lower than in a conventional plant. In addition the
breakdown of a steam generator of a nuclear plant due to stress corrosion
may cause longer shutdown of a more expensive plant. Thus, if a certain risk
of stress corrosion is assumed, there are sound economic reasons for the use
of nickel alloys in the steam generator of a nuclear plant whereas it may not
be economical in a conventional plant.

4. HEAT TRANSFER AND FLUID FLOW
Contrary to the mechanism of heat transfer in the furnace chamber of a

conventional boiler, heat transfer in the core as well as in the steam genera-
tor of a nuclear power plant is almost entirely by convection-Even in CCXj
systems radiation play s only a minor role due to the moderate fluid temperature
and the magnitude of the convective heat transfer.

Fluid flow conditions are therefore of paramount importance for adequate
heat transfer on the one hand, and the minimization of hot spots on the other.
The goal is an even flow distribution without local jets or hot gas streaks
that may under unfavourable circumstances cause mechanical damage as well
as excessive local heat fluxes and hot spots. Due to the high velocities and
mass velocities used (Table III) and the severe space restrictions usually en-
countered in primary or secondary cycles of nuclear power plants, the problem
is difficult and in any case, warrants close attention. Baffles or vanes may be
required in some cases; their proper size and shape will be found by careful
testing (41].

A second fluid flow problem - gas channeling - stems from the fact that
there are no intermediate headers in a nuclear once-through SG. In the plugged
condition, the primary and secondary side in the neighbourhood of the plugged
tube or tubes may, therefore, be seriously out of balance. Excessive over-
temperatures in individual tubes or cylinders of helices may occur, depending .
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on the degree of mixing of the primary fluid [23} which again will depend on flow
rates, longitudinal and transversai tube pitches, etc. A method of adjusting
orifices on the basis of individual exit temperature measurements has been
developed (46].

Flow instability on the steam/water side is another problem. It may occur in
a PWR steam generator ¿s chugging and steam blanketing of the tube plate if

the recirculation ratio of the natural circulation system is too low and may lead
to thermal cycling of tubes and lube plate and to excessive steam wetness.
In the once-through steam generator of an HTGR, the effects of flow instablity
could be even more serious due to the higher temperatures involved and the lar-
gdr temperature fluctations which are possible in this type of SG. It has been
shown that static instability (maldistribution) will not exist in this type of SG.
However, under unfavourable ccmditions, large flow pulsations and oscillations
of the single-channel or rnulti-channel mode may occur, possibly leading
to transient film boiling, to thermal cycling, to excessive transient tube wall

temperatures in the post-dryout region as well as in the superheater and in the
superheater exit header or tube plate, and to the encroaching of water into
the austenitic part (if any) of the superheater* which is susceptible to stress
corrosion cracking. Fortunately, by using high mass velocities and some
iiLÎet throttling, the high pressure once-through boiler may be designed so as to
Î:is stable under full-load conditions [20. 27, 28, 47]. However, there will
ahvays be a minimum part load below which instability will.occur (Pig. 10).

In recent HTGR designs, there is a tendency towards downward flow of
hc-Iiuaa in the core (which keeps the charging equipment cool and avoids lévitation
problems in the pebble-bed cores) and thus xipward flow of helium in the SG.
Since counter-current How is required, the steam water flow will in this case
generally be downward in the SG. It has been shown that the effects of suc& down-
Sill boiling on static and dynamic stability should not be significant at full load;
there-may, hov/ever, be problems during stari-up and shutdown [47]. A method
of combining upflov/ of helium in the SG wiht uphill boiling would be to ensure
by means of internal connecting tubes that the whole boiling region is in upfLow
while retaining ths overall counter-current flow arrangement. Such a solution
vrould have to bs designed very carefully and would be more costly.

The accuracy to which pressure drop data (friction factors) in the single-
aad two-phase regime are known is not very high but generally sufficient. A
higher degree oi accuracy is required if tubes of different curvature are to be de-
¡jijiîed so as to have equal flow rates and, therefore, equal exit temperatures.
This is exactly what is required in the helix SG. The effects of curvature on
single-and particularly on two-phase flow friction coefficients should be known
more accurately than they are at present [48, 49], Work of this kind, sponsored
by the Waagner-Biro AG of Vienna, Austria, is presently undertaken at the
author's institute.

Turning to the heat transfer coefficient, its magnitude is known in single-
phase flow to some accuracy even for the helix arrangement (50, 51]. High
Reynolds Number data for stv^ight tube bundles have recently been published
[52]. More work i&, however, required on the DNB and dry-out limits and on
the heat transfer coefficient in the post-dryout region (53, 54]. Transient
¡aeat transfer calculations of SG units have been performed [46] but appear
to be still in their infancy.
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5. STRUCTURAL DESIGN BASIS
While an évaluation of the structural design basis for heat exchangers

in nuclear power plants is beyond the scope of this paper, a short description
"of the working procedure may be given.

