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Humidity Considerations in Filter Testing
Based on Analysis of Filters from Gas
Turbine Applications

Depth filters used in multistage filter systems adeptly clean the intake air of gas
turbines, preventing damage and increasing performance. However, estimation of
their service life is based on empirical data and/or standardized testing proce-
dures, e.g., ISO 16890. By applying standardized synthetic test dusts at constant
reference humidity, these testing procedures do not reflect application-typical
loading conditions. Based on a direct comparison with field data, the influence of
temporary exposure to high relative humidity on differential pressure and particle
deposit structure is investigated. The results indicate that simulating humidity
variations of the ambient atmosphere during filter tests leads to particle deposits,
which more accurately reflect the actual behavior during operation.
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1 Introduction

Gas turbines are highly susceptible to damage when they are
not adequately protected from particle exposure. To achieve a
specific intake air quality, multistage depth filter systems com-
posed of a series of pocket filters and cassette filters are applied.
The primary performance characteristics of these filter ele-
ments can be described by tests according to ISO 29461 with
reference to ISO 16890 in the case of coarse and fine filter
grades as well as ISO 29463 (corresponding to EN1822:2011)
for (H)EPA filter stages [1-3]. Depending on site-specific oper-
ating conditions and environmental circumstances, different
grades of air filters are combined in progressive order to opti-
mize the overall plant performance as well as the performance
of the filter system itself with respect to filtration efficiency and
differential pressure (Ap)". A filter sequence is commonly
comprised of two to three filter stages.

The first filter stage is exposed to the site-specific ambient
aerosol and the subsequent filter stages to a remaining fraction
of that same aerosol passing through the upfront filter stage.
Although subject to local and temporal change, the particles in
the ambient air are typically described by a bimodal mass-re-
lated particle size distribution (PSD). It can be divided into a
fine fraction with a local maximum at ~0.4 um and a coarse
fraction above 1 um with a local maximum at ~ 10 pm [4]. In
addition, there is a nuclei mode under 100 nm, which is not rel-
evant in terms of mass distribution. While the coarse fraction
is mainly removed by the first filter stage (referred to as pre-fil-

1)  List of symbols at the end of the paper.
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ter), the second and third stage are necessary to efficiently
remove the fine fraction [5].

Several common synthetic test dusts, differentiated by chem-
ical and physical properties, such as test dust L2 from
ISO 15957, are used to determine dust holding capacities at
defined Ap, e.g., 200 Pa or 300 Pa depending on the separation
efficiency of the filter according to ISO 16890 [6]. These test
dusts usually contain particle fractions and substances that dif-
fer greatly from typical ambient aerosols with respect to chemi-
cal composition and PSD. Especially the predominant aerosol
in the second and third filter stage with a finer PSD is poorly
represented [5].

One of the most important characteristics of each filter stage
is its service life, which marks its required filter replacement. A
reliable service life prediction enables the reduction of operat-
ing costs and resource consumption by optimizing mainte-
nance and replacement activities. The service life is usually
determined by an acceptable final Ap at given operating face
velocity. Based on empirical knowhow, a correlation factor is
applied to the dust holding capacity gained in lab tests. The
correlation factors depend on the filter medium and design
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and are proprietary company information. Therefore, they vary
greatly between different filters and filter types, and between
suppliers.

The efficiency and service life of each filter stage are signifi-
cantly influenced by several factors, including variations in am-
bient conditions. Relative humidity (RH) has previously been
identified as a factor that influences the dust holding capacity
of filters. Gupta et al. and Joubert et al. loaded HEPA filters
with submicron and micron hygroscopic NaCl particles and
nonhygroscopic Al,O3 at RH up to 90 % and 100 %, respective-
ly, up to cake formation [7-9]. They found that a higher oper-
ating RH correlates with an increase in the filter dust holding
capacity. Results by Ribeyre et al. from experiments with nano-
sized Al-Zn, C, and SiO, on sintered plates at RH up to 85 %
support these findings [10].

