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Introduction

I n semiconductor applications, the required mass fl ows 
are typically within a range of 10 ml

n
/min up to 25 l

n
/

min, for all kinds of gases. Hundreds of diff erent single 
gas mass fl ow controller (MFC) models may be necessary 
to cover this fl ow range, leading to an undesirable large 
stock for both production and service. Furthermore, most 
MFCs are calibrated and tuned using a reference gas 
instead of the actual gas, which may have a detrimental 
eff ect on both the accuracy and the dynamic behavior 
of the instruments.

A fi rst order approximation of the actual gas fl ow 
through an instrument calibrated with a reference gas 
can be obtained by the ratio of specifi c heats (c

p
) between 

the calibration gas and the actual gas. Many MFCs still 
use this simple scalar approach to calculate the conver-
sion factor (CF). However, this method has been found to 
be an inadequate oversimplifi cation, causing a dramatic 
decrease in the accuracy of the instruments.

Settling times are becoming increasingly important 
in mass fl ow controllers as new process technologies—
such as atomic layer deposition (ALD) and deep reactive 
ion etching (DRIE)—are demanding both fast dosage 
rates as well as accurate and repeatable measurements. 
The controller (PID) settings of most MFCs are tuned 
with a reference gas; therefore, their speed of response 
is not optimized for a specifi c process gas and operation 
conditions.

In this article, a new generation of model-based multi-
gas/multi-range instruments is presented that is able to 
cover the typical semiconductor fl ow range of 10 ml

n
/

min to 25 l
n
/min with only 10 diff erent MFC models. In 

addition, the fl ow range of 1 ml
n
/min up to 1670 l

n
/min 

can be covered with only 18 diff erent MFC models. Such 

instruments can be accurately calibrated and tuned using 
only one reference gas.

First, a defi nition of multi-gas/multi-range is given, 
followed by a description of the fl ow sensor structure, its 
basic operating principle, and the sensor model. Then, 
the valve structure, its basic operating principle and the 
valve model are described. Some measurement results 
are presented and discussed, and fi nally, conclusions 
are drawn.

Multi-Gas/Multi Range: Conventional mass flow 
meters have a fi xed full scale fl ow range, set according to 
the value as specifi ed by the customer. However, multi-
gas/multi-range (MGMR) mass fl ow meters have a nominal 
full scale value of 100%; the actual full scale value can be 
altered between certain boundaries.

For instruments of the Bronkhorst High-Tech Select 
series, these boundaries are based on air; note that the 
boundaries are dependent on the physical properties 
of the gas used.

Multi Range: The range of the full scale fl ow rate can be 
changed to anywhere between 40% and 150% of the nom-
inal value (air). When the instruments are calibrated with 
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fl ow element whereby only a single reference gas is 
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air, the primary calibration curve is 
taken up to at least 150% of the nomi-
nal value of the instrument. From the 
primary calibration curve, curves for 
all diff erent gases can be calculated 
and stored in the instrument.

Multi Gas: Up to 8 diff erent gas 
calibration curves that have been 
calculated from the primary calibra-
tion curve (air), can be stored in and 
selected from the instrument.

Sensor Structure and 
Basic Operating Principle

The actual fl ow sensor consists of 
a stainless steel fl ow tube with two 
active elements around it, as shown 
in Figure 1. The measurement prin-
ciple applied is the constant power 
(CP) method.

In this method, the two elements 
are used as both heater and tempera-
ture sensor, as shown in Figure 1.  Both 
elements are provided with an equal 
amount of constant power; the tem-
perature diff erence ∆T [°C] between 
them is a measure for the fl ow:

Sensor Signal ∝∆T Equation (1)

Where: 

Sensor Signal = output signal of the 
fl ow sensor [V] 
∆T = temperature diff erence [°C]

Sensor Model: 
Van der Graaf Curve

A sophisticated calculation model 
has been developed that accurately 
predicts the behavior of both the 

thermal and hydrodynamic fl ow char-
acteristics of the fl ow sensor (bypass) 
combined with the fl ow restriction in 
the main channel; the laminar fl ow 
element (LFE)[1].  It incorporates the 
eff ects of the physical gas properties 
such as density, specifi c heat, viscos-
ity and thermal conductivity. Thanks 
to this combination, calibration with 
only one single reference gas is suf-
fi cient to characterize a multi-gas/
multi-range mass fl ow meter or con-
troller for both its entire fl ow range 
(multi-range) and all other process 
gases to be used (multi-gas).

