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Abstract. The work discussed an extreme case of cooling a steam turbine. The ship's steam turbine was used as
an example. In marine transport units with low-speed engines dominate, however, there are also units with
steam turbines. An example of analysed marine steam turbine is shown in Fig. 1. When considering the issue
of cooling steam turbines, it is necessary to estimate the extreme conditions that may occur during operation
of'the turbine. For this reason, the paper presents the results of the Thermal-FSI analysis of flooding a marine
steam turbine with water. The temperature distributions and the corresponding stress fields were determined,
which provided information on the effects of flooding the steam turbine with water. New technologies and
theoretical examples force a new approach to considered complex flow-strength issues. One of the solutions
are calculations that combine liquid and solid, so-called Thermal-FSI (Thermal Fluid-Structure-Interaction).
During flow calculations, individual calculated time sub-periods are exported to a solid state solver. Then the
problem of the solid body is solved, which results in stresses and deformations. Deformations of geometry
result in the subsequent digitization of the geometry. The new grid is passed to the fluid solver in which the
next time-stepping is calculated. The operation sequence is repeated until the end of the calculation time.

INTRODUCTION

During the operation of a marine steam turbine the same phenomena occur as in the case of a land-based turbine
[1,2]. Although the majority of ship's vessels are equipped with slow-running engines as a propulsion system, it is
worth paying attention to vessels with ship's engine rooms with steam turbines.

Different types of turbines (action, reaction, etc.) may require slightly different treatment during start-up, however,
the basic principles of start-up are the same for each type of offshore steam turbine, that is:

-lubrication must be ensured

-the turbine must be warmed up properly

-the drainage of the turbine should be opened during the heating process

-the steam boiler must be in good condition and free from waterborne impurities
-the ship's bolt shall be ready for operation

-Cooling water circulation in the capacitor must be switched on [3].

The first issue of the heat-up procedure is to achieve an even rotor temperature. This depends on the small
temperature gradient along the rotor shaft, i.e. the rotor temperature must not be higher.
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in the top layers than in the deeper layers. If hot steam is applied to a turbine whose shaft does not rotate, the shaft
may bend upwards (the so-called cat's back). This will be a natural situation due to the convection that occurs in the
dike in the rotor shaft material. Therefore, the rotor must be rotated during heating in order to ensure an even
temperature in its entire volume [1,2].

Another issue is to avoid hull warping as much as possible. Again, in this case, the rotation of the rotor causes the
steam to mix properly, leading to an even temperature distribution from top to bottom.

The third of these conditions occurs in order to minimize stress caused by the temperature gradient along the thick-
walled sectors of the turbine construction. For thick-walled cylinders, if the temperature inside is higher than outside,
compressive stresses occur inside the geometry and tensile stresses occur outside. The higher the temperature gradient,
the higher the stress values. The same applies to thick and wide flanges at the horizontal points of the bolted connection
[1,2,3].

The heat flow from steam to the hull to the bolthole of the flange connection is greatest when steam condenses on the
surface. and the temperature at which condensation occurs is determined by the local pressure. The local pressure is
in turn determined by the mass flow of steam.

Although it is known that sudden changes in steam temperature in the turbine's flow channel are dangerous for the
turbine, it was decided to analyze the extreme case of forced cooling of the turbine - flooding it with water. This
situation may occur due to flooding of the ship's engine room. In case of flooding the engine room with a working
turbine, the chances of its restarting are negligible, described in the literature. The authors of the study want to
determine whether it is possible to reuse the flooded turbine for work.

Flooding of a working turbine with water is an abstract idea, but it may occur. The temperature gradients that occur
during such a phenomenon are enormous, which clearly translates into thermal stress and material stress.

ANALYZED GEOMETRY

In this work part of the HP steam turbine from the ship Queen Elizabeth II was analyzed. It is a 12-stage action
turbine.

On the basis of Figure 1 a two-dimensional geometry has been prepared, which is shown in Graphic 2. Due to the
two-dimensional analysis, the geometry has been simplified accordingly. The flow channel, which is marked in green
in Figure 3, was simplified the most.

= N

3 I ¢ , .

FIGURE 1. Cross-section of the HP part of the steam turbine of the ship Queen Elizabeth II [3].

