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Introduction 

Volatile organic compounds (VOCs) found in our environ-
ment can lead to reduced cognitive functions or serious 
health problems at elevated concentrations [1]. Their 
sources are manifold and range from the human metabo-
lism to human activities such as cooking, heating, and 
cleaning, to emissions from furnishings, hygiene articles 
and building materials [2]. With the gold standard gas chro-
matography–mass spectrometry (GC-MS) being too expen-
sive for consumer applications and not real-time capable, 
cost effective real-time measurement of these substances 
is possible by using metal oxide semiconductor (MOS) gas 
sensors combined with dynamic operation [3]. However, to 
make full use of the increased selectivity, the MOS sensor 
systems must be calibrated with application-specific com-
plex gas mixtures. For this calibration, a gas mixing appa-
ratus (GMA) is needed to produce well-defined, adjustable, 
and reproducible gas mixtures. Since more than 300 differ-
ent VOCs are found in indoor air [4], creating an exact rep-
licate of indoor air or similar complex atmospheres is not 
feasible. This contribution describes the design and realiza-
tion of a GMA being able to provide sufficiently complex and 
representative, yet still manageable VOCs mixtures also 
with realistic atmospheric background of humidity and inor-
ganic gases. 

Design basics 
Basically, a GMA is based on a carrier gas flow, in this 

case zero-air, to which different gaseous substances are 
added via several test gas flows forming the measurement 
line flow. Zero-air is dry (dew point below -35 °C), purified 
air which contains very low concentrations of trace gases 
(e.g., hydrogen and hydrocarbons with a concentration be-
low 0.1 ppm) due to catalytic purification [5]. The required 
variable concentrations can be set by varying the volume 
flows of the test gas flows. The different volume flows are 
set by using mass flow controllers (MFCs). The MFCs used 
are from the GMA50A model series from the company MKS 
Instruments Deutschland GmbH. 

Therefore, a simple test gas generation is performed by a 
test gas cylinder with a defined gas concentration, typically 
magnitudes higher than needed, connected to an injection 
MFC which controls the substance’s flow, followed by a 
valve (here type 6624 from the Bürkert GmbH & Co. KG). 
An optional pressure sensor can be installed between gas 
cylinder and MFC to monitor the inlet pressure of the MFC. 
Hence, the dynamic range of gas concentrations is deter-
mined by gas cylinder concentration, injection flow, and 

measurement line flow. The smallest possible concentra-
tion is determined by the minimum flow rate of the MFC. 

The purity of test gas cylinders is typically 99.999 % (rat-
ing 5.0) meaning that impurities up to 10 ppm are included. 
Due to that, there is a natural lower limit of available con-
centrations for gas cylinders. In order to generate ultra-low 
concentrations of a test gas a more complex set-up is 
needed. To lower the impact of impurities, a gas cylinder 
with a higher test gas concentration is used and diluted with 
zero-air prior to injection into the mixing chamber. The dilu-
tion stage evenly dilutes target gas and impurities. 

The concept of this two-stage pre-dilution was already in-
troduced in [6] and was only fluidically optimized in the new 
GMA. The dilution consists of a gas MFC with small flow 
rate (typically a maximum flow of 10 or 20 ml/min) which 
has the test gas attached to it and a larger flow dilution MFC 
(500 ml/min) which is attached to zero-air. With these two 
MFCs it is possible to generate a dilution depending on the 
flow ratio of both MFCs. Finally, the prediluted mixture is 
injected into the measurement line with an injection MFC 
(same size as the gas MFC) and a valve as mentioned be-
fore. This module can also have the optional pressure sen-
sor between gas MFC and cylinder as before, but an addi-
tional pressure sensor in the predilution mixing chamber is 
mandatory. The injection MFC needs a constant differential 
pressure to work properly and must therefore be monitored 
constantly, since this pressure is set by the flow setting of 
two MFCs, not automatically by the cylinder pressure (the 
necessary pressure varies for different MFC manufacturers 
but is set to 2 bar in our system). This intermediate pressure 
is controlled via a pressure regulator attached to the mixing 
stage, the output of which is connected to the exhaust line. 
In addition, a further valve has been installed upstream of 
the gas MFC, which applies either test gas or zero air to the 
inlet of the MFC, so that a line can be completely purged 
without consuming other test gas. This valve is type 0330 
also from the Bürkert GmbH & Co. KG. 

