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ABSTRACT

This paper describes the steps performed by the authors’
company to validate and qualify the introduction of a new fire
protection system for heavy-duty gas turbines based on water mist
technology. Initially, a finite element model (FEM) of a newly
developed 32 MW-class industrial gas turbine for mechanical drive
and power generation was generated to simulate gas turbine (GT)
casings deformations in case of fire and subsequent water mist
discharge for various operating conditions and ventilation setups.
Secondly, a test was conducted according to NFPA 750 (2003) at
the supplier’s facilities to check extinguishing efficiency; a
mockup was used to simulate the engine. Finally, tests were
performed on the first engine to test (FETT) operating the
fire-extinguishing system during the full load testing campaign.

Engine conditions were replicated within and outside normal
operating conditions and analytical predictions have been matched
with the test data. An extrapolation from the gas turbine results to
various heavy-duty gas turbine sizes was conducted.

INTRODUCTION
The fire suppression system technology based on water

nebulization (water mist) has gone through a terrific development
in the last 10 years. The main reasons for this are the necessity to
reduce the use of substances harmful to the stratospheric ozone
(traditional gases to extinguish fires are made up of fluorine) and
the International Marine Organization (IMO) regulations, which
prescribe the installation of water mist systems on all naval vessels.

Nowadays, modern water mist systems have reached a level of
efficiency such that their adoption has also often been considered
in the field of rotating machines. Paradoxically, when such systems
are used, greater is the chance of fire and greater is the capability
of extinguishing it.

Heavy-duty gas turbines are designed in order to operate in a
very controlled microclimate since they are very sensitive to
sudden and/or nonuniform thermal changes of the surrounding
atmosphere; therefore, gas turbines are generally contained in
pressurized or depressurized enclosures.

It is then of primary importance to understand if discharging
water mist onto a hot turbine casing will result in thermal shock to
the casings’ material. Thermal shock can be the origin of material
cracks or warps and potentially cause failure of the casings.

In order to determine the potential for thermal shock to turbine
casing material, it is necessary to know the cooling rate of the
casing’s steel. Also, a second risk introduced by an abrupt cooling
is to have an excessive distortion (out of roundness) of the casings
and the statoric components and consequent contact with the
rotoric parts and engine damage.

The main objective (and the novelty) of this investigation is to
fully understand the effects of a water-mist fire protection system
on the integrity and operation of a heavy-duty gas turbine. The
validation process of the water-mist system has been, therefore,
rather laborious and articulated in many steps, mainly due to the
lack of previous such evaluations. The first part of the investigation
was dedicated completely to characterize, through finite element
model techniques (FEM analysis), the engine acceptability limits
in terms of temperature and thermal exchange coefficients between
turbine casings and the enclosure air compartment.

Subsequently, different suppliers of water mist systems were
contacted and features of each alternative were analyzed and
benchmarked. Three suppliers were finally selected and each
system was tested not only to estimate its functionality (in
agreement with NFPA 750, 2003) but, above all, to estimate the
“cooling” effect.
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Following this phase, and having chosen one of the three
suppliers, a field-test campaign of the system was performed directly
on the MS5002E gas turbine’s FETT. Special instrumentation was
added to fully evaluate all the required parameters. Post processing
of field data allowed the fine-tuning of the numerical model
initially defined and the validation of the water mist system (and its
operating mode) applied to the GT.

In the near future, the availability of such a numerical model
will allow simulation of the system behavior for other “families” of
gas turbines.

WATER MIST DESCRIPTION

Different fire-extinguishing systems based on water are
today available on the market and many features substantially
differentiate each one of them. All of them, however, can be
classified into two macrogroups, depending on the discharge
pressure of the mist:

• High-pressure systems are the ones where the water pressure is
on the order of 100 bars (1.45 ksi).

• Low-pressure systems have lower water pressure values in the
range of 10 bars (0.145 ksi).

The pressure magnitude is inversely proportional to the
dimensions of the water drops. Therefore in the high pressure
systems the “mist” has smaller water drops (which favors the
speed of evaporation) and a lower flow (flux density). This
allows the reduction of the number of nozzles for the same
volume to saturate.

