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INTRODUCTION

For the future generation of Ihnerently Safe Pressurized Water Nuclear Power
Reactors, a system configuration which 1looks very attractive considers the
whole reactor coolant system (RCS) enclosed in a pressurized vessel, either in
steel or in reinforced concrete, containing cold and borated water which
provides the wultimate heat sink and shut down function, see , for instance,
Sako, 1988, Sundgvist et al, 1985, Wakabayashi, 1988. The reactor core, see
sketch in Figqg. 1, 1is placed in the lower part of the vessel, with a riser
above it, which serves as hot leg; the primary pump(s) is(are) located in the
upper part; the once-through-tube-side-boiling type steam generator (SG) can be
conveniently placed around the riser.

The need to provide stable interfaces between the cold pool and the reactor
coolant circuit during normal operating conditions and adequate flow space for
the natural circulation of the borated water during accident conditions,
together with the general requirement of limiting the overall size of the
reactor were the main reasons for performing a parametric study, that is
described in this paper.

The main objective of the study was the conceptual definition of the most
suitable SG design - U-Tube (UT), Straight Tube (ST), Helical Tube (HT) - with
particular consideration to functional requirements, geometrical constraints
and structural complexity.

METHOD OF ANALYSIS

Data and basic assumptions

In order to make possible a comparison of the different SG designs, a reference
configuration is selected for the reactor pressure vessel, see sketch in Fig.2,
that is characterized by:

* vessel material = low alloy steel
* outside diameter of thicker section = 5.9 m

(assuming forged shell)

inside diameter of vessel =
outside diameter of steam generator
inside diameter of steam generator =
one (1) primary pump centrally located
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The study is also based on a se+ of “ixed data, hereinafter summarized togethe -
wii the basic assumptions:
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* exchanged thermal power = 950 MW

* two different primary/secondary fluid conditions, i.e. 90/40 bar and
130/50 bar
tube material = Inconel 690 (ASME SB 163)

* two different tube sizes, evaluated according to the rules of ASME III
for the full primary side pressure

* for the UT and ST SG's the net area available for the active tubes is
assumed 90% of the theoretical cne
no fouling resistance
no plugging margin
primary pump electrical power limited to about 1% of the electrical
output of the plant, i.e. assuming e=0.32 for the plant and e=0.75
for the pump, the total allowable pressure drop is 2.6 bar for 90/40
case and 2.8 bar for the 130/50 case

* the secondary £fluid pressure drop in the SG is limited to different
values for the two cases, in order to provide adequate temperature
difference between primary and secondary fluids at beginning of

-

boiling region, i.e. 5 bar for 90/40 case and 10 bar for 130/50 case.
U-tube SG

A sketch of the U-tube SCG confiquration is shown in Fig.3a. From a annular
header over the cuter part of the tubesheet, the feedwater enters the downward
leg of the U-tubes, turns around and then emerges from the opposite side as
superheated steam which is collected in another header; the primary coolant

lows down and up countercurrent to the secondary fluid and eventually leaves
the bundle just under the tubesheet ocuter rim, flowing back to the core Lower
pienum via an annular duct.

The cubes are arranged with the U plane in radial direction; the width of the
central annular empty space is determined in order to have a ratcio “smallest
radius bend/cutside tube diameter" =egual o 5. Furthermore in the assumed
available space the annular passage for the final descent of primary fluid is
provided, assuming a velocity of about 5 g{s.

The resulting sizing is summarized hereafter:

No of tubes 7500

outside diameter x wall 17 x 1.35 mm (90/40 case)
" " " 17 x 1.80 mm (130/50 case)

triangular pitch 27 mm

outside diameter of active tube bundle 4.45 m

Straight tube SG

A sketch of the straight tube SG configuration is shown in Fig.3b. Assuming
that all the inlet/outlet nozzles are located in the upper part of the vessel,
a portion of the available annular space shall be used for the descent of the
feedwater to the lower plenum . A solution with six (6) wvertical tubes has
been . foreseen. The heat exchange takes place upwards, countercurrent to the
primary coolant which enters the bundle under the upper tubesheet and exits
just over the lower one.

The resulting sizing is summarized hereafter:

No of tubes 20700

outside diameter x wall 17 x 1.35 mm (90/40 case)
" " " 17 x 1.80 mm (130/50 case)

triangular pitch 23 mm

outside diameter of active tube bundle 4.20 m
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Helical tube SG

A sketch of the Helical tube SG configuration is shown in Fig.3c. An annular
passage is used for the individual tubes carrying the feedwater in the lower
part of the bundle; boiling and final superheating takes place upwards in
cross—countercurrent flow with the primary coolant.

