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The development of test systems to monitor the filtration of exhaust gases from laboratory autoclaves is 
driven by emerging laboratory safety regulations . The water intrusion test is suitable for this purpose, and 
therefore the test was adapted to account for the risks inherent in the filter systems used for the treatment of 
exhaust gas. To validate the test principle, the uncertainty of calibration and measurement was investigated 
using two commercial test gauges (Palltronice Flowstar XC, Sartocheck 4). The calibration data revealed a 
good fit (Rl = 0.988) over a measurement range of 0.0-3.0 mg/mL, confirming the stability of the test sys
tem. The uncertainty of the new test system corresponds to other measurement gauges in a range of ± 
0.01 (for low flow rates) to ± 0.05 (for high flow rates). These data highlight the potential of our device for 
the development of reliable test systems for small plants, with adjusted costs for design, integration and 
qualification. 

INTRODUCTION 
The thermal inactivation of natural or genetically modi
fied microorganisms in biological and medicallaborato
ries usually takes place in a steam sterilizer 
(autoclave) under specifically defined parameters for 
pressure, temperature and time. The capacity of these 
agents for infection and proliferation must be irreversi
bly destroyed, including any dormant forms. The ejec
tion of these organisms from the autoclave chamber 
through the exhaust or waste water outflow should be 
prevented, particularly in the case of high risk organ
isms 1

•2. 

The release of vaporized biological agents into the 
work area is prevalent during the autoclave heating 
phase , when air is removed from the chamber and 
steam begins to flow. Sterile filtration is often used to 
deactivate harmful microorganisms in the autoclave 
exhaust by passing the exhaust through a hydrophobic 
membrane filter, which completely removes microor
ganisms from the exhaust air stream. However, the 
use of sterile fil tration carries particular risks under 
certain conditions, under which filter integrity has not 
yet been testedJ

. In principle , it is possible to assess 
the integrity of these filters, and it is considered neces
sary for such assessments to be carried out. Current 
guidelines concerning the testing of filter integrity are 
expected to become mandatory, reflecting the potential 
risks that are inherent in such systems 4

. 

Narrow pore filter cartridges with a pore size of 0.2 IJm 
can reliably retain bacteria5

. However, microscopic 
damage or inconspicuous changes in the pore struc
ture can reduce the integrity of the sterilization system, 
yet the defects will not be visible at the macroscopic 
level. Such defects could be revealed by using partiC
ularly sensitive measurements, described herein as a 
fitter integrity test. The quality of sterile filters is a prin-

cipal responsibility of the filter manufacturer. Due to 
the destructive nature of load stress tests using suita
ble organisms, limits have been established to support 
non-destructive filter integrity testing. 

RISKS ASSOCIATED WITH STERILE 
FILTRATION OF AUTOCLAVE EXHAUST GAS 
The fineness and pore size of a filter determines its 
microbiological safety , performance and overall life
time. In addition to the selection of a suitable process 
for the filter, the choice of process conditions also influ
ences its integrity and durability. The manufacturer's 
specifications for the maximum pressure and tempera
ture that can safely be applied to the filter must be 
observed because stability can only be ensured within 
these limits6

. The parameters reported by the manu
facturer indicating the longevity of a sterile filter nor
mally refer to ideal filtration conditions. In the event of 
an autoclave malfunction or failure of the filter ele
ments (Figure 1), hazardous airborne biomaterials can 
freely enter the work area. Therefore, it is necessary 
to implement appropriate air filtration mechanisms 
when autoclaving pathogenic material. 

The lifespan of a sterile filter depends on its exposure 
during the autoclaving process. Frequent changes in 
the types of laboratory material placed in the autoclave 
(i.e. liquids, solids and laboratory waste) and the corre
sponding changes in sterilization specifications cause 
the filter to experience varying levels of stress that can 
revise the manufacturer's original longevity estimates 
and render them inaccurate when applied in practice. 
Factors that have a particular impact on the filter in
clude the frequency of use, method of sterilization, 
dUration of the sterilization process and the nature of 
the impurities which pass through the exhaust system. 
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If the vacuum pump in the autoclave takes in large 
amounts of steam at high temperatures, the fi!ter ele
ment can fail rapidly because it is exposed to an in
crease in differential pressure under these conditions. 
Another common problem is the faulty in-line steriliza
tion of filter elements (Figure 1). 