For a gas turbine, intuitively, low-pressure systems could be
more dangerous from aggressive cooling and risk of casing
impingement standpoints, even if further investigation and
dedicated reruns of the numerical simulation are needed to
quantify the pros and cons of each system and have a back-to-back
comparison.

A high-pressure system was selected to be tested and validated.

FEM ANALYSIS—MODEL

The numerical approach, during the preliminary analysis of the
phenomenon, has allowed the authors’ department to simulate
engine behavior in a wide range of conditions, highlighting any
possible risk and potential operability limits of the system.
Obviously, the result of the simulation was strictly dependant on
the applied boundary conditions, and in the absence of available
data from past experience, a complete design of experiment (DOE)
study has been carried on, analyzing many configurations
including worst case scenarios and some improbable ones.

The choice of this particular gas turbine as a case study was
driven by the following main factors:

• Availability of a complete production-standard GT enclosure,
base plate, inlet duct, and exhaust stack

• Availability of a preliminary FEM model and field data from
the FETT

• Possibility of including in the original validation plan additional
tests strictly dedicated to the investigation of the water mist impact

• Representative machine size (enclosure volume 160 m3 [5650
ft3])—results from this gas turbine testing can be easily extended
to the currently installed gas turbine’s portfolio.

The 3D FEM model (Figure 1) includes all casings of the GT
except rotoric components, since the variability of the external
conditions have no impact on the behavior of the rotor shaft
assembly. Radial growths of discs, blades, and buckets were
relative to a standard analysis. The computer modeling software
restricted the number of nodes up to 160,000 in order to optimize
central processing unit (CPU) time.

Figure 1. Gas Turbine’s FEM Model.

Various scenarios were analyzed by changing, in the model, the
air/metal thermal exchange coefficients and the gas turbine
external temperature (ventilation air temperature inside the
package). Some scenarios also included the evaluation of the effect
of nonuniform conditions.

The range of variability of the parameters was defined as shown
in Table 1(where: Figures 2 and 3).

Table 1. Thermal Boundary Condition Range.

Figure 2. H and T Distribution along the Engine.

PROCEEDINGS OF THE THIRTY-FIFTH TURBOMACHINERY SYMPOSIUM • 200674



Figure 3. H and T Circumferential Distribution.

FEM ANALYSIS—RESULTS

A first important outcome of the analysis was that, in all
scenarios, even when higher casing distortions were simulated,
stress values were found to be well below the acceptability limits,
leaving the radial clearances between rotating and statoric
components the only decisive parameter to be observed and
evaluated for the acceptability of the water mist system (Figure 4).

Figure 4. Stress Distribution: Worst Case.

Furthermore, simulations have provided a second outcome: with
enclosure temperature of 80ºC (176ºF) or above, the risk of
rubbing (negative clearance) was found to be practically negligible
even in conditions of aggressive sudden cooling (Table 2). Instead,
when the enclosure air temperatures are lower, it is important to
distinguish case by case and characterize the limits of values of
thermal exchange as the interference risk, especially in the
compressor region, becomes real (Table 3).

Table 2. Result Summary with Tbulk > 50ºC (122ºF); HTC
Expressed in W/m2ºC.

Table 3. Result Summary with Tbulk = 50ºC (122ºF); HTC
Expressed in W/m2ºC.

WATER MIST COOLING TESTING

The different scenarios investigated in the numerical simulations
have been determined on the basis of the output from the water
mist systems’ testing at the suppliers’ facilities.

In agreement with the requirement dictates from NFPA 750
(2003), a test was conducted to get an estimation of the exchange
coefficient introduced from the discharge of the mist. A steel
plate (of which all the material characteristics were known) was
instrumented with seven thermocouples fitted at different depths and
covered with insulating material (Figure 5) on nearly all its surface
(move left one single face to exchange heat with the air freely). With
the formula below, it is possible to calculate the H value:

where:
M = Mass of the plate
C = Heat capacity
H = Thermal exchange coefficient
S = Area of the uninsulated face

Figure 5. Instrumented Plate.