A simplifi ed equation that express-
es the relationship between the fl ow 
of a certain gas and the corresponding 
output signal of the fl ow sensor is:

Equation (2)
Where: 

Sensor Signal = output signal of the 
fl ow sensor [V]
k

1
 =  sensor constant

ρ
n
 =  mass density [kg/m3] at T = 0 °C 

and p = 1 atm.
c

p
 =  specifi c heat capacity [J/ (kg·K)]

Φ
v
 =  volume fl ow [m3/s]

k
2
 =  sensor constant, including physi-

cal properties of the applied gas
λ =  heat conductivity [ W / (m·K) ]
k

3
 =  sensor constant, including physi-

cal properties of the applied gas

The fi rst order approximation of 
Equation 2 is:
Sensor  Signal = k

1
 • ρ

n
 • c

p
 • Φ

v
 

Equation (3)

Which leads to the commonly used 
but inaccurate equation for the con-
version factor (CF) between the refer-
ence gas (REF) en the actual gas (ACT) 
as applied by the customer:

CF = 
ρ

n,REF 
• c

p,REF

ρ
n,ACT

 • c
p,ACT

Equation (4)
With the sophisticated calculation 

model, the fl ow characteristics for all 
gases and fl ow ranges can be calculat-
ed and displayed in the Van der Graaf 
curve. An example of this curve for air 
and argon is shown in Figure 2.

In both the air and Ar curve, the 
(linear) tangent from zero fl ow is 
drawn. The nominal full scale fl ow 
range (100%) is defi ned as the fl ow 
where a nominal deviation, with value 
nom%, between the tangent and the 
fl ow curve exists. Analogously, the 
maximum full scale fl ow range is 
defi ned as the fl ow where a maximum 
deviation, with value max%, between 
the tangent and the fl ow curve exists. 
The minimum full scale fl ow rate is 
determined by the minimum required 
value minSig of the sensor signal.

Example: an instrument for nomi-
nally 1 l

n
/min air can have its range 

changed between the following 
boundaries:

It is possible to determine from the 
Van der Graaf curve for each gas, the 
specifi c boundary values in between 
which the actual full scale value of the 
instrument can be changed. Please 
note that the boundaries are depen-
dent of the physical properties of the 
gas used.

From only one reference curve, the 
fl ow characteristics for all other gases 
can be derived. This way, it is possible 
to cover the air fl ow range of 1 ml

n
/

Figure 1. Flow sensor comprising a stainless steel fl ow tube with two active 
elements around it
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Valve Model: 
Relative Valve Flow

An elaborate tuning model has been 
developed that accurately predicts the 
behavior of the non-linear transfer func-
tion and fl ow characteristics of the control 
valve, in which the eff ects of the physical 
gas properties such as density and viscosity 
are incorporated.

The calculated transfer function and fl ow 
characteristics are used to adapt and opti-
mize the PID controller settings (the propor-
tional gain factor K

p
) for the specifi c process 

gas and operating conditions, once again 
based upon tuning with only one single 
reference gas.

The nominal fl ow capacity of a valve is 
represented by the K

v
 value, which is the 

number that indicates how much gas fl ow 
Φ

v
 [m3 per hour] fl ows through the valve at 

a pressure loss of 1 bar [3]:

K
V
 ∝ Φ

V
 • √ρ

n
  Equation (5)

min up to 1670 l
n
/min (100 m3

n
/h) full scale 

with only 18 MFC models.

Valve Structure and 
Basic Operating Principle

An example of an electromagnetically 
actuated proportional control valve is 
shown in fi gure 3.

The plunger on top of the orifi ce controls 
the fl ow. The plunger can be controlled 
at a certain distance above the orifi ce by 
applying a certain actuator current to the 
coil. A typical transfer function of an elec-
tromagnetically actuated control valve is 
shown in Figure 4.

As can be clearly seen from Figure 4, 
the resulting mass flow as a function of 
the actuator current is both non-linear 
and depends on the type of gas that is 
applied.

where ρ
n
 [kg/m3] the normal mass density 

of the gas (T = 0 °C; p = 1 atm). For nitrogen, 
hydrogen and argon, ρ

n
 equals respectively 

1.250, 0.08991 and 1.784 kg/m3 [4].
Assume K

v
 = 2.235E-03 for a given volume 

fl ow of nitrogen. Now, for the same volume 
fl ow, using the square root of the densities, the 
equivalent K

v
 values for H

2
 and Ar are respec-

tively 0.268 and 1.194. For example, when this 
valve is working at 100% of its transfer func-
tion for 1 l

n
/min N

2
, it will work at 26.8% of its 

transfer function for 1 l
n
/min H

2
 and at 119.4% 

of its transfer function for 1 l
n
/min Ar. So, using 

the K
p
 value suited for 1 l

n
/min nitrogen results 

in a non-optimum response (either overshoot 
or a very slow response) when applying 1 l

n
/

min hydrogen or argon.
Therefore, when changing from one gas to 

another, in order to guarantee good control 
performance, the relative valve fl ow should 
be used to determine the optimum K

p
 value, 

instead of the absolute valve fl ow. Moreover, 
even when the gas has not changed, the 
optimum K

p
 changes with the fl ow rate. An 

example of the optimum gain settings for 
the controller for both the absolute and rela-
tive valve fl ow of nitrogen, hydrogen and 
argon are shown in fi gure 5.

It is possible to determine from the rela-
tive valve fl ow curve for each gas the specifi c 
fl ow-dependent optimum controller gain 
settings. So, from only one reference curve, 
the fl ow characteristics for all other gases can 
be derived. This way, it is possible to always 
have optimum control performance of the 
multi-gas/multi-range instruments.

