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Abstract

The KWU/Interatom HTR-module consists of a reactor and a heat transfer
unit. Depending on the possible application, the thermal output of the re-
actor amounting to betwwen 170 to 200 MW is disconnected using steam gen-
erators, steam reformers or helium/helium intermediate heat exchangers.

The steam generator is a vessel of a helical tube construction with ascend-
ing evaporation and a descending helium flow around the tubes. Coaxial
helium backflow is used to cool the pressure vessel shell. The helical
tube bundle of the plain tube type consists of tube cylinders which are
coiled in opposite directions. The bundle load is supported in the lower
cold section. The calculation for the static flow stability curve has
shown the necessity for installing the orifice and thus for throttling.
This is to prevent an instable flow in the tubes connected in parallel.

The tube support system must support the weight of the tubes, dampen or
prevent vibration stimulation of the tube and at the same time be con-
structed in such a way that no inadmissible stresses occur in the tube as
a result of impeded thermal expansion.

The admissible start-up and shut-down gradients depend on the thermal
stresses in the thick-walled components. A parametric study was carried
out based on the steam tubesheet geometry.

Appropriate attention, commensurate with the importance of the many joints,
must be paid to the tube/tubesheet joint. The tube will be secured in the
tubesheet using two redundant processes. It is welded in and hydraulically
expanded.

The plastic analysis of the hydraulic joint shows the spread of the plas-
tic zone in the ligament as the expansion pressure is continually increas-
ed. In this way the highest possible expansion pressure is determined and
the deformation of the adjacent borehole is calculated. The expansion is
carried out using the Balcke-Diirr AG HYTEX process.

1. Description of the steam generator

The helium heated in the reactor of a HTR-module is cooled in the steam
generator. The water in the secondary circuit which evaporates in the
steam generator tubes serves as a cooling medium. This steam can either be
used as process steam or for the generation of electricity.

The hot helium enters through a hot gas pipe which is bent at an angle of
90° in the steam generator. Having been distributed as evenly as possible
at the circumference the helium enters the steam generator bundle coaxial-
ly, cools down and when it has flowed through the 8.2 m long bundle it is
deflected by 180° so that it cools the pressure-bearing vessel wall on its
way to the fan. The cold helium is directed back to the reactor through a
coaxial, radial nozzle.

The feedwater is distributed into the tubes via a tubesheet in the feed-
water header. The tubes are arranged in such a way that they enter the he-
lical tube bundle uniformly. The helical tube bundle consists of 22 cylin-
ders which are coiled in alternate directions. Upon leaving the helical
tube bundle the tubes form two tube packets which must be laid flexibly
enough to allow compensation for the different rates of expansion of the
pressure bearing shell and the hotter tube support system. This compensa-
tion bundle ends in the tubesheet of the live steam header.

The tube material Nicrofer 3220 was selected for the entire heat exchanger
tube system. The outer diameter of the tube is 23 mm, the wall thickness
in the preheater and the evaporator 2.8 mm; in the superheater 4.2 mm. The
tube dimensions of the compensation tubes are different; outer diameter
21 mm, wall thickness 3.2 mm. The reason for this is to low average wall
temperature and the high resilience of the compensation bundle. Fig. 1
shows a section through the steam generator.

The tube support system consists of 8 supporting walls distributed over
the circumference which, however, are not made of one continuous, perfo-
rated sheet but of individual strips fitted together.

The contact surfaces of these strips are coated. It is therefore possible
for each tube cylinder to expand individually depending on the temperature.
The strips are constructed in such a way that they are joined according to
the coil of a tube cylinder and thus they envelope the tubes. Fig. 2 shows
the construction of the tube support system. The true specific weight of
the tube bundle is directed into the star-shaped grating by the tube sup-
port system. In the lower cooler section this grating rests on the vessel
wall.

At the upper end the individual tube support strips are positioned radial-
ly. The width of the tube support was expressly selected so that the sup-
port causes as little stress as possible in the tube, even when the tube
cylinder radii are different. This optimization was carried out based on
the results of a parametric study. Fig. 2 indicates the calculation model
and the results of the calculation. The analysis was carried out with the
help of shell elements. The contact point loading was attributed to a
linear force with cosine type behaviour.
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The material Nicrofer 3220 H was selected for the tube support system in-
side and outside liner. The tubes are clamped in the two-part retaining
strips. As there is no possibility of movement the contact surfaces of the
tubes and the strips are not coated.
For the selected coiling method it is necessary that the disconnecting
point between the retaining strips is made as a groove and tongue joint:
In the groove and tongue joint section and on the contact surfaces to the
load supporting system the retaining strips are coated to prevent fretting.
This joint which has a certain amount of play permits each individual tube
cylinder freedom of movement both axially and radially.