Due to this predilution the GMA can achieve a dilution ratio 
of the cylinder concentration varying from 1:1 with no sep-
arate carrier gas flow in the measurement line up to 
1:12505000 with a measurement line gas flow of 
1000 ml/min. The range of the dilution ratios depends on 
the size of the MFCs used. The values above were calcu-
lated based on a 20 ml/min injection MFC, a 500 ml/min di-
lution MFC and a 20 ml/min gas MFC. This allows a wide 
concentration range of test gases, which is needed to sim-
ulate indoor air conditions where VOCs typically occur 
mostly in the low ppb range, but also up to several ppm are 
found during cleaning or cooking. 
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With this principle, it must be ensured that the prediluted 
gas is completely mixed. Depending on the flow behavior, 
there are different ways to mix gases. The turbulence be-
havior of flows is indicated by the Reynolds number Re as 
a characteristic number. This indicates whether laminar or 
turbulent flows are formed. In pipelines, a Reynolds number 
of less than 2100 corresponds to laminar flow and a Reyn-
olds number greater than 4000 to turbulent flow. The Reyn-
olds number is given by 

Re =  ρ ⋅ v̅ ⋅ l∗

η  

where ρ is the density of the medium, 𝑣̅𝑣 is the mean ve-
locity, η is the viscosity, and l∗ is the characteristic length 
[7]. Assuming a cylindrical tube with a diameter of 1/16 inch 
with a constant flow rate of 500 ml/min air, results in a mean 
flow velocity of approx. 13.8 m/s. With the density of air of 
1.2041 kg/m3 and l∗ being the tube diameter, this results in 
a Reynolds number of 848, hence, in laminar flow, in which 
a total mixing of gases is unlikely. Mixing of gases under 
laminar flow conditions is only caused by diffusion. 

For this reason, a diffusion section with a defined length is 
included, built of a 1/16-inch mixing tube which is coiled to 
save assembly space. If the distance is too short, there will 
be insufficient mixing and the set concentration will be in-
correct. If the diffusion distance is too long, the settling time 
of the line suffers, requiring more time than necessary to 
traverse the assembly, thereby increasing dead time be-
tween two different concentrations. The selected distance 
considers a small diffusion constant and therefore slowest 
mixing time required for complete diffusion. The following 
relationship generally applies: 

Q =  V
t =  A ⋅ L

t  =  
π ⋅  d2

4  ⋅ L
t  

Here, Q is the volume flow in the tube, V the volume, t the 
time, A corresponds to the tube cross-section, L the tube 
length and d the tube diameter. The average square dis-
tance <x2> traveled is considered, the diffusion constant D 
is described by the Einstein-Smoluchowski equation [8]: 

D =  < x2 >,
2 ⋅ t  

In the worst case, the considered average squared dis-
tance <x2> becomes even to the square of the diameter d. 
By substituting these two equations into each other, the 
time can be shortened out of the equation and finally rear-
ranged according to the length L. 

L =  2 ⋅ Q
π ⋅ D 

The diffusion constant was determined using Chapman-
Enskog theory [9]: 

D = 3
8 ⋅ [N ⋅ (M1 + M2)

π ⋅ 2 ⋅ M1 ⋅ M2
]

1
2

⋅ (kB ⋅ T)
3
2

p ⋅ σ12
2 ⋅ Ω 

Here, N is the Avogadro constant, kB the Boltzmann con-
stant, T the temperature in Kelvin, p the absolute system 
pressure, Mi the molar masses of air and the gas diffusing 
through it, σ the collision diameter and Ω the collision inte-
gral. The index 12 represents the arithmetic mean of the 

collision diameters of air and the diffusing gas. For the de-
sired case, the following assumptions are made: an abso-
lute pressure of 3 bar and a temperature of 293 K. The test 
gases diffuse into dry zero-air. Its average molar mass M is 
0.028949 kg/mol. The collision integral Ω is not always de-
termined, but is of the order of slightly above one [9]. To 
consider the worst case, a value of 1.1 is assumed. The 
collision diameter of air in this case is 3.617 ⋅ 10-10 m (aver-
age of all components). In the worst case, the diffusion con-
stant is small. For instance, toluene with a diffusion diame-
ter σ of 1.2 nm and a molar mass of 92.14 kg/mol [9] has a 
diffusion constant in air of 1.0002⋅10-5 m2/s which is the 
smallest of all test gases considered in the present setup. 