FIGURE 2. 2D model of analyzed geometry.
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As it can be seen, the stages of the examined geometry have been simplified. There are no feathers of blades and
seals of both steering palisades and rotor palisades. Relieving holes were not taken into account.

FIGURE 3. Flow channel of analyzed geometry.

Simplification of the geometry is due to the desire to simplify the flow channel. The main focus of the study was
on the effect of temperature on solids. Flow has become a secondary issue in the study.

DISCRETISATION

In order to perform both flow and strength calculations, the geometry was discredited using the finite element
method. The geometry was discredited by means of square elements. The solid and liquid domain has about 130
thousand elements. A wall layer was applied in the fluid domain. A close-up of the discussed geometry is shown in
Graphic 4.

" FIGURE 4. Discretisation of the fluid and solid domain.
CFD MODEL

For the fluid flow simulation, three basic formulas of conservation are fulfilled. These three main formulation
which describe CFD are presented below [4-6]:
Conservation of mass equation:

3:(p) + div(pv) = 0 (1)
Conservation of momentum equation:
2,(pB) + div(p? ® ¥ + pI) = div(#¢) + pb )
Conservation of energy equation:
. P\ e L sps 2D >,
d.(pe) + div [(e + ;)pv] =div(g +q' + Tv + g°) + pbv 3)
020009-3
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These are balance equations in conservative form, where:

p- gas density, [kg/m®]

T¢={+R+D - total tensor of irreversible stress, [Pa]
= v;e; — mean velocity, [m/s]

— molecular heat flux, [W/m?]

G- turbulent heat flux, [W/m?]

GP- diffusive heat flux, [W/m?]

P - pressure, [Pa]

e=u+ 2v - v- total energy, [J]

e b =-981e, [m/s%]

1L I

Model of turbulence

Above three equation, i.e. (1-3), were complemented by two evolution equations for parameters, which allow to
define tensile tensor components [6]:

Evolution equation concerning turbulent energy £ :

0, (pk) + div(pk®) = div(J,) + S 4)
where,
e  k-turbulent energy [J],
e p- gas density, [kg/m?],
e ¥ = v;e; — mean velocity, [m/s],
o ], - diffusive flux of k, [kg/m’s]
e  S.-ksource, [kg/m’s],

Evolution equation concerning energy dissipation €:

9, (pe) + div(ped) = div(],) + S, 5)
where,
e  &- energy dissipation [J],
e p-gasdensity, [kg/m?],
e U = v;e; —mean velocity, [m/s],
. ]; — diffusive flux of &, kg/m?s
e S, -,esources, kg/m?s,

A more detailed description of the used models in CFD codes can be also find in [7]. The pressure of the liquid
walls is omitted as a the pressure which causes negligible stress in walls. Because of that, the equation of momentum
conservation is not important due to the mechanical reasons but only due to thermal reasons, as the equation which
describes heat convection and movement of the hot fluid, which flows through flow channel. For that reason, the
viscous and turbulent stress influence is negligible. More important is the assumption of gravity in element of mass

force: p(x, t)l_; or a precise equation of water state which gives actual water density in each point and in each moment
p(x,t).
Noteworthy is the heat exchange model in a steam turbine, which is divided into:

-conduction,
-convection,
-radiation.

Due to the considered start-up issue, the most important method of heat exchange is convection between the turbine
elements and the steam that is passing them. The second in the process is conduction observed during the whole
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62:5¥:L 1 ¥20zZ Aeniged 9z


http://mostwiedzy.pl

A\ MOST

turbine operation cycle. The influence of radiation was omitted due to its greatest impact during cooling down of the

turbine [8,9]. Therefore, in the formula for total energy (3) radiation was omitted.

CSD MODEL

The following strength hypothesis was used to simulate the stress generated in the material:

Huber-Mises-Hencky reduced stress given by formula (6) [5,10,11]:
1+v
[

OumHu = 7
where,

e v -number of Poisson

e E -Young's modulus

® 7y, 0,,03 - main stress
The condition of safe mechanical condition assumes the function (7):

(01 — 0,)* + (0, — 03)* + (05 — 07)?]