Miguel, Montgomery et al., and Pei et al. observed an
increasing dust holding capacity also prior to cake filtration
with hygroscopic and nonhygroscopic submicron particles on
various depth filter materials [11-14]. Current testing stan-
dards specify a constant RH of, e.g.,, 45 + 10 % according to
ISO 16890 during testing, in order to prevent deliquescence
and condensation. The need of revising current filter testing
standards by including the filters’ operating temperature and
RH was previously stated by Wilcox et al. and Pei et al. [15,16].

Ongoing standardization activities consider the mentioned
effects at least to some extent (ISO 29461-7). Especially mois-
ture, which includes both water as evaporated matter (humid-
ity) and liquid disperse matter (droplets), dramatically affects
particle deposits. Wilcox et al. [15] suggest a test procedure of
six individual tests. One test showed that the efficiency of salt-
laden air filters declines after exposure to RH > 95 %. The struc-
tural change of deposits and its influences on the separation
efficiency and Ap of the filters was not investigated.

Table 1. Information on reference filters from gas turbine applications.

In this paper, the influence of variations in RH on the parti-
cle deposits, Ap, and fractional separation efficiency is investi-
gated. Laboratory experiments are carried out with soluble
potassium chloride (KCI) particles, whose PSD is tailored to
the second and third filter stage of gas turbines. A comparison
to analyzed field data allows an assessment of the results and
shows discrepancies between current testing methods and the
actual operating behavior in the field, as well as the potential of
filter testing which considers relevant RH variations.

2 Field Data from Gas Turbine
Applications Serving as Reference
Filters

Cassette filters returned from three different locations (UK, Spain,
Germany) were analyzed. All three filters were used to clean the
intake air of gas turbines under exposure to ambient air. They
serve as reference point for the results obtained from the labora-
tory experiments. According to the operators, all filters showed
normal behavior during operation. A summary of all available
data on the respective filter elements is presented in Tab. 1.

Reference filter Z did not have a pre-filter installed during
operation and, therefore, served as first filter stage. The absent
pre-filter causes exposure to the coarse fraction as well as the
fine fraction of the ambient aerosol. Compared to reference fil-
ters X and Y, which had pre-filters in place and served as sec-
ond filter stage, this reflects in a much higher Ap increase over
the course of operating time.

Scanning electron microscopy (SEM) images allow to evalu-
ate the residual particle deposits on the reference filters. Filters
were cut to 1-cm” samples and sputter-coated by a 4.5 nm thick
palladium layer. A selection of images is presented in Fig. 1.

Type designation Reference X

Reference Y

Reference Z

Filter material

acrylate-based binder, hydrophobic
Material weight [gm™] 80-105
Material thickness [mm]” 0.5-0.8

Initial differential pressure of the fil- 30-50
ter medium Ap, [Pa] (at 5.3 cm sh
Filter type Rigid cassette filter
Pre-filter grade ISO ePM10 50 %
Operating location UK, coastal area
Operating time ¢ [h] 15000

Final differential pressure increase 30
of the filter element Ap [Pa] (at
4250 m*h™)

Single-layer micro glasfiber, wetlaid,

0.4-0.6

Rigid cassette filter
ISO ePM10 60 %

Spain, coastal area

Single-layer micro glasfiber, wetlaid, Single-layer micro glasfiber, wetlaid,
acrylate-based binder, hydrophobic acrylate-based binder, hydrophobic

65-85 80-105
0.5-0.8
55-75 25-45

Rigid cassette filter
No pre-filter installed

Germany, inland

12000 13000

230

3 Determined via microscopy without applied compression force.
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Schematic representation of filter
sample, indicating the locations
of the SEM images

reference filter Y  reference filter X

reference filter Z

Figure 1. SEM images of the upstream side, the cross-sectional area, and the downstream side

of reference filters X, Y, and Z.