In order to sterilize the filter element, specific steriliza
tion conditions within the autoclave chamber must be 
directed into the exhaust filtration system, and held 
there for a predetermined length of time. Condensate 
may accumulate in the filtration system, and the filter 
can then fail to achieve the necessary sterile condi
tions. The accumulation of condensate is often associ
ated with a lack of insulation , long supply lines, and the 
failure to remove condensate as it forms. Any conden
sate forming around the filter casing must be removed 
and directed back into the autoclave chamber in order 
to avoid deleterious effects. This can be achieved by 
using a joint that is countercurrent in the main line . 
Failure to remove condensate from the filter can re
duce the effective filtration area, which increases the 
stress on the apparatus as a whole. Unsuccessful in
line sterilization of the air filler therefore risks recon
tamination of the product by returning condensate that 
has already been removed from the filter. Further
more , inadequate ventilation in the filter system may 
cause excess pressure changes or overpressure that 
lead to sudden failure of the filter, and the risk of addi
tional damage to the O-ring seal required for filter at
tachment (Figure 1). 

Based on the many risks presented above, the filtra
tion of exhaust air within the autoclave may potentially 
be unsafe with regard to the protection of products and 
personnel. It should be assumed that filters that are 
already installed or in use are no longer reliable, be
cause they may be allowing contaminants back into 
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the work space. Although filter manufacturers and 
suppliers of sterile filters provide recommendations for 
changing the filter, these estimates are based on ideal 
filtration and sterilization conditions7. Typical recom
mendations suggest filter changing intervals of be
tween 20 and 100 cycles. Exhaust fillers are replaced 
at predefined intervals according to the manufacturer's 
recommendations without knowing whether replace
ment is actually necessary. 

The cost of filter replacement must also be taken into 
account. Waste sterilization alone, with up to five steri
lization cycles per autoclave per day, can amount to 
several tens of thousands of euros in total cost if oper
ators observe the shortest recommended replacement 
intervals. However, even compliance with the shortest 
recommended intervals does not provide a qualitative 
assurance of filter integrity. A sensitive method to 
monitor filter integrity at regular intervals is therefore 
required, which can also ensure successful sterilization 
by means of integrated pre-treatment and post
treatment processing . 

INTEGRITY TESTING 
Testing the integrity of sterile filters provides microbio
logical evidence that the application of a certain num
ber of bacteria to the filler element results in a sterile 
filtrate and provides a necessary quality assurance 
measure for sterile filtration. However, this type of test 
is destructive. Filter elements are therefore subjected 
to bacterial stress tests specific for the appropriate 
products and process conditions for the purpose of 
producVprocess specific validation . 

According to ASTM guidelines8
, a filter may only be 

classified as a sterile filter if it still delivers a sterile 
filtrate after the application up to 107 Brevundimonas 
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Figure 1: Risks during sterile filtration and sterilization of the air filter in a laboratory autoclave. (a) Folded structure 01 an intact 
filter and progressive damage alter stress through the process, ultimately resulting in dangerous breakthrough. (b) Damaged 

O-ring seal. (c) Temperature dependence of the sterilization of an exhaust filter with critical condensation. 
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diminuta per square centimetre of filter surface. This 
test provides an immensely high 'worst-case' bacterial 
density, which emphasizes the reliability of such a test. 
The manufacturers of fitter elements are responsible 
for the correlation of test scores and microbiological 
data for product validation. If these destructive load 
tests are used with more suitable model organisms, 
definite limits for non-destructive integrity tests can be 
definedi

. 

WATER INTRUSION TEST 
Gas permeable hydrophobic membrane filter elements 
are typically used for decontaminating autoclave ex
haust. The water intrusion test is a suitable method for 
testing the integrity of a hydrophobiC membrane fil ter. 
Here, the hydrophobic filter element is flooded with 
water while a test pressure less than the penetration 
pressure of the fil ter is applied to the measuring sys
tem. Any water vapour on the filter due to evaporation 
will then pass through the filter membrane. The water 
intrusion rate (WIR) can be calculated by measuring 
the pressure drop during this process, which can then 
be correlated with the bacterial retention rate of the 
filter1o

.
1I

• Any rupture or failure of the filter elements 
can be detected and prevented early on using this 
method. 