The volume flow Q in a line is just the maximum of the 
adjustable flows of the MFCs in the worst case. This is 
520 ml/min for the selected MFCs. This results in a length 
of the mixing tube of 552 mm. To allow an extension to 
other gases, a safety factor of 1.2 was selected, so that a 
tube with a length of 660 mm was installed. This also ap-
plies to the mixing of all gases in the measurement line. 
With a length of approximately 700 mm from the last inject-
ing line to the actual apparatus outlet, this is sufficiently long 

Figure 1 Schematic overall system of the GMA 
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for this purpose. For this reason, no additional mixing tube 
is required here. 

For various reasons, especially low vapor pressure, it is 
sometimes not possible to acquire a substance in a gas cyl-
inder. To bypass this problem for small concentrations an-
other module, the permeation module, is designed. In this 
module, the test substance is generated by permeation 
from permeation tubes in permeation furnaces. An MFC is 
positioned in front of these furnaces, which sets a defined 
zero-air flow through the furnace. This enriches the zero-air 
with the permeated substance. The concentration of test 
gas after the permeation furnace can be further reduced by 
pre-dilution and then injected into the measurement line via 
the injection MFC as described before for the predilution 
line. 

To achieve high concentrations of substances not availa-
ble in gas cylinders (e.g., humidity, siloxanes) a bubbler 
module was created. Since humidity is the typical applica-
tion for the bubbler module, due to the strong cross-sensi-
tivity of MOS sensors to humidity [10], it serves as the ex-
ample to describe the mode of operation. Humidity is de-
fined as a mixture of gas and water vapor. It depends mainly 
on pressure, temperature, and the water vapor concentra-
tion. Humidity generation works via bubbling of zero-air 
through water in a wash bottle. In this process, a flow of 
zero-air is introduced through simple glass tubes or frits at 
the bottom of such a wash bottle and then bubbles upward 
through the respective liquid. The zero-air is thus humidified 
to saturation vapor pressure (100 % relative humidity). In 

order to suppress the impact of impurities (e.g. lime or or-
ganic impurities), water with the highest purity class, nor-
mally used for high performance liquid chromatography 
(HPLC), is used. This means that there are also few inter-
fering substances in the final test gas. To filter out large wa-
ter particles and aerosols, a second wash bottle is used in 
series to the first one, in which analytical grade glass wool 
is placed. This serves as a particle trap preventing these 
aerosols from reaching the measurement line and evapo-
rating further after the humidity has been changed, thus fal-
sifying the set humidity. Furthermore, sensors in the down-
stream could be wetted by droplets either disturbed the sen-
sor operation or even destroying them. As humidity gener-
ation is temperature-dependent, as described above, both 
wash bottles are kept at a constant temperature of 20 °C in 
a thermostat (Kiss K12 from Huber Kältemaschinenbau AG 
is used in the present GMA). 

In order to also be able to measure at high humidity levels, 
e.g., 90 % RH or more, the total flow rate in the measure-
ment line should not be too high. For a higher total flow in 
the measurement line at the same humidity, the flow 
through the wash bottles would have to be increased. How-
ever, above a certain flow speed, the humidified air in the 
bubbler no longer reaches the saturation vapor pressure 
because it is exchanged to quickly [11]. As a result, the ac-
tual humidity at the sensor no longer corresponds to the set-
point. To prevent this, the total carrier gas flow is usually 
reduced, so that the humidity line alone can provide the en-
tire carrier gas flow if required. To monitor the current hu-
midity level, a humidity sensor can be placed at the end of 

Figure 2 CAD model of the entire gas mixing apparatus from the operator side 
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the measurement line. The overall GMA concept is shown 
in Figure 1. Mixing of all injected gases is achieved in the 
measurement line, which leads to the sensor chamber plus 
additional sensors for controlling the total flow, temperature 
and relative humidity. 

Concept realization 
The GMA was designed with a total of 21 independent gas 

supply lines, 18 of which are test gas lines. This allows 
measurement gas mixtures with one representative for 
each of the 12 relevant VOC substance groups [12] plus 
several interfering gases simultaneously. Each gas line can 
inject a specific gas into the shared carrier line, the resulting 
mixture is finally flowing to test chambers with the sensors 
to be calibrated. Great emphasis was placed on a standard-
ized modular design allowing easy expansion and conver-
sion. Based on this modular design, other methods of 
providing gases besides pre-dilution and permeation can 
also be integrated into the apparatus. 