On the upstream side of each filter, all fibers show particle
deposits (Fig. 1). Since filter Z did not have a pre-filter installed
during operation, it was exposed to not only the fine fraction of
the PSD of the ambient aerosol, but also to very large particles,
sized 20 um and more, which are clearly visible on the respec-
tive SEM image. Apart from these larger particles on filter Z,
the deposits along the fibers of the upstream side of all filters
are mainly shaped as large encrusted agglomerate structures. In
rare cases, an intact dendrite structure is visible, as seen on the
upstream side of reference filter Y (see enlarged insert in Fig. 1).
Primary particle shapes are otherwise not distinguishable. A
reduced number of particle deposits is visible throughout the
cross-sectional of each filter. However, for filters X and Z, parti-
cle deposits are visible throughout the whole depth of the
filters. On the downstream side of both filters, fewer, smaller
particles remain, and (almost) no particles are visible on the
downstream side of filter Y.

3 Instrumentation and Experimental
Methods

3.1 Concept

This study suggests to modify the laboratory experiments,
which are currently used to classify filters and estimate their

Chem. Eng. Technol. 2022, 45, No. 1, 43-50

cross-sectional area (central)
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service life, by tailoring them to the
actual operating conditions. One
aspect is to generate an aerosol
with the same PSD and solubility
property, which is present during
operation and therefore enabling a
particle deposit structure based on
the same mechanisms as typically
seen in the field of application. The
other aspect is the inclusion of de-
fined RH variations typically found
under ambient conditions.

Pei et al. discovered that RH is a
major factor that affects particle
deposition, while temperature is a
minor factor [16]. The presence of
RH is subject to change and reaches
values up to 100 % depending on
the location of the filter operation.
This in turn can result in a change
in composition of the aerosol, e.g.,
in terms of its PSD and the present
states of matter. At low RH, salts in
the ambient air remain solid, while
at high RH they deliquescent, i.e.,
change their state of matter above
their specific deliquescence relative
humidity (DRH) from solid to liq-
uid.

The influence of both aspects,
PSD and RH, on the operating
behavior of filters applied in the
second and third filter stage of gas
turbine plants and the resulting structures of particle deposits
is considered in this study. Two sets of filter media are loaded
with a test aerosol of relevant PSD according to the fine frac-
tion of the ambient aerosol. One set is loaded at low RH of
30 + 5%, the other includes sequences of high RH between
85 % and 90 %. Subsequently, the results of both filter sets are
compared to each other and to the previously described field
data. To account for soluble particles in the atmosphere, while
keeping the test matrix as simple as possible, a test aerosol with
a fully soluble dispersed phase (KCl) is used in both sets of ex-
periments. As most industry filters are exposed to a mix of sol-
uble and insoluble particles during application, the experiments
conducted here show an extreme case of the effect of elevated
RH during filter operation, comparable with marine environ-
ments with very low concentrations of solid insoluble airborne
particles, but mainly sea salt aerosol.

downstream side

3.2 Filter Media

A variety of filter media can be implemented in the second or
third stage of filter systems of gas turbines. Within the scope of
this investigation, two high-efficiency glass fiber media were
used as test filters. Test filter A is used in cassette filters classi-
fied at nominal operating conditions as ISO ePMI1 80-85%
according to ISO 16890:2016. It is of similar material, which

www.cet-journal.com
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reference filters X and Y are made of. Test filter B is employed
for cassette filters achieving filter class E11 according to
EN1822:2011. A pre-filter removes mainly coarse particles and
is periodically replaced in intervals of 30 min. Further informa-
tion on the aerosol generation and the application of the pre-
filter can be found in the Supporting Information. Detailed
specifications of each filter medium are listed in Tab. 2. Circu-
lar flat sheet filter samples with an effective area of 100 cm?” are
used in the experiments.

Table 2. Specification of flat sheet filter media used in laborato-
ry test.

Type designation Pre-filter Test filter A” Test filter B

Material Polyolefine,  Single-layer Single-layer
meltblown,  micro glasfiber, micro glasfiber,
staple fiber  wetlaid, acrylate- wetlaid, acrylate-

based binder, based binder,
hydrophobic hydrophobic
Weight [gm™]  175-225 80-105 80-105
Thickness 4-8 0.5-0.8 0.5-0.8
[mm]”
Differential pres- 40-60 50-70 150-180
sure Apy [Pa] (at
53cms™)

3 Determined via microscopy without applied compression
force.  The filter medium is very similar to that of reference fil-
tersXund Y.