5.1 Thermal input data

Steam generators and other main heat exchangers will normally fall
under the scope of Section III of the ASME Code [55]. To perform the assess-
ment as outlined in this code, the following input data are required:
- the design and all thermal design data, that is a steady state thermal

analysis for full and part load conditions;
- a transient thermal analysis for normal operational cases such as start-

•up,shutdown and load changes, and for.abnormal and emergency cases;
- a vibration analysis of the tubes.

5. 2 Transient thermal analysis

Tentative wall thickness calculations according to simpWdesign for-
mulae may be based on the steady state thermal analysis. The transient
thermal analysis plus the number of cycles for each transient (which
is to be specified or has to be assumed) together with the
vibration analysis serves as input for the fatigue analysis of the unit. Thus,
the full lifetime history in terms of temperature and pressure and their
transient of each critical part of the unit is used for the assessment.

The difficulties of a transient thermal analysis of the SG have already
been briefly mentioned. They are greatly aggraviated by the fact that,
generally, input data from the primary and the secondary cycls are required
which in turn depend on the SG behaviour. A transient thermal analysis of
the whole system is thus necessary.

5- 3 Vibration analysis

Vibration behaviour of heat exchangers tubes is known only to some extent
[29, 56]. As a result of high velocities and mass velocities on the one hand,
and the strong tendency to small tubes(in order to achieve a compact design)
on the other, dangerous flow induced tube vibrations are more likely in the
steam generator of a nuclear plant than in a conventional one. There are three
characteristic frequencies:
- the acoustic frequency of the channel depending on the sonic velocity and on

the channel (or annulus) width W:
f = c/2W

- the Karman vortex shedding frequency depending on gas velocity w, on a
characteristic length, usually the tube diameter d, and on the dimensionless
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Strouhal Number which in turn depends on the bundle geometry:
ffe = Slw/d

- the natural frequency of the tube which mainly depends on tube dimensions
and the distance and type of tube supports.

The three frequencies may be calculated with a fair degree of accuracy
and it may be checked if - or at what load - coupling of two or all three of
the frequencies occurs. Much less is known about damping and about what may
be called "dynamic pressure vibration" and may be thought as self- exciting
of the tubes at their natural frequency due to high velocity heads without fre-
quency coupling to either the acoustic frequency or the vortex-shedding fre-
quency. Vortex shedding may, however, take place outside of its natural
frequency range . More work about this subject is required since, apart from
stress corrosion, tube vibration has been the reason for quite a number of heat
exchanger failures leading to forced outages of nuclear power plants (Magnox
stations; EFNPP).

It may be claimed that, with regard to flow induced vibration, helium is
superior to carbon dioxyde as heat transfer medium due to its much lower
density (at approximately the same specific heat capacity per unit volume).
Furthermore, the helix SG should be less susceptible to strong vibrations than
the annular boiler, with straight or slightly curved tubes in that it features a
tube pattern constantly changing around the perimeter {51]; the coupling of
vortex shedding frequency to any of the other two characteristic frequencies
will thus always remain a strictly localized phenomenon. Besides, the strong
curvature of the helix may in itself be beneficial.

5. 4 Stress analysis

For the stress analysis according to the Code, all stresses including
discontinuity stresses, steady state and transient thermal stresses etc. have
to be evaluated by analytical or finite-element methods, added up in their cate-
gories, and compared to design stress intensity values which depend on
material and temperature.

5. 5 Fatigue analysis

Unless certain criteria are met, a fatigue analysis is required. It is
based on the principal stresses, their differences and the alternating stress
intensities for each type of cycle. (For nozzles in shells or headers, the
stress index method may be used). From the design fatigue curve [55], the
maximum, number N of repetitions if this cycle was the only one acting is
taken and compared to the actual number n. This yields the usage factor U = n/N.
The cumulative usage factor is then found from a summation of all usage
factors for .the individual cycles; it is to be smaller than 1. 0.

It should be noted that the validity of the design fatigue curves given in the
Code (55];are limited to metal temperatures not exceeding 700°F (370°C) for
carbon and low alloy steels and to 800°F (425°C) for austeniticstainless steels
and nickel-alloys. These temperature limits are much below what is required
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for steam generators of gas or of liquid metal cooled reactors. There is,
however, an ASME Case Interpretation [57] where data for higher temperatures
are given.