The simplest test is the static pressure drop method, 
which has three stages. The first stage is the pressure 
build-up phase , which is used to achieve and stabilize 
the necessary critical constant pressure conditions for 
the test. The intrusion flow is then measured accord
ing to the filter stabilization time until it stabilizes at a 
constant flow. The intrusion flow from the pressure 
drop is determined in the subsequent measurement 
phase'2. Pressurization of the system eliminates any 
air that is trapped in the membrane and allows water 
vapour to flow through the membrane at a rate that 
initially declines due to the effect of filter compaction . 
After the stabilization period, the water vapour passes 
at a constant rate through the membrane according to 
specific test parameters, including the filter surface 
area, pressure, temperature and conductivity of the 
water13

. 

DESCRIPTION OF TEST REQUIREMENTS 
Many commercial test systems are designed with ge
neric filter measurements and cost about the same as 
an autOClave". These are rarely available for use in 
small systems due to the expense, but the costs can 
be mitigated by tests designed and qualified for specif
ic filter types and sizes. In addition, such a test system 
should be easy to adapt for a variety of different auto
claves. 

In the static pressure drop test described above , the 

exact net volume of gas in the measuring system is a 
critical parameter's. Many test systems automatically 
determine the net volume of the filter cartridge housing 
before the intrusion measurement. This basic test 
method can be emulated using a single pressure sen
sor and a precision pressure regulator16

, assuming the 
test gas above the filter element can be adjusted in a 
reproducible manner. Such an approach circumvents 
the relatively complex procedure required to determine 
the net volume. Another important requirement in
volves the aforementioned temperature radiation prob
lem. If the thermal radiation from the autoclave cham
ber is allowed to affect the thermodynamics of the test 
gas then the accuracy of the results is significantly 
reduced 13

• A special device which shields the test gas 
from external thermal radiation was developed to ad
dress the issue, and it can be designed to fit a variety 
of filter sizes. With this added measurement, long test 
durations and cooling periods are not required. Fur
thermore, the filling procedure during the test allows a 
definite volume of gas to be set within the measuring 
system. 

In addition to the requirements of the test system, the 
test must also be adapted to meet any Specific de
mands placed on the autoclave exhaust filter system. 
These crucial test requirements include successful 
condensate recovery from the exhaust air filter hous
ing, and successful in-line sterilization of the air filter. 
The prevailing standards for autoclave sterilization 
require the removal of incurring condensation within 
the exhaust filter system. Therefore, the success of 
filter element sterilization depends on system monitor
ing to ensure that the water necessary for the integrity 
test is not contaminated , and that it is directed into the 
waste water disposal after the test. Furthermore, care 
must be taken during installation of the exhaust filter 
system so that the test system remains bubble free in 
order to avoid dead zones within the system that would 
distort the net gas volume and reduce the accuracy of 
each measurement. 

TECHNOLOGICAL CONCEPT AND SYSTEM 
DESCRIPTION 

The objective of the technology described herein is to 
develop a modular test system that can easily be 
adapted for different autoclaves , particularly laboratory 
and large scale autoclaves, along with relevant freeze 
drying facilities. The basic concept of the system com
prises a precision pressure sensor, a precision pres
sure reducing valve and a valve circuit that together 
form a self-contained unit which can be integrated into 
different systems and facilities either direct or long 
distance monitoring. The filter readings and changeo
vers are documented automatically and the results are 
presented as a printout. Integrated interfaces allow 
data transfer to the autoclave to modify the sterilization 
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Figure 2: Water intrusion test (final prototype) consisting of a 
measuring device with a pressure transducer, overflow 

vessel, valve switch alld pressure coolrol. 

protocol or to access the process control systems di
rectly . 

The test system has three main components (Figure 
2): a pressure sensor to measure the intrusion flow 
across the filter element, a valve system that switches 
the test system to the appropriate test phase positions, 
and a precise pressure controller to regulate the pres
sures from test to test and to facilitate automated dry
ing and emptying of the test system. The valve system 
controls the sequential steps necessary for the test, 
i.e. filling, pressure build-up, stabilization, measuring 
and final draining of the system. A special valve 
switch avoids the formation of dead spots , both in the 
test system and the exhaust fi lter system. 

During the stabilization phase, the stability of the intru
sion flow requires exact pressure conditions. The 
pressure drop generated as a result of the flow rate 
must be maintained at the exact test pressure using a 
fine pressure reducer. After the stabilization phase, 
the measuring system is closed and a pressure drop 
across the now stabilized flow is measured. This pres
sure drop allows the water intrusion rate to be calculat
ed. 