Figure 4. Typical transfer function of an electromagnetically actu-
ated control valve

Figure 3. Cross-sectional view of an elec-
tromagnetically actuated proportional 
control valveFigure 2. The Van der Graaf curve: fl ow sensor signal as a function of gas fl ow
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Figure 6. (a) Measured accuracy for the reference gas: air; (b) accuracy of the conversion factor between argon and air: comparison 
between the Van der Graaf curve and the ratio of specifi c heats

Figure 7. Measured settling times for 1 l
n
/min N

2
, H

2
 and Ar, obtained with an instrument for 1l

n
/min air, tuned with 

reference gas air, with model-based adapted PID controller settings for N
2
, H

2
 and Ar

Figure 5. Optimum controller gain settings for nitrogen, hydrogen and argon as a function of (a) absolute and (b) relative valve fl ow
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developed that accurately predicts the 
behavior of the non-linear transfer func-
tion and (dynamic) fl ow characteristics of 
the control valve. The model makes it pos-
sible that from only one reference curve, 
the (dynamic) fl ow characteristics for all 
other gases can be derived. This way, one 
is enabled to always have the optimum 
control performance of the multi-gas/
multi-range instruments.

•  The semiconductor fl ow range of 10 ml
n
/

min to 25 l
n
/min can be covered with only 

10 diff erent MGMR MFC models, and the 
fl ow range of 1 ml

n
/min up to 1670 l

n
/min 

with only 18 diff erent models.

•  Multi-range: the full scale (FS) fl ow rate 
could be changed to anywhere between 
40% and 150% of the nominal value (air); 
the minimum fl ow rate was 0.8% of the 
nominal value. Thus, for air, the minimum 
turn-down ratio is 1 : 50 (0.8%–40%) and 
the maximum turn-down ratio is 1 : 187.5   
(0.8%–150%). But note: the boundaries are 
dependent on the physical properties of the 
gas used. This means that, for air, under opti-
mum conditions, the fl ow range of 1 mln/
min up to 25 l

n
/min can be covered with only 

2 instruments, namely one for nominally 200 
ml

n
/min (1.06–300 ml

n
/min) and another 

for nominally 20 l
n
/min (0.16 –25 l

n
/min).

The following conclusions are valid for an 
instrument of nominally 1 l

n
/min air:

•  For the reference gas calibration, the accu-
racy was within ± 0.5% Rd ± 0.1% FS.

•  Multi-gas: fl ow characteristics from several 
gases (Ar, N

2
, He, H

2
) have been calculated 

and verifi ed with actual calibration; for all 
of these gases, the accuracy was within 

An elaborate tuning 

model accurately 

predicts the behavior 

of the non-linear 

transfer function and 

fl ow characteristics of 

the control valve.

Experimental
To demonstrate the principles discussed 

above, several mass fl ow meters and control-
lers were built and thoroughly tested. One 
of these instruments was an instrument for 
nominally 1 l

n
/min air. The instrument was 

calibrated up to 1.5 l
n
/min air (150% of the 

nominal value), and the instrument was tuned 
with air to have a settling time of t

98%
 of 2 s.

Using the Van der Graaf curve, the conver-
sion was calculated from Air to other gases: 
argon, helium, nitrogen, carbon dioxide 
and hydrogen. Using the relative valve fl ow 
model, the optimum controller gain settings 
were calculated for the other gases as men-
tioned above.

The measurement program included the 
determination of the accuracy and the set-
tling time of the instruments for both the 
reference gas (air) and the other gases.

Results
In fi gure 6a, the measured accuracy is 

shown under the reference calibration con-
ditions. The calibration results are within the 
boundaries of ± 0.5% Reading (Rd) ± 0.1%  
full scale (FS). In fi gure 6b, the measured 
accuracy of the instrument, converted with 
the Van der Graaf method, is displayed when 
argon is applied. The measured accuracy is 
within the boundaries of 1% FS. Please note 
that the results when using the conventional 
conversion factor (Equation 4) are far worse; 
they can be up to 5% FS for argon, and far 
more for other gases.

In Figure 7, the measured settling times 
are shown of the instrument that was tuned 
with air to have a settling time of 2 s. The 
model-based adapted PID-controller set-
tings for N

2
, H

2
 and Ar were stored in the 

instrument, and the measured settling time 
for these gases was 2 s as well.

CONCLUSIONS
•  A sophisticated calculation model has 

been developed that predicts the behav-
ior of the fl ow sensor combined with the 
laminar fl ow element (LFE). Due to this 
calculation model, calibration with only 
one single reference gas is suffi  cient to 
characterise a multi-gas/multi-range mass 
fl ow meter for both its entire fl ow range 
(multi-range) and all other process gases 
to be used (multi-gas).

•  An elaborate tuning model has also been 

1% FS compared to e.g. up to 5% FS for Ar 
when using the ratio of the specifi c heats.

•  Model-based adapted PID controller set-
tings were calculated for several gases, in 
order to obtain a typical settling time of 
t

98%
 = 2 s. Tuned with the reference gas (air), 

the measured settling times were 2 s for 
nitrogen, hydrogen and argon. G&I
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