3.3 Filter Loading Procedures

Two sets of loading procedures are conducted in a commercial
MEP 3000 HF (Palas®) filter test rig, described in the Support-
ing Information. In both procedures the test filter is exposed to
a KCl aerosol with a PSD resembling that of the fine fraction of
the ambient aerosol. The particle generation including the cor-
responding PSD is described in the Supporting Information.
The filter is exposed to a salt concentration of 4.68 mgm™ (de-
termined gravimetrically) at a constant face velocity of 8 cms ™',
which corresponds to the face velocity of reference filters X, Y,
and Z at nominal air flow rate. Throughout all experiments, a
constant temperature of 23 °C is maintained.

The first procedure, in the following referred to as low-
humidity procedure, includes the loading of the filter at con-
stantly low 30 + 5% RH, well below the DRH of KCI (84.3 % at
25°C [17]). During the low-humidity procedure, the filter is
loaded up to a Ap of 400 Pa above Ap, of the clean filter (final
total Ap = 560 Pa, filter A; Ap = 702 Pa, filter B). During the
change of the pre-filter, the constant face velocity is maintained
at 8 cms™, while the particle generation is paused for approxi-
mately 120s. Particle generation and filter loading resume after
the new pre-filter is in place.

The second procedure, in the following referred to as humid-
ity-cycles procedure, is a modified version of the first proce-
dure and resembles the previously described test by Wilcox

Chem. Eng. Technol. 2022, 45, No. 1, 43-50
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et al. [14]. In the test procedure, moistening in cycles simulates
the variances in the RH of the ambient air, e.g., due to fog, rain
or condensation caused by day-night cycles. Droplets are likely
separated by the inlet design of the filter system and pre-filter.
Therefore, mainly the increased RH reaches the second and
third stage. While aerosol composition and face velocity re-
main the same, variations in RH are added to the procedure.
After one hour of particle loading at 30 % RH, the particle gen-
eration is stopped and the RH in the test rig is raised to 85 %.
Over a period of 10 min, it is kept between 85% and 90 %,
before it is reduced back to 30 %. The exposure to elevated RH
including the adjusting and stabilization of the respective RH
takes approximately 30 min. Subsequently, the particle loading
at 30 % RH is resumed. A 1-h particle loading paired with the
following increase in RH and drying makes up one humidity
cycle (Fig.2). During the experiment, the pre-filter is again
replaced every 30min, including right before increasing the
RH. No change of the pre-filter is required at the end of the
humidity increase.

2.E+05 100
°"E [ 1stcycle | | [ 2nd cycle | | | 3rd cycle |
= - 80 =2
c =
0 z 2
® = - 60 T
£ 1.E+05 8 E
5] loading at] © L <
§ RH30% | © o 2
[ < Té
: F20 3
£ g
s 3}
< 0.E+00 . 0
t t+60 t+120 t+180 t+240 t+300
time t / min < pre-filter replacement

Figure 2. Excerpt of a time series of particle concentration and
RH, to which the filter is exposed during the humidity-cycles
procedure.

During the humidity-cycles procedure, each filter undergoes
35 humidity cycles. This includes controlled breaks at night-
time, during which temperature and RH in the test rig are
maintained at 23 °C and 30 %, leaving for an overall active ex-
perimental time of over 50h. A loading up to Ap = 400Pa
above Apy, such as performed during the low-humidity proce-
dure, is not feasible, due to time constraints.

Both procedures are terminated with a final drying of the fil-
ter within the test rig with particle-free air at 10 % RH. After
drying of the loaded filters, they are removed from the test rig.
Prior to and following each experiment, their weight is mea-
sured, providing the particle load with a precision of +1 mg.
Finally, the filters are examined using SEM. For some filters the
fractional separation efficiency was determined, by measuring
the PSD of the test aerosol upstream and downstream of the
filter with a U-SMSP (Palas®) in the range of 0.02 to 0.78 um at
30 % RH.

www.cet-journal.com
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Figure 3. Differential pressure during particle loading of test fil-

ters A and B following the low-humidity and the humidity-cycles
procedure, respectively.