Integration into the Target System 
The test system can be adapted for autoclave exhaust 
filter systems by incorporating two lines with valves 
(Figure 3), The first valve opens and closes the meas
urement line from the filter system to the test system, 
whereas the second facilitates fill ing and draining be
fore and after the test. A temperature sensor monitors 
filter sterilization during autoclaving. The components 
are controlled and the sensor readouts are processed 
by microcontroller hardware coupled to the controller 
hardware of the autoclave . The test system does not 
increase the use of electricity, tap water or com-
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pressed air compared to the standard autoclave sterili
zation cycle. 

Pre-treatment and Post-treatment of the Filters 
The collapse of the sterilization conditions in the filter 
system often occurs during filter sterilization, but drying 
the filter element after sterilization can help to prevent 
condensed water trapped inSide the filter dra inage 
layers from obstructing the sterilization process. Fitter 
drying can also facilitate pre·treatment before testing, 
so the new test system allows the automated drying of 
the filter element. The filter element can also be 
cooled at intervals using the test system after steriliza
tion until lhe test temperature is reached. 

Calibrat ion 
The accuracy of a measuring device can only be deter
mined by calibration. An integrity test unit is defined in 
metrological terms by its ability to determine flow 
through the fi1ler membrane precisely at defined pres
sures. Additional cal ibration of the flow using a refer· 
ence 17 must be carried out following calibration of the 
pressure transducer. Flow calibration can be used for 
initial calibration of the test system, followed by period
ic inspection to recalibrate the pressure sensor. The 
fi1ler system is disconnected from the downstream line 
during calibration and switched to an additional line for 
calibration , which allows defined gravimetric flow to be 
recorded using a balance (Figure 4). 

The flow references required for calibration are gener
ated using a needle valve and gravimetric data are 
recorded on a laboratory scale . Figure 5 shows the 
experimental setup of the measurement system, which 
produces defined flow references that are generated 
by test pressures and simulated by a needle valve 
(Swagelok SS-4MG). 

The flow rates are calculated as follows: 

Figure 3: New test system (top Jeft) adapted to the exhaust 
filler system of a Tuttnauer 3870 ElV 0 laboratory autoclave. 
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Figure 4: Measuring system nowsheet. showing the measurement setup (schematic representation). filter housing. valve switch. 

pressure control and sensors with references (laboratory scate and needle vatve) for calibration. 

(1) 

The flow rate is calculated from the pressure drop 6P 
during the measuring period 6t with a known net vol
ume, averaged over the series of measurements. gen
erated by the flow, The pressure at the end of meas
urement consists of the tesl pressure P_ and the at
mospheric pressure p.... The flow references meas-

ured on the laboratory scale are calculated as follows: 

m 
WIR = (reference ) ::I ~ 

p6t 
(2) 

The reference flow WIR~ is calculated from the 
water mass m.oo. recorded using the balance, its den
sity p and the measuring duration 6t. For each individ
ual measurement, the test pressure P is stabilized 10 

Figure 5: (a) Water intrusion test with the setup for calibration consisting of a laboratory scale and needle valve. (b) Close-up 
image of the needle valve with a dosage line for precise gravimetric dosing. L-________ __ ______ ~ 
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2500 mbar for a period of t = 3 mins. In Table 1, the 
recorded values of the measurement series for calibra
tion are presented with 16 measuring points. 

During calibration , the temperature is held at 293.63 K 
s T s 297.59 K. The temperature of the gas bubble in 
the measurement setup fluctuated throughout the 
measuring range (291 .34 K S Ts 294.19 K). In a sin
gle measurement, the temperature increased steadily, 
i.e. the temperature gradient remained constant. 

The temperature in the water phase of the measuring 
device differed slightly from that of the gas phase and 
increased during measurement more than the 9as 
phase . The maximum temperature difference in the 
gas bubble during calibration (6 T) was 0.47 K. This 
temperature change was observed at low flow rates 
because the corresponding measurement times were 
longer (I = 17.67 mins.) and therefore the ambient tem
perature had a stronger impact on the measurement. 
The pressure at the beginning of each measurement 
was P = 2500 mbar (overpressure). The flow values 
determined by the test system correlated (f?l > 0.8) 
with those generated by the flow controller. Figure 6 
confirms the correlation of both flow rates and the re
producible volume setting of the measuring device. 