Ored = %\/(O—xx - Uyy)z + (Uzz - Uyy)z + (Uxx - Uzz)z + 6(‘[)%)1 + T)zlz + TJZCZ)

where,

L4 0. 0. g,

xx > Oyys Ozz, T

xy> T

yz»> Txz — SIr€Ss tensor components

or in the equivalent form provided by the formula (8):

Ored = %\/(011 —023)% + (033 — 0,)* + (011 — 033)?

where,
011, 022, 033 - Main stress
Additionally,

011 = Ox, 012 = Txy, 013 = Txz)

021 = Tyx » Oz2 = 0y, 023 = Ty,

031 = Tzx, 032 = Tzy, 033 = Oy,
In order to present the discussed components of the stress state, Figure 5 is quoted.

X3

633

X2 622
'(631

613

23

< 622
512‘ 21

Su

FIGURE 5. Presentation of stress state components [11].

THERMAL-FSI

(6)

(7

(8)

©)

Thermal-FSI analysis consists in CFD analysis, the results of which are exported to a solid state solver (CSD).
Next, the CSD solver on the basis of imported data (temperature, pressure) determines the stress and displacements in

the analyzed geometry.
The principle of the analysis is shown in Figure 6.
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ra v ] [ 0 | balance of mass
R oV (pvev)+pl i £b | balance of momentum
179+ divy (pe+plv =divit*v+q°;+{ 2S5, balance of energy
Pk pvE I 25| evolution of turbulent energy k
pe| pve ] I £5.]  evolution of energy dissipation &
IT, P‘
CSD equations
2 oV 0 0 balance of mass
pov pvev G ob balance of momentum
a | pe pev v ov+q° . £S, balance of energy
ot [p & ,oe"; ov| 0 pS,; | evolution of kinematic hardening
oo pasv 0 PS, evolution of plastic deformation
pr orv J, £S5, | evolution of isotropic hardening

FIGURE 6. Principle of operation of the Thermal-FSI[10].

There are two types of Thermal-FSI analysis [1,5]:
-one way FSI
-two way FSI

In the one way FSI, after CFD calculations, the solution is exported to the CSD solver and the stress and
displacements determined on their basis [10].

In the case of two-way FSI analysis, both models (CFD and CSD) are coupled together during the entire simulation.
After calculating one CFD time step, the results are exported to the CSD solver. Then, stress and displacement are
determined. Then, due to deformations of the analyzed geometry, an automatic remeshing is carried out. The next
time step in the CFD solver is calculated with the new mesh. The entire process is carried out automatically until the
last time step [12].

The work involved one-way Thermal-FSI analyzes. Temperature fields were imported, from which the stress fields
in the analyzed geometry were determined.

BOUNDARY CONDITIONS

outlet

inlet

FIGURE 7. Boundary condition for CFD analysis

As a boundary condition, pressure inlet and pressure outlet was set. Graph 7 shows the location of the inlet and
outlet from the analyzed geometry. The inlet is marked in red, the outlet is marked in blue. In order to determine the
initial state of the turbine for the analysis of its sudden flooding with water, it was necessary to start the turbine. It was
anecessary step in order to obtain reliable temperature distributions in the analysed geometry. During commissioning,
the steam parameters at the inlet and outlet were implemented according to the actual turbine start-up curves. The

020009-6
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start-up curves of the turbine are presented in Figure 8. Due to the fact that there were no literature data concerning
the material data of the turbine construction, it was assumed that it would be made of STglOT steel [1,8,13]. It is a
material used in the construction of terrestrial turbines both as a material for the hull and blade.

Marine Steam Turbine start-up curves

500 - 70
450 . 60
400
350 - 50
[ S—1 -
© 300 3
E [0
s 250 =
2. - 30 3
£ 200 8
= 150 L 20 =
100 0
50
0 = L0
0 1000 2000 3000 4000 5000 6000 7000
time [s]
—o— inlet temperature —o—outlet temperature —4—inlet pressure outlet pressure

FIGURE 8. Start-up curves for the CFD analysis [3].

Due to the fact that we are dealing with 2D geometry, it was necessary to artificially decrease the enthalpy in the
turbine. This was achieved by means of the UDF code, thanks to which the enthalpy drop in particular degrees was
achieved.

After bringing the turbine to a steady state of operation, it was flooded with water. The water inlet to the geometry
was carried out through the same inlet plane as in the case of commissioning. In the same way, the outlet edge of the
geometry remained unchanged. In the analysis, the water has a temperature of 300 K.