Three lines are mandatory for the basic function of the 
GMA. One carrier gas line and one humidity line, which set 
the desired total gas flow including the correct humidity, and 
one line with a mass flow meter (MFM) monitoring the total 
flow which can thus reveal leakage in the system or mal-
function of individual MFCs. The remaining 18 lines can 
then be used as required by the modules described above. 

The hardware is controlled by a programmable logic con-
troller (PLC) receiving the control values for every device 
from a separate control computer. The control computer 
calculates the flow rate for each MFC and sets the corre-
sponding valves for each gas exposure based on the gas 
concentrations set by the user. It also checks if the concen-
trations are within the limits of the dynamic range, monitors 
every feedback value, automatically detects failures (e.g., 
pressure failure, no or wrong MFC flow rate) and displays 
them in a GUI. The overall status of the apparatus is also 

displayed via a signal tower. This control strategy is neces-
sary since every exposure consists of up to 91 possible dis-
tinct values which must be set and monitored. Usually, one 
characterization measurement consists of several hundred 
gas exposures and is therefore prone to error if done by 
hand.  

In total, the GMA is 3 m long, 1 m wide and 1.6 m high. 
The dimensions are based on the available space in the la-
boratory. The CAD model of the GMA is shown in Figure 2. 
Green pipes represent the distribution of zero-air to all mod-
ules and red pipes indicate the exhaust line. The measure-
ment line is marked in blue. Supply pipes to connect the gas 
cylinders are shown in magenta.  

Optimization  
In a line with more than one MFC (predilution line, perme-

ation line), identical concentrations can be achieved by dif-
ferent MFC flow settings. These settings have an influence 
on the GMA performance. This includes the test gas con-
sumption, flush duration between two different concentra-
tions and whether the predilution line has to be used with a 
closed predilution MFC passing the gas from gas cylinder 
to injection MFC without dilution. 

These MFC setpoint options result in various states that 
must be avoided. Since some of these states are directly 
derived from the different performance options, conflicts of 
objectives arise. The software configuration for the desired 
setup handles the conflicting goals. 

One undesirable state is a maximum opening of the gas 
MFC while the dilution MFC has not yet been minimized, 
resulting in unnecessarily high gas consumption. However, 
measurements have shown that a high gas MFC flow rate 
is beneficial for a fast concentration change within a line. 
The conflict of objectives that arises here is solved in the 
current software version by minimizing the gas consump-
tion. Due to a large dead volume between the injection MFC 
and the measurement line, the injection MFC should be 

Figure 3 Influence of the injection MFC setpoint on the rise time for a gas exposure 
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opened as much as possible. This increases the flow 
through the large dead volume and reduces the time be-
tween concentration changes. 

At high humidity levels, another undesirable condition be-
comes apparent. The gases injected into the measurement 
line through the predilution lines are dry, i.e., have a relative 
humidity of 0 %. With a total flow of usually 1000 ml/min and 
a desired humidity of 90 %, a maximum of 100 ml/min can 
therefore be contributed from all 18 lines. Thus, if one injec-
tion MFC is then opened too much, gases from all available 
lines cannot be supplied, significantly restricting the dy-
namic range. Finally, the injection MFC cannot be fully 
opened in no-dilution mode since a relative pressure of 
2 bar is required which is not possible without dilution and 
maximum opening of both MFCs. 

To investigate these states and test various optimization 
rules, measurements were carried out on a single predilu-
tion line. The risetime of a predefined hydrogen concentra-
tion with different MFC settings was investigated. Hydrogen 
was used because it interacts well with the sensor used and 
at the same time is non-toxic to the user. The gas MFC as 
well as the injection MFC have a maximum flow rate of 
20 ml/min, the dilution MFC of 500 ml/min. A SGP30 MOS 
sensor from Sensirion [13] was used for evaluation, oper-
ated at a constant temperature of 400 °C. The second sen-
sor layer was evaluated because it exhibits the lowest noise 
level. The sampling rate was 20 Hz. 

First, the influence of the injection MFC is examined in 
more detail. For this purpose, the gas MFC was opened to 
the maximum and the dilution MFC was varied to achieve a 
whole number as concentration as output. One gas expo-
sure required 60 min with 30 min flush time with zero-air be-
tween two concentrations. The injection MFC was varied in 
6 steps between 10 % and 100 %. The results are shown in 
Figure 3. 