Uncertainty Analysis 
The uncertainties of calibration and measurement 
were assessed by determining the expanded uncer
tainty U, following the Guide of the Expressions of Un
certainty in Measurement (GUM) on the basis of type 
A and type B standard uncertainties and the coverage 
factor k1B

• By increasing k, the uncertainties of meas
urement can be expressed as the accuracy, which 

T. M T .. t:.P 61 m .. 
(K) (K) (mbar) (min) (g) 

294.74 294.73 104 1.20 1.50 

294.82 294.82 103 1.30 1.42 

294.90 294.89 100 1.03 1.33 

294.95 294.93 94 0.50 1.34 

295.06 295.05 98 0.95 1.41 

295.12 295.11 106 1.13 1.50 

295.22 295.23 105 5.90 1.53 

295.27 295.27 106 2.55 1.46 

295.33 295.32 102 2.60 1.48 

295.36 295.35 103 2.43 1.44 

295.60 295.61 107 8.97 1.43 

295.62 295.64 106 8.40 1.45 

295.66 295.64 100 1.58 1.36 

295.66 295.67 99 1.05 1.46 

295.69 295.67 101 0.92 1.47 

295.70 295.69 101 0.80 1.49 
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represents the deviation from the true, but unknown, 
measurement. 

Uniform dimensions must be used for the type A and 
type B uncertainties in order to measure the intrusion 
of water. Type A uncertainties are based on statistical 
estimates of the standard uncertainty u. Thus the type 
A uncertainty of the compressed gas volume V", during 
calibration can be calculated as follows 1': 

s 
u=Tn (3) 

The standard uncertainty u is calculated from the 
standard deviation s and the number of measurements 
n. Type B uncertainties are estimates of uncertainty, 
e.g. based on certificates of calibration , manufacturers' 
specifications or the accuracy of the instruments. 
Type B standard uncerta inties are calculated using 
equations (4}-{6) and are added to the type A standard 
uncertainties to yield a combined uncertainty value 10, 

Ue: 

a 
u_~:. .J3 (4) 

a 
u~= J6 (5) 

u 
(6 ) u .-

- k 

The standard uncertainties (u) for rectangular and tri 
angular distributions are calculated over half the width 
between the upper and lower limits of the distributions. 

p WIT",,,.,,,,,.. WIT V. 
(g/ml) (mllmin) (mllmin) (ml) 

0.9978 1.25 1.23 49.12 

0.9979 1.09 1.12 46.96 

0.9977 1.29 1.37 45.31 

0.9977 2.69 2.66 48.54 

0.9977 1.49 1.46 49.06 

0.9977 1.33 1.32 48.21 

0.9978 0.26 0.25 49.65 

0.9978 0.57 0.59 46.93 

0.9979 0.57 0.55 49.44 

0.9979 0.59 0.60 47.63 

0.9979 0.16 0.17 45 .53 

0.9978 0.17 0.18 46.61 

0.9979 0.86 0.89 46.34 

0.9978 1.39 1.33 50.30 

0.9979 1.61 1.56 49.56 

0.9979 1.87 1.79 50.23 

Table 1: Calibration data for the measuring system 
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Figure 6: Calibration oillow showing the regression line. 

The standard uncertainty of the normal distribution is 
calculated using the expanded uncertainty U and the 
coverage factor k as shown in equation (7). 

(7) 

The number n of standard uncertainties Ui and the sen
sitivity coefficients CiOf all sources i which make a con
tribution to uncertainty can be added together to yield 

Measurement no. 
0-0.4 mllmin 

Vm (mVmin) 

1 0.16865 

2 0.16834 

3 0.18425 

4 0.18322 

5 0.16736 

6 0.16692 

7 0.18066 

6 0.17363 

9 0.16084 

10 0.16178 

11 0.15989 

12 0.18039 

13 -
14 -

Standard deviation, 0.00887 
s (ml/min) 

Standard uncertainty, 0.00256 
u (mllmin) 

the combined standard uncertainty Uc as shown in 
equation (8). 

(6) 

The expanded uncertainty U is calculated over the 
coverage factor k in the field of metrology: k = 2 '" 95% 
2Q and the combined standard uncertainty uc. 

The volumes of the compressed gas bubble in the 
measurement setup, which were used to calculate the 
corresponding type A uncertainties, are presented in 
Table 2 for three measuring ranges For the following 
calculations, it was assumed that the individual contri
butions of uncertainty were not correlated. 