CFD RESULTS

The results of the flow analysis are presented in this chapter. The temperature field distributions are presented for
each moment of forced cooling. Flow calculations were performed with Ansys Fluent software.

It was decided to show 6 time steps from the simulation, which illustrate the behavior of the temperature field
during a sudden flooding of the turbine with water.

Temperature
709.15
681.54
- 653.92
626.31
598.70
571.09
- 543.47
515.86
488.25

(K]
FIGURE 9. Distribution of the temperature field at the final start-up phase of the turbine.
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Graph 9 shows the temperature distribution in the final start-up phase of the turbine. This is also the initial
temperature distribution for simulating flooding of the turbine. You can see that we are dealing with a standard
temperature distribution for the operation of a joint-stock turbine.

Temperature
701.21
672.26

- 643.30
614.35
585.40
556.45
527.49

I 498.54

- 469.59
440.64
411.68

382.73
353.78,
324.83

295.87
K]

FIGURE 10. Distribution of the temperature field in 46.91 s forced by water coolirl_lg. a

In 46.91s of forced walking there is a significant cooling down of the turbine structure. The thickest temperature
values are found in the thickest elements, i.e. hull flange and turbine rotor. Figure 10 shows the distribution of the
temperature field in 46.91s of flooding of the turbine.

Temperature

§14.52
499.20
483.87

468.55
45323
437.91
42258
407.26
391.94
376.61 } {
36120 it
345.97

330,65yt 1
315.32
300.00
(K]

FIGURE 11. Distribution of the temperature field in 1986.91 s forced by water cooling.

Graph 11 shows the final phase of the simulation of flooding the turbine with water. It can be seen that the highest
temperature occurs in the space between the inner and outer hull, the outer hull and the rotor. The high temperature
value in the space between the hulls is due to the thermal conductivity of the turbine hulls.

The temperature field distributions were used as a reference for the correctness of the calculations performed. Due
to the simplification of geometry and flow channel, it can be claimed that the calculations are unreliable. However,
due to the fact that it is a steam turbine, the results obtained were referred to the analyses carried out in the works
[3,8]. Position [8] treats as a temperature field in the turbine, and position [3] as a temperature field. On this basis, the
authors confirm the correctness of numerical calculations. In addition, it should be remembered that more complicated
geometry results in longer calculation time and greater complexity of the problem under consideration.

CSD RESULTS

As in the case of flow analysis, the results of the strength analysis are presented in this section. There are presented
5 cases for times 0.01, 0.05, 1.31, 49.61 and 1986.91s respectively. The stresses were determined on the basis of
Huber-Mises-Hencky's hypothesis. In the graphs presented, the left side shows the distribution of the reduced stress
field H-M-H and the right side shows the radial stresses. The radial stress display shows the nature of the stress
occurring.

020009-8
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ROTOR

It was decided not to publish the entire rotor, but the part of the rotor that includes the rotor steps. It was decided
to take this step for the sake of better legibility of the results. Strength calculations were carried out using Ansys
Mechanical software. The upper part of the graphic shows the stresses H-M-H and the lower part shows the normal
stresses.

31,144 26,353 21,562 16,771 198 7,1885 23973
33,54 Max 28,749 23,958 19,166 14375 95841 4,7929 0,0016651 Min

31518 0,98233 -1,1872 -3,3567 -5,5262 -7,6957 -9,8652
4,2366 Max 20671 -0,10242 -22719 -44414 -6,6109 -8,7804 -10,95 Min

FIGURE 12. Distribution of stress field in the rotor in 0 s forced by water cooling.

Graph 12 shows the distribution of the stress field in 0 s of flooding the turbine with water. Due to the fact that
water does not wash the rotor stages, we are dealing with a standard stress distribution in the rotor. The highest value
of stress occurring at the moment is 33.5 MPa.

279,77 236,73 19369 150,65 107,61 64,57 21,529
301,29 Max 258,25 215,21 17217 129,13 86,09 4305 0,008942 Min

41 85493 59,576 33,658 7,7409 -18,176
7. 7

44
12437 Max 98452 2,534 46,61 207 -5,2178 -31,135

1,094
-57,053 Min

FIGURE 13. Distribution of stress field in the rotor in 46.91 s forced by water cooling.