Sometimes in the course of thermal design and assessment, stress and
fatigue analysis leads to the necessity or advisability of changes in plant opera-
tional modes such as start-up or shut-down procedures. In many cases an
estimate of the necessity and the effects of such changes can be obtained at
an early date by means of the Beckmann plot (Fig. 11), using model cycles of
temperature excursions with varying ramp height and gradient; the resulting
maximum permissible number of each oí the cycles is determined and plotted
against the temperature gradient [46].

II sufficiently high cyclic thermal strains are applied to the structure
subject to a sustained mechanical loading, cyclic growth will occur. The per-
missible limits of the maximum thermal stress in order to prevent cyclic
growth, are found by a thermal strain ratched analysis [55].

In special cases elastic-plastic analysis or plastic limit analysis may
be applied [55, 58].

G. DESIGN OPTIMIZATION

The classical design optimization is concerned with problems like:
saving in heat exchange surface vs. increase in pumping power;or improving
steam data, cycle p.nd plant efficiency and thereby reducing fuel cost vs. the
corresponding increase in first cost. Problems of this kind have been dealt with
extensively in the lay-out and design of nuclear power plant (10, 11, 12, 30,
35, 42, 43, 59, 60]; they are, of course, to be identified and solved whenever
a new or modified design is to be finalized or to be applied to different ground
i ules.

Design optimization of heat exchange equipment is somtimes carried out
v/ith fixed input data (temperatures,pressures, flow rates, pumping power,
available space). The more general view of optimizing the heat exchange
equipment as part of the steam cycle and the whole plant under steady state
full power and part load as v/c?.l as under normal and emergency transient
conditions should, however, not be neglected [42, 46],

Steam data of power-type reactors today seem to be rather well
established (cf. Table hi). An increase of steam pressure for water-cooled
raactor would only lead to increase wetness at crossover, unless the boiling
superheat or the Loeffler cycle of the SCFBR was to come. For the gas-cooled
thermal reactor, the subcritical 160 to 180 bar (2.400 psi), 540/540°C (1000/1000°F)
reheat cycle is probably to stay, with the supercritical pressure (250 bar)
cycle and the 565/5G5°C (1050/1050°F) superheater/reheater temperature as
possible variants. A no-reheat cycle may be preferable for the GCFR, at least
for the type with metallic cans; and a lower superheat and reheat temperature
for the LMFBR, unless primary sodium temperatures are pushed up from
600°C to 650°C or higher (cf. Table III).

Primary cycle temperatures of gas-cooled reactors with steam cycle
will probably not change very much in future. There is, however, a steady
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but continuous trend to higher pressures with the associated gains in pumping
power, heat transfer surface area and power density 142J. For the nuclear
gas turbine, the optimum cycle data seem to be less clear since the technologi-
cal limits of this type of plant have not yet been established. Upper pressures
of between 50 and 100 bar and upper temperatures from 660°C to 1300°C are
being discussed. For combined cycles or for exotic cycles like the MHD cycle
{11, 61], the picture is even more cloudy at present.

7. MAIN AREAS FOR FURTHER WORK

Apart from a series of detailed design problems and from the development
of new cycle concepts, further work would seem to be required most in the
following main areas:

(a) Further improvement of heat exchanger reliability
Under this rather general heading, protection from corrosion and wear

and corresponding materials research may be listed as well as further work
on heat transfer and fluid flow including flow induced vibrations and transient

.behaviqur, further refinements of design criteria and assessment methods to
ensure structural integrity over the lifetime quality assurance, and the de.
velopment of pressure barriers meeting the stringent requirements of Reactor
Safety Committees.
(b) Waste heat disposal

: The nuclear power plant is favoured as not «chemical polluting the
atmosphere, but there is one kind of environmental effect where at
least water-cpoled reactors are inferior to conventional power stations:
thermal discharge to ambient ("thermal pollution"). With net electrical
power Ne, thermal power Nth, power to steam Nst, cooling power to ambient
N , plant efficiency rj, and boiler efficiency n^, the ratio of cooling power to
ne\ electrical power becomes:

Nst • We Vth - "Nth "b - "

or for nuclear stations with n. = 1.0D

The ratio N /N has been assessed in Table IH for several reactor types.
Fig. 12 shows N fÑ vs. rj for various types of power plants.

Even if in Inaify countries the thermal discharge problem is not or not yet
serious, the "air-cooled" instead of the "water-cooled" nuclear plant might be
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an interesting aim - despite of the unavoidably higher installed cost - as the
site selection problem would be greatly simplified. Apart from the classical
cooling tower with evaporative cooling ,the indirect air cooling system (62} and
the air-cooled condenser system have been developed.