Especially for very small injection MFC flow rates, the in-
fluence of the injection MFC on the resulting time constant 

is immediately obvious. In both the rising and falling slopes, 
a significant improvement is evident for larger injection flow 
rates with maximum injection flow achieving the smallest 
time constant. The result can be explained by the rather 
large dead volume leading to the injection MFC which is 
only flushed by the relatively small flow of the injection MFC 
with a maximum of 20 ml/min. Therefore, it is advantageous 
to increase the flow rate of the injection MFC first before 
adjusting the two other MFCs for gas and predilution. Ac-
cordingly, further measurements were performed with the 
injection MFC set to maximum flow. Note that the small 
peak in the measurement with 100 % opening after approx. 
45 min is an artifact and has no further significance relevant 
for the evaluation. 

Further measurements showed that the degree of opening 
of the dilution MFC has no relevant influence on the time 
constant. The degree of opening of the gas MFC, on the 
other hand, does. For this purpose, the injection MFC was 
opened to the maximum and the dilution MFC was set to 
5 % flow rate. The flow rate of the gas MFC was varied as 
shown in Figure 4. 

Especially at the rising edge the influence of the gas MFC 
setpoint on the time constant is clearly shown. A large flow 
rate of the gas MFC is therefore favorable for optimization. 
However, this creates a conflict of objectives between the 
small time constant and the general desire to save (test) 
gas during measurements to reduce cost. 

The reason for this effect of the MFC setpoint at first 
glance seems inexplicable, we suspect that this is caused 
by the test gas used, i.e., hydrogen. Therefore, the same 
measurement is repeated for acetone to investigate the in-
fluence of the gas on the time constant. The settings of all 
MFCs remain the same. The measurement shows the 
same, slower behavior for small gas MFC flow rates for ac-
etone as for hydrogen. The cause of this effect is therefore 
not the used test gas. 

Figure 4 Influence of the gas MFC setpoint on the rise time for a gas exposure constant 
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One possible cause for the observed increased time con-
stant could be the dead volume between the gas MFC and 
the T-piece on the dilution MFC connecting both flows be-
fore the mixing section. During the set purge time of 30 min, 
gas can diffuse from the gas MFC into the flow of the dilu-
tion MFC to a high degree, reducing the effective concen-
tration in this area. Thus, when the next gas exposure starts 
the volume must first be flushed again with the higher cylin-
der gas concentration. Small flow rates in this area, deter-
mined by the gas MFC setpoint, therefore result in a longer 
duration until the concentration reaches its stable target 
value. 

In summary, the GMA has the smallest time constants and 
allows fastest measurements when both the injection MFC 
and the gas MFC are opened as much as possible. How-
ever, this results in a target conflict for the gas MFC set-
point, where the low time constants and low gas consump-
tion being mutually exclusive. The control software there-
fore sets concentrations mainly with the dilution MFCs, 
while the other two MFCs are opened to the maximum flow 
rates possible. These should be reduced only for small con-
centrations. The optimization rules can be adapted, e.g., for 
particularly expensive gases by opening the gas MFC as 
little as possible. This means, however, that longer adjust-
ment times have to be accepted. 

Conclusion and outlook  
Due to the presented planning and realization, the new 

GMA is able to provide 18 different and independent test 
gases down to the sub-ppb range with humidity and total 
flow also being variable to allow different experimental pro-
tocols. Due to the modular design of the individual lines, the 
GMA can be extended as required and individual lines can 
easily be replaced by new gas generation methods, for ex-
ample permeation or evaporation of liquids. The system op-
erates completely autonomously based on an arbitrary 
measurement sequence. The MFC setpoints are calculated 
and adjusted automatically by the control software based 
on the selected gas concentrations. The apparatus has 
been optimized regarding speed during gas and concentra-
tion changes. These findings can also be used in existing 
GMAs to allow more measurements in the same time due 
to a faster setting time, which can reduce operating costs. 

The new GMA is used in projects where up to 18 different 
independent test gases are required. These gases can be 
offered in any concentration range, from sub-ppb to higher 
ppm, with the predilution lines, allowing a wide dynamic 
range for many different gases. In addition, the system is 
easy to operate due to the software used, as the user can 
directly enter the required concentrations into the GUI of the 
software and thus manage large measurement series with-
out manual calculations or intervention. Together with the 
optimization, a cost-efficient GMA was constructed, allow-
ing improved gas sensor systems, e.g., based on random-
ized gas mixtures for indoor air quality monitoring [14, 15]. 
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