The steel plate was then heated up to reach 300ºC (572ºF) on
all the thermocouple signals; at this time the discharge of the
fire-extinguishing system was activated and the curves of cooling
in several points of the slab evaluated, with the aim of estimating a
thermal exchange coefficient metal-air (H). Other thermocouples
were installed in order to measure ambient temperature. When
possible, in order to recreate the atmosphere typical of the
turbine/package, a mockup of the real turbine casings was used
(Figure 6). Various plates were positioned in different circumferential
locations around the mockup, to provide preliminary indications of
metal temperatures around engine casings.

Figure 6. Test Arrangement.

Tests at the suppliers’ facilities provided a rough characterization
of the fire-extinguishing system and the cooling impact on the
casings, but it is important to note that they were conducted at
ambient temperature in absence of heat sources (excluding the
plates themselves).

Ambient temperature contribution is fundamental during the
vaporization of the water discharge since it reduces the risk of
impingement of the casings. In Figure 7 it is shown that by
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increasing the enclosure air temperature there is a reduction of the
oxygen percentage and a corresponding increase of the water
vapor. Unfortunately, heating the entire mockup would have been
difficult. Therefore, a certain level of approximation was accepted,
considering also that this was leading to a more critical situation in
terms of thermal shock on the casings.

Figure 7. Oxygen Concentration at Different Temperatures.

TESTS RESULTS AT SUPPLIERS’ FACILITIES

The test procedure defined previously was carried out with three
different systems (two high-pressure and one low-pressure) and
criteria to select a supplier were based essentially on investigating
systems with the bigger difference in terms of time and mass flow
discharged. The first supplier investigated was a high-pressure
system, with a characteristic of water discharge of 150 liters (39.6
gallons) distributed in 15 minutes (Figure 8).

Figure 8. Temperature Behavior of Instrumented Plate During HP
Water Mist Discharge.

The second test was performed on another high-pressure system
but more “aggressive” than the previous one: 275 liters (72.7
gallons) in five minutes. Finally, the last system analyzed was a
low-pressure system with a discharge flow of 500 liters (132.1
gallons) in one minute (Figure 9).

Figure 9. Thermal Behavior of Second HP Water Mist System Tested.

The three experiences showed interesting and extremely
different results in terms of cooling effect:

• Heat transfer coefficient, evaluated testing the high-pressure
system, is lower then coefficient relative to the low-pressure (with
less impact on casing cooling).

• Within the high-pressure (HP) categories it is possible to find
appreciable differences. In the first test the estimated heat transfer
coefficient (HTC) was in a range of 20 to 80 (W/m2ºC) (3.5 to 14.1
Btu/hft2ºF) instead of in the second HTC estimated was two times
the previous one.

• Especially for the low-pressure system, the HTC parameter is
strictly linked to the location of the plate in respect to the nozzles
(in Figure 10, the red dots represent nozzle locations).

Figure 10. Scheme of the LP Water Mist Arrangement Test and
Relative Result.

From this experience, it is possible to summarize that the HP
system is able to generate a more uniform water mist inside the
package, reducing heat transfer coefficient spread all around the
mockup and, moreover, the value can be close to the measured
value in the normal condition.

The low-pressure (LP) system tested has presented an engine
boundary condition not acceptable for the safety of the engine. A
deeper investigation will be necessary to investigate other possible
LP arrangements allowable for the gas turbine.

FETT FIELD TESTING

The steps described previously have allowed the team to under-
stand and predict the behavior of the GT in different external
conditions, but, above all, to select between the various options.
The water suppressing system type was more adept.

The following step, probably the most important, was the organ-
ization and realization of a field-test campaign on a gas turbine
with the primary objective of confirming and fine-tuning the
results obtained with the FEM simulation.

With the collaboration of the selected supplier was defined and
installed a preengineered fire-extinguishing system (manually
activated in order to get higher degrees of freedom during the
tests), already Factory Mutual (FM) certified for volumetric spaces
up to 260 m3 (9180 ft3).

The system (Figure 11) was placed in parallel, for regulatory and
safety reasons, to the CO2 already existing in the machine. The
main characteristics of the system are summarized below:

• Two units, each one containing 150 liters (39.6 gallons) of
water, designed to permit a water mist discharge able to last
approximately 20 minutes (refer to Figure 14) and one tank
of nitrogen

• Pressure discharge of 130 bars (1.9 ksi)
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Two nozzles positioned parallel to the machine axis: the first one
in proximity to the inlet casing (Figure 12), and the second near the
exhaust casing

Figure 11. Water Mist System Used for the Test.