During particle loading at 30 % RH according to the low-hu-
midity procedure, both filters A and B reach their clogging
point and the 400-Pa increase in Ap in less than 4h. The
increase in Ap of 400 Pa corresponds to particle loadings of
4.33 and 3.37 gm™ for test filter A and B, respectively. For the
humidity-cycles procedure, the Ap after each filtration cycle
was recorded over time (Fig. 3).

In previous investigations by Schwarz et al. [18], a distinct
representative development of the Ap was found during a single
humidity cycle, starting with an increase during the first hour
of a single cycle. The subsequent rise in RH leads to an instant
decrease in Ap. Following this instant reduction, the Ap in-
creases slowly with continued exposure to high RH and only
decreases with the final drying of the filter. This distinct Ap
evolution is exemplarily illustrated in Fig. 4 for the first and the
final humidity cycle of test filter A.

Over the course of the whole experiment, the intermediate
rise in Ap increases during the exposure to elevated RH with
the number of filtration cycles. As the total amount of collected
salt particles in the filter rises, more water is absorbed by the
deposited salt. In turn, the increased amount of solution on the
filter leads to the even higher intermediate rise in Ap. The
exposure to high RH introduces two basic dynamic processes,
dissolution of salt crystals, and recrystallization by drying. Sen-
sible time parameters were chosen, which ensure that while
keeping the procedure duration at a minimum, all basic dy-
namic processes are terminated in terms of their influence on
the considered variables. During the phase of exposure to high
RH this is reflected in the resulting Ap (Fig. 4). It reaches a local

Chem. Eng. Technol. 2022, 45, No. 1, 43-50
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timet /h

Figure 4. First and final humidity cycle of test filter A under-
going the humidity-cycles procedure with indicated increase in
Ap during the exposure to high RH.

minimum. The subsequent rise in Ap indicates substantial liq-
uid accumulation in the filter, which ensures that the salt fully
dissolves. Based on previous investigations, the duration of dry-
ing likely leads to full recrystallization [18].

After the complete loading procedure, the mass loading is
significantly higher after the humidity-cycles procedure relative
to the low-humidity procedure, even though the final Ap re-
mains significantly lower in comparison (Fig. 3). These results
agree with previous studies investigating the effect of RH on
the evolution of the Ap of depth filters loaded with soluble or
insoluble particle materials [7-14].

A lower Ap of a filter applied in real-word applications may
be interpreted as a beneficial sign for lower operating costs and
a longer filter service life. However, the exposure to cycles of
increased RH also influences the filter’s fractional separation
efficiency. As an example, the fractional separation efficiency of
two flat sheet filter media A, after undergoing either the low-
humidity procedure or the humidity-cycles procedure up to a
mass loading of 4.33 gm™, was investigated. Despite the filters
having the same mass loading, the humidity-cycles procedure
results in a lower fractional separation efficiency than the low-
humidity procedure in all size classes (Fig. 5).

The low-humidity procedure leads to a fractional separation
efficiency above 98 % for all particle sizes, which clearly indi-
cates clogging of the filter, while the humidity-cycles procedure

-
I

o
(e )
[

o
o

°
i

1|—=-clean filter material A

©
[N}

filter material A with 4.33 g/m?2 KClI, low humidity procedure

fractional separation efficiency / -

== filter material A with 4.33 g/m? KCI, humidity cycles procedure|

o

0 0.2 04 0.6 0.8
particle size / pm

Figure 5. Fractional separation efficiency of filter medium A at a
face velocity of 8cms™ for the clean media, and with a particle
load of 4.33 gm™ after the low-humidity or the humidity-cycles
procedure, respectively.
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directs to a fractional separation efficiency, which closely
resembles the initial efficiency of the clean filter. Therefore, a
low increase in Ap rate during operation should be treated with
caution, as the separation may not be as efficient as originally
predicted by standard filter tests at constant moderate RH.
Similar findings were reported by Konig et al. [19].