The distribution of stress field in 49.91 s of flooding the turbine with water is given in figure 13. There is a
redistribution of stress field, the value of which drops to 270.9 MPa. After this time the thermal shock passes and the
tensile stress drops to 15.9 MPa. The highest values of reduced stress H-M-H are found in the centre of the rotor discs
and in the top layers of the rotor.
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44,349 37,526 30,704 23,881 17,058 10235 34127
47,76 Max 40938 34115 27,292 20,469 13,647 68241 0,001394 Min

14,287 11,043 78 45568 1,3135 19297 -5173
15,908 Max 12665 94216 61784 29351 -0,3081 -3,5513 -6,7946 Min

FIGURE 14. Distribution of stress field in the rotor in 1986.91 s forced by water cooling.

Figure 14 shows the stress distribution in the last step of flooding the turbine with water. It can be seen that the
stress distribution is analogous to that of the moment before the flooding of the turbine, however, the stress values
here are slightly higher than at the initial moment.

H-M-H stress H-M-H stress, close-up
400 400
E 300 E 300
S 200 S 200
© 100 © 100
0 0
0 500 1000 1500 2000 0 50 100
t[s] t[s]

FIGURE 15. The course of stress reduced in the turbine rotor during flooding. On the right side close to the initial phase of
forced water cooling.

The course of stress reduced by H-M-H during flooding of the turbine is shown in figure 15. When water enters
the flow channel, a thermal shock occurs. The stress in the initial phase rises sharply to 349 MPa. In the next phase,
the stress decreases to 251 MPa and begins to rise again to 300 MPa. When the stress reaches 300 MPa, the stress is
saturated and reduced. The temperature field equalizes, which leads to a decrease in the stress value in the rotor
structure. The initial phase of forced water cooling is presented separately in order to clearly illustrate the stress value
course.
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Normal stress Normal stress, close-up

400 400

300 300

200 200
5 5

= 100 = 100
o o

0 0

00 1000 1500 2000 50 100
-100 -100
-200 -200
t[s] t[s]
—o—tensile + —&—compressive - —e—tensile + —&—compressive -

FIGURE 16. The course of radial stress in the turbine rotor during flooding. On the right side close to the initial phase of forced
water cooling.

For normal stresses, the same relationship as for reduced stresses is present in Figure 16. In the initial phase the
normal stresses rapidly increase to the level of +362 MPal-161 MPa, after reaching the maximum they decrease their
value to the level of +124 MPal-57 MPa and then there is an equalization of temperatures and decrease of the normal
stress value.

As the global stresses in the turbine rotor were considered, the strength analysis was carried out at the rotor points
of the most thermally stressed ones. These are points A, B in Figure 17. Point A is marked as pkt 1 and point B is
marked as pkt2 on the picture 18.

LK BD-

B B>

FIGURE 17. Close-up of the analysed turbine rotor area.
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H-M-H stress in points H-M-H stress in points, close-up

400 400

—.300 —. 300
o] o]
) a5

S 200 S 200
© ©

100 100

0 0

0 500 1000 1500 2000 -10 10 t[s] 30 50
B S B L J—) —o—pktl —o—pki2

FIGURE 18. Running of stress reduced at two points of the turbine rotor during flooding. On the right hand side a close up to the
initial phase forced by water cooling.

Considering the stress values locally, a sudden increase in stress values (thermal shock) is observed, followed by
a decrease in stress values to a similar level, which is shown on the figure 18.

HULL

It was decided not to show the whole hull, but its part covering the most heat-stressed parts. The presented part
includes both the external and internal hull of the turbine. The results are shown in the graphics from 23 to 31. On the
left side of the pictures, the H-M-H stress is shown. On the right site of the pictures, the normal stress is shown.

8,8512 Max 3,079 Max
I 8,2189 I 2,3715
1,6639

7.5867
6,9545 — 095626
— 63223 0,24866
5,6901 -0,45894
— 50579 -1,1665
W o E -1,8741
- 3793 | 25817
31612 -3,2893
2,529 -3,9969
. 1.8968 -4,7045
1,2646 -5,4121
I 0,63237 l -6,1197
0,00015736 Min -6,8273 Min

FIGURE 19. The distribution of stress field in the hull in 0 s forced by water cooling.