It should be noted that the nuclear gas turbine power plant is particu-
larly suited to air-cooling not only because of its potentially high plant efficiency
but also because its-waste heat is supplied at a much higher temperature than
is the case with the steam cycle. Larger temperature differences in the air-
cooled precooler and intercooler will thus lead to smaller additional cost of
air-cooling vs. water-cooling than for the steam cycle. By the same token,
utilization of waste heat for heating purposes, for the generation of industrial
process steam, for agricultural purposes, desalination, or even waste water
treatment should, in the future, become more interesting and would very well
suit the Brayton cycle.

(c) Heat storage
As more and more nuclear plant capacity is introduced into the grids,

the time approaches when nuclear power will have to take part in the daily
load changes. At that time, at the latest, it should be economic to introduce
power storage means into the system, permitting the high capital, low fuel
cost nuclear plants to produce base load. • Under favourable geographical con-
ditions, pumped storage hydro plants are one solution of the problem.
Also underground compressed air storage for air turbines and fuel cell
storage has been considered.

Heat storage in steam accumulators which may thought of as heat exchan-
gers of the mixing type, is another possibility. The steam accumulators would
be charged during low-load hours and discharged at peak hours. They would be
capable of improving the reactor load factor and may thus be an economic solu-
tion for the peaking problem in nuclear power stations [63].

8. CONCLUSIONS

Experience has shown that the reliability of heat exchangers, and in
particular steam generators, determines largely the reliability and availiability
of nuclear power plants. In view of growing emphasis on increased performance,
compactness, accessibility for repair and, at the same time, reduction in costs,
these major components should receive special attention. Several main areas
have been defined where much further work - analysis, research and develop*
ment - is necessary, ranging from heat and mass transfer and fluid flow in the
primary cycle to thermal discharge by means of the heat disposal circuit.

In addition, promotion of information and further exchange and dissemina-
tion of experience in this important field is required. It is suggested that the
IAEA should act as a focus for activities of this kind.
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TABLE IL WATER CIRCULATION AND TUBE CONFIGURATION
IN STEAM GENERATORS
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TABLE 1IL TYPICAL STEAM GENERATOR DATA FOR LARGE
POWER PLANTS

Heat Transfer Medium
(Coolant)

——————————— i ————————————

Plant Type

Net Power MW(e)

Geometric Data
2Cross- section, primary side m

Cross- section, restricted, ave m2
Tubes outer diameter mm
No* of tubes, total
Mean tube length m

. Heat transfer area (od) m
Number of SG units
Heat transfer area per unit m2

Net SG volume, total m3

Net SG volume,per unit m3

Heat transfer area density m2/m3

Cycle Data, General
Net plant efficiency
Boiler efficiency
Thermal power to SG MW
Thermal power from SG MW
Thermal power to ambient MW
Thermal power to ambient MW/MWe

Primary Side Data
Coolant pressure bar
Coolant temperature, SG in C
Coolant temperature, SG out C
Coolant temperature drop degC
Density, SG in kg/m3

Density, SG out kg/m3

Specific heat capacity kJ/kgdegC
Specific heat capacity kJ/m3degC
Specific heat capacity kJ/m3degC
Coolant mass flow rate te/ s
Flow rate, SG in m3/s
Flow rate, SG out m3/s
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.41
1.0
2440
2440
1440
1.44

5
600
450
150
950
950
1.26
1200
1200
12.9
13.6
13.6

1
118000
236002)
23600
5

.38

.89
2640
2350
1350
1.35

1
(2000)
(160)
(1840)
.28
.82
1.09
.3
.9
1.28
4570
1560
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TABLE IIL (continued)

Plant Type

Mass velocity kg/ m2 s
Velocity, SG in m/ s
Velocity, SG out m/ s

3)Secondary Side Data
Live steam pressura bar
Live steam temperature °C
Reheater outlet temperature C
Feed water temperature C
Enthalpy rise, live steam kj/kg
Enthalpy rise, total kJ/kg
Live steam rate te/h
Specific live steam rate te/h MW

Heat Transfer Data
.Mean heat transfer coefficient

W/m2 degC
Mean temperature difference degC
Mean heat flux kW/m2»
Mean power density MW /m

PWR

3240
4.66
4.28

51
265
(220)
207

1910
1910
5700
5.7

4500
35
155
11.2

AGR

300
13.1
7.7

170
540
540
160

2717
3137
1720
2,75

f'~

HTGR

57
22.5
13.9

170
540
540
205
2522
2942
2980
2.98

V

16001} 1200
85
136
4.3

150
180
9.6

GCFR

83
18.4
12.4

170
540

-
190
2588
2588
3560
3.56

1400
110
154
8.5

LM
FBR

860
.9
.9

170
500
500
240
2247
2587
3400
3.4

2300
80
184
10.1

Conven-
tional

3.2
11.4
3.9

170
540
540
260
2271
2691
3610
3.61

80
25?)20*'
.1

1) integral fins, 4mm high, increasing gas-side area about 3 times;
accounted for in heat transfer coefficient

2) including furnace chamber, excluding air preheater

3) LMFBR: tertiary side

4) much higher values in furnace chamber



TABLE IV. SOME MATERIALS USED OR SPECIFIED

Type of
Rector.