4.1.2 Analysis of Deposit Structures of the Test Filters

To obtain information about the particle deposit structures,
samples of loaded test filters are examined with SEM. The
upstream sides, cross-sectional areas, and downstream sides of
all filters are analyzed (analogous to Fig.1). The filters are
removed from the test rig either before the clogging point for
the low-humidity procedure (derived from the Ap evolution in
Fig. 3, at Ap = 80 Pa and a mass loading of 2.3 gm™) or at the
end of the loading process for humidity-cycles procedure (at
Ap = 70Pa and a mass loading of 37.4gm™). Fig.6 presents
the SEM images of test filter A.

Following the low-humidity procedure, individual spherical
particles form dendrite structures on the upstream side of the
filter, which are starting to bridge the interstices between the
fibers (Fig. 6a). Small particles are visible throughout the whole
cross section of the filter (Fig. 6b). Particles on the downstream
side of the filter are smaller and lower in number (Fig. 6¢).

Following exposure to high RH during the humidity-cycles
procedure, crystal structures up to 100 um in diameter are
attached to the fibers on the upstream side of the filter (Fig.6
d). Here as well, particles are visible throughout the whole cross
section (Fig. 6e). On the downstream side of the filter, the KCI
also takes the characteristic cubic crystal shape (Fig.6f). The
crystals are much smaller than on the upstream side, where the
majority of material is collected. The characteristic large cubic
structures on both sides of the filter indicate that an increase in
RH to 85-90 % over a short period of time impacts the shape
and size of the deposited salt particles over the whole cross sec-
tion of the filter media.

The SEM images provide an explanation for the previously
observed higher mass loading at lower overall Ap for filters

exposed to high RH during humidity cycles (Sect.4.1.1). Dur-
ing the loading at low humidity, dendrite structures form on
the filter quickly covering the cross sections between fibers on
the upstream side of the filter. During exposure to RH between
85 % and 90 % these expansive dendrite structures collapse due
to partial or full dissolving of the KCL. Upon drying, compact
crystal structures form on the fibers (Fig. 6d). This reduction in
surface area of the particle deposits leaves large sections of the
filter unloaded and free for the aerosol to pass through, which
in turn leads to the observed low Ap and decline in separation
efficiency. In other words, at almost the same Ap (here ~ 80 Pa)
the filter with exposure to higher humidity has a substantially
higher mass loading (here by a factor of 16). An analysis of the
SEM images of test filter B is provided in the Supporting Infor-
mation and leads to similar conclusions.

4.2 Comparison between Laboratory and Field
Data

The obtained results from the laboratory experiments are com-
pared to the analyzed field data. Since information on the refer-
ence filters is limited to Ap increase, operating hours, and gen-
eral filter media information, while exposure conditions such
as particle concentration, humidity, and mass loading cannot
be estimated sufficiently, a direct quantitative comparison is
not possible. Therefore, the particle deposits were analyzed by
SEM and compared. As previously discussed, all three refer-
ence filters returned from industry showed crust deposition on
their fibers, especially on the upstream side of the filter (Fig. 1).
A comparison between SEM images of the upstream side of
reference filter X with laboratory filters from a similar material
(filter A) indicates the different particle deposit structures after
the loading procedures (Fig.7). Additionally, all reference fil-
ters were analyzed by means of energy dispersive X-ray
spectroscopy (EDX). Exemplarily, the results of the EDX analy-
sis of the upstream side of reference filter X are presented in
Fig.7.

Fig. 7a presents reference filter X returned from coastal UK
aged in a gas turbine plant, Fig. 7b test filter A after undergoing
the low-humidity procedure, and

upstream side
X %l f;

| 5

a) cross-section
§e Y7

procedure

c) downstream side

' ] Fig. 7c test filter A after undergoing
the humidity-cycles procedure. The
material collected in the industrial
application is compact with no
intact dendrite structures and few
primary particles visible (Fig.7a).
In the lab test without exposure to