Figure 12. Detail of the Nozzle.

The thermal behavior of the air inside the enclosure; metal
temperatures of the gas turbine casing before, during, and after the
activation of the system; casing deflection measurements; and
consequent rubbings of blades/buckets on statoric components
were investigated.

FETT was instrumented with 120 metal thermocouples all along the
machine, clearance-meters to monitor the out of roundness of the
casing in the most critical region (ninth stage of the axial compressor),
and 18 air thermocouples distributed inside the package. Also, main
engine functional parameters were recorded.

In Figure 13 an example is shown of the scorecard used for the
visualization of metal temperatures in the compressor area. It can be
easily noticed in every section of the machine there are temperatures
relative to different angle locations in order to get any possible
thermal spread.

Figure 13. Scorecard Example: Compressor Casing.

A test plan was agreed on by the different disciplines’ representatives
(aero/performance, operability, combustion, compressor, turbine
departments) and the supplier of the fire suppression system. A step-by-step
approach was followed and four main phases defined:

• Phase 0

• Verify the functionality of the fire suppression system when
engine is not rotating

• Phase 1

• Starting from a steady-state condition, proceed with the
following phase:

1. Activate normal shutdown procedure
2. At 50 percent of the speed (HP rotor), switch off
ventilation and close the air damper
3. After 30 seconds, activate water mist for 20 minutes (2 
unit machinery accumulator unit, MAU)

• Phase 2

• Starting from a steady-state condition, proceed with the
following phase:

1. Activate trip procedure
2. Switch off ventilation and close the air enclosure 
discharge gate
3. After 30 seconds, activate the water mist for 20 
minutes (2 unit MAU)

• Phase 3

• Starting from a steady-state condition, proceed with the
following phase:

1. Activate trip procedure
2. Reduce ventilation up to 30 percent of design value
3. Activate the water mist for 20 minutes (2 unit MAU)

The compressor and turbine were borescoped to establish blade
tip conditions before and after each test.

It can be easily noticed the only difference between the
sequences that have been simulated and what may happen in the
field is the absence of fire (phase 2 and Figure 14).

Figure 14. Water Mist Sequence Activation.

Ventilation air temperature plays a fundamental role in the
analysis of the clearances. In case of fire and having a 30 second
delay between the stop of the ventilation and the activation of the
water discharge (this is the typical delay used in the C02 systems
and adopted also in this case), temperature raises above design
value, increasing the margin to the rubbing, but it is not completely
predictable what could happen in case of malfunctioning of the
system (i.e., when the discharge is activated in absence of flame
and ventilation still active).
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Figure 15 shows qualitatively the differences of temperature in
the two cases (black line 5 design, blue line 5 off-design). In order
to estimate the cooling of air (DT), the phase 3 test was critical.

Figure 15. Water Mist Sequence Activation Comparison Between
Design and Off-Design Conditions.

TEST RESULTS

The phase 1 test demonstrated that the casing was relatively
insensible to the water mist discharge, even if it was still not possible
to evaluate the behavior of engine clearances since the gas generator
(GG) rotor was next to stop at the activation of the discharge.

Phase 2 was instead the most representative run of the entire test
campaign. Out of phase 2, the first important consideration (Figure 16)
is that the distribution of the “mist” is not uniform (yellow line) but it
has a peak up to 130 bars (1.9 ksi) in the first minute and decreases
quickly down to 20 bars (0.3 ksi) when the second unit is activated.
This behavior is typical of machinery space accumulator unit systems.

A different trend would be obtained by using a “pump” system
(gas driven pump unit, GPU), which provides a more uniform
discharge pressure along the time and which is more suitable for
volume bigger than the gas turbine package. When the enclosure
ventilation is switched off, the enclosure air temperature (measured
at the ventilation discharge) goes up until the water mist discharge
is activated. Contrary to the expectations, after a short “cooling”
effect caused by the discharge, the temperature stabilizes
approximately 15ºC (27ºF) above the nominal design value. This is
due to the engine heat rejection that is (more or less) equal to the
heat absorbed from the water vaporization.

Figure 16. Air Temperature and Pressure Discharge During the
Water Mist Activation (Phase 2).