BWR

r\7R

AGR

IÍTGR; ''
GCFR

LMFBR

SNAP- 8

Type of
Unit

Feed
Heaters

SG

SG

. £G

SG

rax
SG (Hg)

Type of Part

Tubes

Tubes end Cladding
cî Tube Plate

Clodding of Primary
Headers

lleheater Tubes

Economizer Tubes

Evaporator Tubes

Superheater Tubes

Hch«:atsr Tubes

Economizer Tubes

Evaporator Tubes

Superheater Tubes

P.ehcatcr Tuboe

Tubfes

Tubes

Tubes

Material used

Monel

Ihcoloy 800; Inconel 600; .
Monel 400

304

Cu-Ni 90-10; 304 L

C-Steel

9 Cr - 1 Mo

316

316

C-Steel; 15 Mo 3

15 Mo 3; 2 1/4 Cr-lMo

316, Ihcoloy 800; Inconel 600;
Inconel 625

316; Ihcoloy 800; Inconel 600

Ihcoloy 800;
2 1/4 Cr-lMo;
2 !/4Cr-lMo-lNb-Ni

304; 304L; 316

Ta
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TABLE V. COMPOSITION OF SOME MATERIALS

Designation

C-Steel

15 Mo 3

21/4 Cr- 1 Mo
(10 Cr Mo 910)

9 Cr* 1 Mo

AISI Type 304

1.4301 (X5 Cr Ni 189)

AISI Type 304L

AISI Type 316

1. 4550 (X 10 Cr Ni Nb 189)

Involoy SOO**)

Ihconel 600++)

Inconel 625~H")

Monel 400"f+)

Approximate Chemical
Composition

Cr

-

-

2.25

9

19

18

19

17

18

20 .

16

22

-

Mo

-

.3

1

1

-

-

<»

2.5

-

-

-

-

-

Ni

-

-

-

-

10

10

10

12

10

32

76

61

66

C
max.

.2

.15

. 15

.1

,08

.07

.03

.08

.1

.04

.04

.04

.12

Cu

-

-

-

-

-

-

-

-

-

.3

. 1

.1

31

Material
Type+>

F

F

F

F

A

A

A

A

A

N

N

N

N

Approx.
Cost

$/ kg tube;

.5

.7

1.0

2.0

3.5

3.5

3.8

4. 0

4.0

5.5

7.0

9.0

6.0

F * ferritic; A = austenitiçj N = Nickel alloy

or equivalent (brand name)
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McgreUd pvnt

I»
•e

LMFBff

Fig. 1 Typical heat transfer ¡dots for
several reactor types

DRYER

BOTTOM VIEW
PRIMARVWATER II

Fig. 2 U-tube, shell type steam generator
unit of a PWR [15]



Fig. 3
U-tube, U-shell type steam
generator of a D O/CO
reactor [191 2

1 CO. inlet¿
2 CO outlet
3 H2O inlet
4 HO outlet

Fig. 4
Pod boiler unit of an HTGR [20]
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w

Fig. 5 Gas-cooled fast reactor
with pod boiler (GGA)

8STT

Fig. 6 Helix steam generator design for
a LMFBR [36]



Fig. 7 Evaporator/superheat module
with a hockey-stick configuration
for a LMFBR [37]

Fig. 8 Regenerative heat exchanger designs for an
IITGR or GCFR with gas turbine [43]

A Straight tube design
B Straight tube design

with two concentric
tube bundles

a LP inlet
b LP oulet
c HP inlet
d HP outlet C Helix design



Fig. 9
Combined steam dryer/
reheater of a PWR

Fig. 10
Typical dynamic flow
stability plot of a
nuclear once-through
steam generator [20]
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Fig. 11
Permissible number of cycles
as a function of temperature
gradient (Beekmann plot)

02 OS I 2 í W 100 «•
TEMPERATURE GRADIENT ¿T/4t

Fig. 12
Relative cooling power for
several types of thermal
power plant
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