Graph 19 shows the stress field distribution in 0s of flooding of the turbine. We are dealing with a standard stress
distribution after a properly executed turbine start-up. Stress of the highest value occurs at hull joints and in the vicinity
of'seals in the high-pressure part stress.
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442,61 Max
I 398,72

443,35 Max
I 411,68 e

380,01
— 34835 |
316,68 20784
285,01 cciila
| 23334 g P
221,68 155,30
L] 190,01 ST472
15834 47579
126,67 o 38885

-40,206
-84,099

I -127,89
-171,88 Min

FIGURE 20. The distribution of stress field in the hull in 46.91 s forced by water cooling.

| 95,005
63,337
31,669
0,0014025 Min

In 46.91s of flooding of the turbine, further redistribution of stress field deep into the hull and flange is observed
(Figure 20). Due to the fact that the flange is the thickest element of the hull, stresses are redistributed more slowly
than in the thinner elements of the hull. This can be seen on the 26th graph. As in the case of the rotor, the stress value
is reduced here too. The maximum value for this time is 443 .4 MPa for reduced stress H-M-H and 442 MPa for tensile
stress.

5,7381 Max
I 53282

4,9184

3,7609 Max
I 3,3436

2,9263

— 45085 2,5089
4,0987 2,0916
3,6888 — 16743

. 3.2789 mm 1257

. 2,8691 . 083967
2,4592 0,42235
2,0494 0,005034

B 16395 -0,41228

1,2297 -0,8296
0,861984 -1,2469
0,40999 -1,6642
0,00013732 Min -2,0816 Min

FIGURE 21. The distribution of stress field in the hull in 1986.91 s forced by water cooling.

At the end of the flooding of the turbine, the situation is similar to the initial one. The difference can be seen in the
change of'the stress field in the flange of the turbine as well as in the vicinity of the seals. The maximum stress remains
at the same level as after turbine start-up. Stress values are due to the temperature equilibrium in the hull. It is shown
on the figure 21.
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H-M-H stress H-M-H stress, close-up
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FIGURE 22. The course of stress reduced in the hull of the turbine during flooding. On the right hand side a close up to the
initial phase forced by water cooling.

Graph 22 shows the stress relief H-M-H in the turbine hull during forced water cooling. In the initial phase, a
thermal shock occurs and the stress increases to 560 MPa in 1.31s. Then the stress is reduced to 5 MPa.

Normal stress Normal stress, close-up
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500 500
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__ 300 300
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—e—normal stress + —®—normal stress - —e—normal stress + —@—normal stress -

FIGURE 23. The course of radial stress in the turbine hull during flooding. On the right hand side close to the initial phase of
forced water cooling.

In the case of normal stress there is an analogy with the reduced stress H-M-H. In the initial phase the stress
increases rapidly, with the dominant tensile character. After reaching the maximum within 1.31s (524 MPa) the
stresses decrease to 5 MPa. It is shown on the figure 23

As in the case of the rotor, it was decided to make an analysis for selected points of the fuselage most thermally
stressed. In this case the stresses on lines A and B of the hull were analysed, which is approximated in Figure 24. Line
A is marked as pktl, line B is marked as pkt2 on the picture 25.
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FIGURE 24. Close-up of the analysed turbine hull area.
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FIGURE 25. The course of stress reduced at two points of the turbine hull during flooding. On the right hand side a close up to
the initial phase of forced water cooling.

In the case of the top layer of the hull, a full analogy with respect to the nature of stress shall be observed.
Differences occur in the values observed. Higher stress values are found in the analyzed curve 1.

CONCLUSION

The analysis shows that after being flooded, the turbine is not reusable. The strength limit of STg10T at 300°C is
550MPa, at 450°C it is 460MPa. Yield strength at 300°C is 410MPa, at 450°C 370MPa. The creep limit at 300°C is
500MPa, at 450°C 276MPa [13]. Due to high temperature gradients and thermal stress, the strength limit has been
exceeded. The material flowed and the yield point was exceeded. Due to the deformation of both the rotor and the
turbine fuselage, the elements would be obliterated. In fact, the steps of the turbine would be additionally damaged.
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