Tables 3 and 4 itemize the uncertainty budget for 
measurements in the form of type A and type B uncer
tainties for the calibration procedure in the flow range 0 
-OA ml/min, including the combined uncertainty Uc and 
expanded uncertainty U Table 5 summarizes the ex
panded uncertainties for calibration and measurement 
in the ranges >0.4-1 .0 ml/min and >1.0 mllmin. 

According to the calculations in Table 5, an increase in 
expanded uncertainty over the measurement range, 
expressed as absolute values , is observed for both the 
measurement and the calibration . Expressed in rela
tive terms , comparable expanded uncertainty values 
were observed for all three measurement ranges. The 
overall uncertainty slope is particularty dependent on 

Measurement range 

> OA-1 .0ml/min > 1.0 mllmin 

Vm (mVmin) Vm (mllmin) 

0.61862 1.54486 

0.62172 1.55134 

0,63585 1.59988 

0.64568 1.50978 

0.59826 1A7634 

0.61235 1.57576 

0.62944 1.52931 

0.61871 1.51630 

0.59947 -
0,58701 -
0.59733 -
0.57578 -
0.60310 -
0.58016 -
0.02081 0.03896 

0.00556 0.01377 

Table 2: Determination of type A standard uncertainties of the gas volume Vm. 
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No. Source of uncertainty Value WIR Probability Divisor C Standard deviation, 
(converted ) distribution u (mlfmin) 

(ml/min) 

1 Pressure transducer 4.5 mbar 0.00048 normal 2 1 0.00024 (calibration certificate) 

2 Pressure (accuracy of reading) 0.5 mbar 0.00087 rectangular 3" 1 0.00050 
3 Pressure difference (accuracy 0.5 mbar 0.00087 triangular 6" 1 0.00035 of reading ) 

4 Time difference (accuracy of 
0. 5 s 0.00017 triangular 6" 1 0.00007 reading ) 

5 Balance (accuracy of reading) 0.00005 0.000006 rectangular 3" 1 0.000004 
6 Density meter 0.001 gfml 0.00019 1 1 0.00019 (manufacturer specification) (Typ. A + B) -

7 Density (accuracy of reading) 0.00005 glml 0.000009 rectangular 3" 1 0.000005 

8 Uncertainty, Vm - 0.00256 - 1 1 0.00256 
Combined uncertainty, Uc 0.003 
Expanded uncertainty, U, k = 2 0.01 

Table 3: Itemized uncertainty budget for the cal ibration in the measurement range O.()A mllmin. 

No Source of uncertainty Value WIR (converted) Probability Divisor C Standard 
(mlfmin ) distribution deviation u (mlfmin) 

1 Pressure transducer 4.5 mbar 0.00048 normal 2 1 0.00024 (calibration certificate ) 

2 
Pressure 0.5 mbar 0.00074 rectangular 3" 1 0.00042 
(accuracy of reading) 

3 Pressure difference 0.5 mbar 
0.00074 triangular 6°·5 1 0.0003 

(accuracy of reading ) 

4 
Time difference (accuracy 

0.5 s 0.00012 triangular 6" 1 0.00005 of reading ) 

5 
Calibration (combined 0.003 - 1 1 0.003 measurement uncertainty) 

Combined uncertainty, Uc 0.003 

Expanded uncertainty, 0.01 U, k= 3 

Table 4: Itemized uncertainty budget for the WIR measurement in the range 0-0.04 mllmin. 

the slope of the time difference recording accuracy 
(-0 .5 s). During calibration, the measurement period 
can be very short at high flow rates. Because the wa
ter intrusion rate in air filters is not greater than 1.0 mil 
min, the higher expanded uncertainty for calibration 
and measurement is not relevant for this operation 
mode in the new test system. 

The new test device is more accurate than two com
mercial systems (Palltronic· Flowstar XC and Sar
tocheck 4) at low flow rates. The new system 
achieves an accuracy of ± 0.01 mVmin at low flow 
rates compared to the Palltronic· Frowstar XC (± 3% 
or ± 0.02 mlfmin)21 . The accuracy of the new system 
at medium flow rates (t 0.03 ml/min) and fast flow 
rates (± 0.05 mlfmin) is similar to the Pa!ltronic· 
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Flowstar XC . The Sartocheck 4 has a reported accu
racy of t 5% regardless of the measurement range22. 
In terms of absolute values, the new system is more 
accurate than the Sartocheck 4 at flow rates> 0.2 mil 
min but less accurate at flow rates of :5 0.2 mlfmin. 
However, basing indications of accuracy solely on per
centages incurs the risk that the accuracy at lower flow 
rates is likely to be exaggeraled , For this reason, ab
solute values or combinations of absolute and relative 
values are preferable. 

