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Abstract—A technique of using an adaptive pulse repetition
frequency (PRF) to operate an ultrasonic contrapropagation
transit-time gas flowmeter (UFM) is introduced. This adaptive
PRF technique allows transient measurements of hot (up to
450 ◦ C) and pulsating (up to 1.5 kHz) gas flows. Such conditions
occur in the exhaust gas of a combustion engine. Here, a UFM with
the widely used fixed PRF technique is not applicable, because
the large gas temperature variations would prevent a reliable
detection of ultrasonic pulse arrival times. Coherently reflected
waves are generated within the gas because of the unavoidable
acoustic impedance mismatch between the gas and the transducers, and, depending on the gas temperatures, these echoes overlap
with the main signal. The adaptive PRF technique overcomes this
problem and allows correct pulse detection over the whole temperature range required. The UFM utilizes special high-temperatureresistant capacitance ultrasonic transducers (CUTs) to meet the
requirements in terms of operating temperature range and dynamic response. Results, which are obtained with a preliminary
laboratory prototype, are presented for the exhaust gas mass flow
rate in a ∅ 50-mm pipe measured at gas temperatures of up to
450 ◦ C and at PRFs of up to 5.5 kHz, which is an increase in
frequency response of one order of magnitude in comparison to
existing measurement systems.
Index Terms—Adaptive pulse repetition frequency (PRF), capacitance ultrasonic transducer (CUT), exhaust gas, high temperature, mass flow sensor, pulsating gas flow, ultrasonic flowmeter.