Pre-stressed insulating packs are provided as insulation for the cylindric-
al shell and the dished head. To prevent by-pass flows around the bundle
the insulation support casing is sealed to the flow outer liner by an ex-
pansion joint. Due to its unrestricted availability the insulation support
casing is treated as a pressure vessel shell during the non-destructive
weld tests.

The cold gas is conveyed from a ring main to the fan through six cold gas
tubes. The cold gas tubes are arranged on the circumference of the ring
main in such a way that it is always possible to install and dismantle the
hot gas bend.

The live steam is conveyed to the expansion compensation bundle via four
separate tube trains each made up of 54 tubes and from there on to the
tubesheet. The tube/tubesheet joint is carried out using two redundant
processes. The tubes are welded in from the freely accessible side using
automatic welding equipment and then hydraulically expanded over the en-
tire tubesheet thickness using the HYTEX process. The joints are X-rayed
in addition to being subjected to the surface crack test and the he-leak-
age test. Dampers are installed in the feedwater inlet tubesheet to achieve
approximately uniform pressure drops in the tubes. Fig. 3 shows the stab-
ility curves with and without dampers.

An appropriate He-temperature pattern change was used for the gas side
calculation when taking a single tube and thorough helium mixing into ac-
count the resultant stability curve is, of course, different and then
shows no instability.

2. The analysis of the live steam tubesheet

A fatigue analysis had to be carried out in order to establish at what
maximum temperature gradients the steam generator can be started up and
shut down. Experience has shown that it is the thick-walled components
which determine the admissible temperature gradients. For this reason the
outlet header with the tubesheet was chosen as the section for the analy-
sis. The point subjected to the greatest stress is located in the groove
at the transition between the rigid ring and the cylindrical shell. At
this point the influence of the notch and the influence of the thermal
discontinuity moment becomes apparent as a result of the different temper-
ature gradients in the tubesheet and in the cylindrical shell.
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FIG. 3. HTR-Modul Steam Generator - Stability Curve

Fig. 4 shows the FE-structure which was used for the analysis.
Three intermittent calculations with temperature gradients of -2,5; -5;
-10 K/min were made and assessed. The temperature rise amounted to 200cC.
The reference stress range in point A is decisive for the material fatigue.
Fig. 4 also shows the relationship between the maximum reference stress
range and the rate of temperature change. The Iso-stress curves and the
curves for the same temperature in the structure after 40 minutes are
entered in Fig. 5.

3. The tube/tubesheet joint

The tubes are insert through the tubesheets and welded. The weld joint is
a reliable and proven method of securing the tubes. It is carried out from
the freely accessible side using TVA automatic welding equipment. These
joints are X-rayed as well as being subjected to a surface crack test and
to the He-leakage test. The live steam tubesheet is made of Nicrofer
3220H, 175 mm thick; the feedwater tubesheet made of material 20 MnMoNi 55
is provided with a cladding similar to Nicrofer 3220 and is approx. 150 mm
thick. The second redundant tube/tubesheet joint process is hydraulic ex-
pansion according to the HYTEX method.
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A qap-free which is favourable as far as residual stress is concerned
joint is achieved with this process. The theory and the principle of hy-
draulic expansion have been published in (4).
Fig. 6 is a diagram of the states of deformation in the tube and in the
tubesheet during and after expansion. Liquid under high pressure is fed
into the tube. This pressure first leads to the plastic deformation of the
tube and then to that of the tubesheet. The amount of expansion pressure
required can be calculated relatively simply (4). In order to achieve a
tube/tubesheet joint the geometry the material matching and the expansion
pressure must be selected so as to ensure that the fatigue deformation of
the tube is less than that of the tubesheet. Only then is the tube enve-
loped.

FIG. 7.

Fig. 7 shows the Balcke-DLirr HYTEX equipment which is able to expand tubes
at a pressure of 4200 bar.
Elasto-plastic calculations were carried out for the tube/tubesheet geo-
metry in order to ascertain at which expansion pressure the ligament be-
tween two adjacent boreholes begins to plasticize and how the expansion
pressure can be raised.

Fig. 8 shows the development of plastic zone through the tubesheet as the
expansion pressure increases. It is also important to be aware of the de-
gree of deformation of the adjacent borehole before a final decision is
reached with regard to the expansion pressure.
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of a steam generator for the HTR-module was presented,
significant problems were discussed in detail and solu-
The steam generator consists of proven components which
can be tested. The efforts made in connection with the
resulted in a perfected model which is characterized by
high availability as well as by its safety.
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