With such a distribution, the behavior of the turbine casing is
similar to the one of a normal shutdown (Figure 17). As is shown
in Figure 18, the thermal circumferential spread, measured in three
different sections (stage 3 degrees, 6 degrees, and 9 degrees of the
axial compressor), expressed in percentage, does not evidence
great variations, and values are in accordance with what is
measured in a normal shutdown. Also, data coming from the
clearance-meters located on stage 9 degrees of the compressor
(Figure 19) show no abnormal casing distortions (Figure 20).

Figure 17. Thermal Casing Behavior Comparison Between a
Normal Shutdown and a Water Mist Discharge.

Figure 18. Cooling (In Percentage Respect to the Value at
Steady-State) of Compressor Casings, Measured at Three Different
Stages 3 Degrees, 6 Degrees, and 9 Degrees) During Shutdown in
Presence of Water Mist.

Figure 19. Scheme of the Location of Clearance-Meter.
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Figure 20. Trend of the Clearance During Shutdown with Water Mist.

While phase 2 testing has replicated the gas turbine response after a
“nominal” fire detection situation, showing no detrimental effect of the
water-mist discharge on the casing, phase 3 was dedicated to investigate
system behavior with different enclosure ventilation conditions.

The initial idea was to maintain enclosure ventilation at
nominal design value (in engine running condition) and activate the
discharge of the water mist simulating then a false discharge
(considered worst condition for cooling effect), but this was deemed
not fully representative of field operations. In such a case, in fact, the
risk would be that the ventilation air takes the mist completely away
(through the open dampers), so it was agreed to reduce the
ventilation flow up to 30 percent of the original value. Time delay
between trip and water activation was also set at 0 seconds.

Comparing phase 2 and 3 (Figures 16 and 21), it is easy to quantify
the contribution of the enclosure ventilation. In the first case,
temperatures starting from 45 to 50ºC (113 to 122ºF) reach a constant
value of 60ºC (140ºF). While in the second case, starting from the same
temperature it decreases up to 20 to 25ºC (68 to 77ºF). Although the
difference in ventilation air temperature was appreciable, the behavior
of casings and clearances were practically the same, demonstrating
that even in case of malfunctioning of this system, risk of excessive out
of roundness of the casing and consequent rubbing between rotoric and
statoric components is negligible (Figure 22).

Figure 21. Air Temperature and Pressure Discharge During the
Water Mist Activation with Ventilation Actives.

Figure 22. The Impact of the Ventilation Reduction Has Not Effect
in the Cooling Behavior of the Engine Casings.

CONCLUSIONS

The high-pressure water mist system was successfully tested
on the gas turbine’s FETT at the Massa, Italy, test facility in
January 2006. Various engine conditions have been simulated
analytically and replicated on the test bench, within and outside
of normal operating conditions. Effects of the water mist
discharge on casing and engine clearances were demonstrated
to be similar to those occurring during a normal shutdown with
enclosure ventilation on.

The conclusions can be extended to enclosure sizes up to
260 m3 (9180 ft3) (using the same system). In the case of
bigger enclosures (up to 500m3 [17,660 ft3]), it is necessary to
adopt a different fire suppressing system (gas driven pump
unit), not tested in Massa, but equivalent in terms of nozzles
and density flux (l/min/m3), which has a more uniform
discharge pressure of the water mist along the discharge time
interval.

Although not directly validated in the field, and considering
that this last system seems inherently less aggressive than the
system tested on the gas turbine, it is believed that high
pressure water mist systems can be installed on most
applications up to a package volume of 500 m3 (17,660 ft3),
without any detrimental effect on the gas turbine
flange-to-flange.

NOMENCLATURE

DOE = Design of experiment
FEM = Finite element model
FETT = First engine to test
FMEA = Failure mode effect analysis
FS = Full speed
FSFL = Full speed full load
FSNL = Full speed no load
GG = Gas generator
GPU = Gas driven pump unit
GT = Gas turbine
HPGI = Hot gas path inspection
HP = High-pressure
HTC = Heat transfer coefficient
IGV = Inlet guide vanes
LP = Low-pressure
MAU = Machinery space accumulator unit
NPI = New product introduction
PT = Power turbine
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