CONCLUSIONS 
The major risks associated with the treatment of ex
haust gas from laboratory autoclaves include the in-
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Measurement range 
Range of temperature U (Calibration ) U (Measure) 

{KI (ml/min), k = 2 (ml/min), k = 3 

0- 0.4 ml/min 291 .67 - 294.18 ± 0.01 ± 0.01 

> 0.4 ml/min -1.0 ml/min 291 .34 - 294.19 ± 0.02 ± 0.03 

> 1.0 ml/min 291 .52 - 293.55 ± 0.04 ± 0.05 

Table 5: Expanded uncertainty U for the new test system over different measurement ranges. 

sufficient in-line sterilization of filter elements, which 
can place the filter under extreme stress, lead to the 
recontamination of the product, and compromise per
sonnel safety. These issues can be avoided by inte
grated integrity tests if it is possible to develop a test 
system that meets the special requirements of labora
tory autoclaves. In addition to the reliable detection of 
failed filters, an integrity test also ensures that air treat
ment and filter sterilization are completed successfully. 

The integration of a test system requires robust pro
cess design. The integrity testing of membrane filters 
appears simple, but re lies on many interacting factors 
that introduce complexity and require careful consider
ation. In addition, such test systems must be economi
cally suitable for small scale devices and processes, 
but this can influence the precise requirements of the 
systems and filter elements thai are tested. Under 
these conditions, it is possible to develop a reliable test 
system for small plants, with adjusted costs for design, 
integration and qualification. 
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CHALLENGE TESTING - CURRENT TECHNOLOGIES AND FUTURE 
PROSPECTS 

Keith Brocklehurst. Andrew Hassall , Graham Rideal (info@whitehousescientific.com)and Abi Stewart 
Whitehouse Scientific, Chester, CH3 7PB, UK. 

Unlike test sieves, which have plain weaves and can be measured optically, complex 3D weaves of twilled 
construction do not allow light to pass and so cannot be measured optically. The apertures then have to be 
estimated by air flow rate studies (Porometry) or challenged by a wide distribution of particles such that 
those passing are measured to determine the cut point of the filter (Challenge Test). Historically, various 
sands such as Arizona test dusts have been used, but their irregular shapes mean that it is difficult to obtain 
an unambiguous measurement of aperture size , Using glass microspheres has partially solved the problem, 
but a small percentage of misshapes in the product can seriously overestimate the aperture size when the 
particle is expressed as the equivalent spherical diameter. 

When an Image Analyser is used for particle measurement, it is now possible to electronically filler non
spherical particles from the size/shape distribution and thus provide much more accurate measurements of 
the aperture sizes. The method has been validated using plain weaves down to 20 ~m, where optical 
measurements have been used to confirm the data , and then extended to complex twilled meshes down to 
5 ~m. At this size there are no other methods available to obtain unambiguous, NIST traceable results. 

INTRODUCTION 
Effect of Particle Size and Shape on Challenge 
Test Results 
Particle size is often expressed as a single number, 
however, there is a tacit assumption that the particles 
are spherical as this is the only shape that can be de
fined by a single parameter. In reality, particles are 
rarely perfectly spherical, indeed Arizona road dust 
was originally used in Challenge Testing' . If a filter is 
challenged by irregular particles, the particles passing 
will depend upon their orientation and the number of 
attempts at passing the filter - single or multi-pass 
methods. Furthermore, the size reported will also de
pend on the method of measurement (Figure 1). 

One of the biggest problems in using irregular test 
dusts is that small changes in sample preparation, 
whether in grinding or classifying the powders can 
have a significant effect on the performance of the dust 
in filtration situations . Consequently, heavy users 
have to reserve large quantities of a particular batch 
from suppliers in order to maintain consistent results 
over a period of time. Spherical particles, on the other 
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hand, have a greater uniformity of shape and give 
much more reproducible resu lts, especially if Image 
Analysis techniques are used. Here, the occasional 
irregular particle can be removed electronically from 
the results and spherical particles are therefore the 
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Figure 1: Challenge testing results with irregular particles 
depend on both the test and particle sizing methods. 
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