The final sizing is as follows:

No of tubes 2574

outside diameter x wall 19 x 1.50 mm (90/40 case)
" " " 19 x 2.00 mm (130/50 case)

radial pitch 28 mm

outside diameter of active tube bundle 4.51 m

RESULTS
a) 90/40 case, see Fig.4

UT SG is fawvourable with regard to heat transfer area (it has a high
ciency, defined as ratio of thermal power to required surface area), bundle
secondary fluid pressure drop; nevertheless the primary coolant pressure
across  the bundie is high, due to the long flow path and the high number
tube support plates . Taking into account the pressure drops in the rest of
e primary lcop, <the desired limit on the required pump power can be
spassed. Therefore at least a carefull optimization of the tube support
ates cesign nas to be made.
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ills the requirements for primary and secondary pressure drops;
ired heat transfer area and tube mass are much greater than in
a poor globai efficiency; a further shortcoming is the overall

however the req
JT  SG, giving
bundle height.

The ST 3G fulf
u

The HT SG seems not suitable for the assumed primarv and secondary fluid
conditions: in fact the low temperature differences between the two fluids
require a large heat exchange area and hence a very long tube; on the other
hand the low secondary pressure yieids to high secondary fluid velocity, which,
together with the long tubes, causes very high and inacceptable secondary side
pressure drops.

b) 130/50 case, see Fig.5

The UT SG is again favourable with regard to heat transfer area, bundle mass,
secondary fluid pressure drop; also the primary coolant pressure drop is
acceptable.

For the ST SG the same comments of 90/40 case can be made: the requirements
for primary and secondary pressure drops are satisfied; however the required
heat transfer area, bundle mass and height are greater than in UT SG.

The HT SG in this case gives good results, not only for heat transfer area,
overall height and primary coolant pressure drop, but also for the secondary
fluid pressure drop, which is lower than the limit value. Shortcomings are the
high bundle mass, even higher than shown in the tables because of the
additional expansion loops, and the overall SG height.

C) general comments

For the UT SG the flow instability risk in the downhill boiling region shall be
investigated, especially at low thermal loads.
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For the UT and ST SG's it should be noted that the disuniformity of primary
flow in the inlet/outlet regions can reduce the theoretical thermal efficiency,
thus requiring surface area - and therefore mass and dimensions of bundle -
higher than values shown in Fig.s 4 and 5.

The potential risk of flow induced vibrations shall be carefully investigated
for all the designs, although it could be more severe for the HT SG.

Again for all the designs the structural complexity can be a problem, although
at different levels: ST SG has two huge tubesheets with several thousands of
holes; UT SG has a complicated structure for primary fluid flow guide, together
with a huge tubesheet; HT SG can have manufacturing problems for the helical
tube bundle with several radial supports.

It shall be noted that for all the three designs the vertical space required
for the SG is high, therefore leading to a very big vessel; the 130/50 case
allows a noticeable saving of about two (2) meters.

CONCLUSIONS

The first result of the study is, at least for the defined geometry and thermal
power, the 1incentive to increasing the pressure of primary and secondary
circuits. Two important erffects <can be achieved in this way: higher
temperature differences between primary and secondary fluids and lower pressure
drops and better heat transfer conditions on secondary side, particularly in
the dryout and mist flow regions.

Furthermore the study has not shown a clear superiority of one SG design over
the othesrs, although the U-tube SG may appear more attractive.

The U-tube SG gives the most favourable ratio between thermal power and heat
transfer area, but is peralized by the long and compliicated primary £flow path
and associated high opressure drops. Moreover the possibility of flow
instabilities associated with downhill boiling shall be considered
(experimental work probably required).

The Straight tube SG 1is generally characterized by a lower efficiency with
respect to the U-tube SG, i.e. larger heat transfer area, tube mass and bundle
height. The simple primary coolant flow path is counterbalanced by the
arrangement of tubes for carrying the feedwater to the lower plenum.
Consideration shall be given also to possible difficulties associated with 1In
Service Inspection, maintenance and plugging of tubes.

The Helical tube SG appears suitable for high-primary/secondary pressures only;
the efficieﬁcy is goocd (but lower than that of the U-tube SG); however the
global height and the total tube mass are large . Manufacturing difficulties
can be foreseen for the arrangement of the bundle, downgoing tubes and bundle
expansion loops. The potential of flow induced vibrations shall be
investigated.

However, consideration of simple and more uniform primary flow path,
possibility of more compact sizing by optimization of tube pitches and helical
coil angle, flexibility for arrangement of other reactor internals (for
instance four (4) primary pumps can be used, with an arrangement capable of
saving about one (1) meter in height), absence of large tubesheets,ease of In
Service Inspection and Maintenance, may give incentives to further studies for
optimization of the Helical Tube design.

This conclusion 1is judged applicable also to different reactor sizes, in the
range of approximately 650 to 1100 MW.
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Fig. 1 Sketch of integral type Fig. 2 Sketch of assumed reference
inherently safe reactor steel vessel

a) U-Tube b) Straight Tube C) Helical Tube

Fig. 3 Sketch of different conceptual designs
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