Y~

post humidity cycles post low humidity
procedure

Figure 6. SEM images of test filter A after undergoing the low-humidity procedure of the (a) up-
stream side, (b) center of the cross section, (c) downstream side and after undergoing the
humidity-cycles procedure of the (d) upstream side, (e) center of the cross section and (f) down-

stream side.
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high humidity, primary particles of
soluble material can be identified
following the low-humidity proce-
dure and dendrite structures re-
main fully intact (Fig.7b). On the
other hand, the exposure to humid-
ity cycles leads the KCl to form
large crystals (Fig. 7c) and results in
much more compact deposit struc-
tures than exposure to solely low
RH does.
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Comparing the three images, dendrite structures remain on-
ly intact, when the filter is loaded at low RH, here 30 % and
never exposed to increased levels of RH above DRH. Exposure
to elevated RH during humidity cycles or as natural occurring
variations in real-world applications leads to more compact
structures and crusts. Therefore, the filter following the low-
humidity procedure does not lead to particle deposits as seen
on the reference filter from gas turbine application. Differences
between the filter loading according to the humidity-cycles
procedure and reference filter X remain, since no clear particle
structures and crystals are visible on the SEM images of the ref-
erence filter. This is likely due to a different chemical composi-
tion of the particle deposits. Unlike the test filters loaded under
laboratory conditions, the reference filters have likely not been
exclusively exposed to soluble materials, since ambient aerosol
contains a mix of soluble and insoluble particles [20]. There-
fore, the SEM image of reference filter X (Fig.7a) does not
show clear cubic particle deposit structures.

The EDX analysis of reference filter X (Fig. 7d) confirms this
thesis by providing additional information on the type of par-
ticles that were collected during filter operation in the gas
turbine plant. Mainly various alkali and alkaline earth metals
(Na, K, Ca, Ba, Mg) as well as iron, oxygen, aluminum, chlo-
rine, and sulfur are detected. These elements can be present as
insoluble oxides (Fe, Al, Si + O) and/or soluble chlorides and
sulfates (Na, K, Mg, Ca + Cl/+ S and O). There is thus strong
reason to presume that the filters were exposed to a mix of
soluble and insoluble components. In accordance with the
results presented for reference filter X, the EDX analysis of all
other reference filters indicate similar results.

a) ambient conditions,
reference filter X

b) low humidity
procedure, test filter A

upstream side

¢) humidity cycles
procedure, test filter A

5 Conclusion and Outlook

To more accurately reproduce real-world operating conditions
in filter tests, a test aerosol with specific PSD was developed,
which reproduces the fine fraction of the ambient aerosol, seen
in the second and third filter stage of turbine cleaning systems.
Two sets of experiments were conducted with this test aerosol:
one included loading of filters with soluble KCI at low RH of
30 % (low-humidity procedure), the other included additional
periodical exposure to RH between 85 % and 90 % (humidity-
cycles procedure), simulating natural variations in RH in the
ambient air. The resulting deposit structures were directly com-
pared to three analyzed industry samples, which were applied
in gas turbine plants in three different representative locations.

The experiments conducted with periodical exposure to high
RH show a much lower Ap increase rate than filters loaded
according to the low-humidity procedure at 30% RH. SEM
images demonstrated that, compared to a low-humidity proce-
dure, the exposure to humidity cycles leads to a more compact
particle deposit structure. Covering less filter surface area, it
results in the previously discussed lower increase rate in the
Ap. In addition to a lower rate of increase in Ap due to expo-
sure to high RH, which may seem beneficial regarding operat-
ing costs, the increase in free surface area also causes a decrease
in the separation efficiency of the filter.

Overall, the results confirm that typical filter testing at con-
stant reference humidity below DRH, as testing standards such
as ISO 16890 suggest, does neither lead to Ap increase rates nor
to particle deposit structures seen in industrial applications. It
is therefore not a credible foundation for a reliable service life
prediction of such filters. To predict the service life
of air filters more accurately and reliably based on
laboratory tests, this study suggests to develop new
standard procedures for laboratory testing consid-
ering the PSD of the aerosol and the RH to which
the filter is exposed during operation. Other factors
such as the effect of the particle material containing
both soluble and insoluble particles or of liquid
droplets or saltwater spray in the process gas are al-

Impulses / -
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so of interest and will be investigated in future
studies.
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Symbols used

DRH [-] deliquescence relative humidity
Ap [Pa] differential pressure

RH (-] relative humidity

t [min, h]  time

Abbreviations

EDX  energy dispersive X-ray spectroscopy

PSD  particle size distribution

SEM  scanning electron microscopy
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