I. I NTRODUCTION

T

ODAY, several authorities, such as the European Commission and the Environmental Protection Agency (EPA,
California), are the driving forces behind legal requirements
concerning automobile exhaust emission regulations [1].
Because of the decreasing exhaust emission limits, today’s
requirements for the measurement of exhaust gas mass flow
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are demanding. Calculation of the mass flow of each exhaust
emission component in kilograms per hour or grams per kilometer requires measurement of the mass flow value moment by
moment. That is to say not only the accurate measurement of
the averaged exhaust gas mass flow over a specific time period
is required, but the transient measurement of the exhaust gas
mass flow is as well. In combination with fast gas analyzer
benches, this would enable the determination of the mass
emission of all gas components with time resolutions below
1 ms. This additional information extracted from the exhaust
gas train could facilitate the optimization and monitoring of
the combustion process, the catalytic converter, and the exhaust
gas train. Therefore, it may be concluded that, because of the
stringent exhaust emission limits, all combustion engine manufacturers are highly motivated to obtain such a measurement
system.
In the last ten years, the measurement principle of the ultrasonic contrapropagation transit-time gas flowmeter (UFM) has
been applied to direct flow measurement within raw exhaust
gas of automotive combustion engines. In this context, three
different basic approaches concerning the realization of the
flowmeter, more specifically, concerning the ultrasonic transducers utilized in the flowmeter, can be distinguished.
1) In 1998, a UFM utilizing high-temperature-resistant
piezoelectric composite transducers was reported [2].
The composite transducers consisted of arrays of piezoelectrically active rods aligned in parallel, which were
imbedded in a three-dimensional polymer matrix. The
lead zirconate titanate (PZT) material PZ 29 (Ferropern,
Kvistgård, Denmark) with a specified Curie temperature
of 300 ◦ C was used for the rods. The transducers were
water-cooled with the goal of increasing the temperature range of the flowmeter up to 600 ◦ C. In [2], only
measurement results for engine rotation speeds of up to
1500 r/min were presented. The reason for this seems to
be the low attainable pulse repetition frequency (PRF) of
the realized flowmeter (≈ 400 Hz), which is due to the
fact that the piezoelectric composite transducers used had
a pronounced resonant frequency with small bandwidth,
e.g., [3]–[5].
2) Also in the year 1998, another concept was proposed
in [6]. A transducer based on an electrical spark discharge utilizing a high-voltage source was employed to
generate a pressure pulse accompanied by light emission
and electromagnetic energy. A detailed description of
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this flowmeter, which includes the transmitting transducer
(spark transducer), can be found in the patents filed to
the company Peus-Systems, Bruchsal, Germany [7], [8].
Two spark transducers were located in sockets attached to
the wall of the measuring pipe. The generated ultrasonic
pulses were deflected by deflection mirrors toward the
respective directions of the crossed sound paths through
the pipe. The main drawback of this concept is that
the spark transducer does not provide a reciprocal effect
for receiving ultrasound, such as what piezoelectric or
capacitance ultrasonic transducers (CUTs) do. Therefore,
again, piezoelectric transducers, which are located in the
surfaces of the deflection mirrors, had to be used for
receiving the ultrasonic pulses. The pulses had to pass
long start-up lengths before propagating through the gas
flow in the measuring pipe. Another drawback was the
complexity of the construction of the transmitting transducers. Due to the fact that the electrodes successively
burn down, they must be readjusted continuously. The
maximum attainable PRF of this system was specified as
500 Hz [6]. Further, the range of the mean temperature
was specified as −50 ◦ C to 800 ◦ C, but no measurement results at temperatures higher than 250 ◦ C were
presented. Up to now, this measurement system is not
available commercially for exhaust gas, but in 2001, the
same system was announced [9] as a flowmeter for air
intake measurements with PRFs of up to 500 Hz.
3) To the authors’ knowledge, up to now, the company
Sick Maihak, Reute, Germany, is the only supplier that
offers a commercial UFM (FLOWSIC 150 Carflow),
which is designed for measuring the volumetric flow rate
on automotive roll test stands and road test simulators
directly in the raw exhaust gas [10]. However, due to
the fact that piezoelectric transducers are used in this
flowmeter, the maximum allowable temperatures are limited. The maximum transducer temperature is 220 ◦ C,
and the maximum allowable gas temperature is 250 ◦ C
(< 10 min/h). In addition, the maximum PRF is specified
as 75 Hz [10]. Therefore, it may be concluded that, due
to the use of piezoelectric transducers, this flowmeter is
limited with respect to its applicability in the raw exhaust
gas of automotive combustion engines.
In our approach for measuring the exhaust gas mass flow
directly in the exhaust gas train of an automotive combustion
engine, we also apply the measurement principle of the UFM.
A high-temperature-resistant broadband CUT is used both for
transmitting and receiving the ultrasonic pulses [11]. Nowadays, CUTs are accepted as state-of-the-art transducers for gas
flow measurement applications, e.g., [12]. By modifying the
construction of the commonly used CUTs, which, for instance,
utilize a metallized polymer membrane as the moving electrode, and by selecting appropriate transducer materials, we
have achieved a wideband CUT for operation at elevated gas
temperatures of up to several hundred degrees Celsius. This
transducer also features better overall acoustic characteristics
in comparison to the state-of-the-art transducer, e.g., [13]–[15].
In addition to the extended operating temperature range, the
main advantage of this type of transducer is its wide signal
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bandwidth, which allows to operate the UFM at high PRFs.
Furthermore, this transducer shows excellent coupling characteristics to gaseous media. The transducer makes use of a patterned thermally oxidized silicon backplate, which is covered
by a titanium foil as the moving membrane. Details concerning
the structure, the fabrication steps, and the specifications of this
CUT can be found in [11] and [16].
At this stage, it should be emphasized that this type of
CUT has the potential of filling the significant gap concerning a transducer technology enabling air-coupled ultrasonic
wave generation and reception both in hot gaseous media and
at high PRFs. Particular state-of-the-art transducer technologies allow air-coupled ultrasonic wave generation and reception at elevated gas temperatures but only with a low PRF,
e.g., [3]–[5]. Other transducer technologies provide excellent
broadband characteristics, i.e., high PRFs, but suffer from their
low operating temperature range, e.g., [17]. Buffered transducers, e.g., [18], can operate at gas temperatures of up to 600 ◦ C
but appear limited at present to PRFs in the range from 100 to
about 1000 Hz, and because of their rigid metallic construction,
they are not as well matched to the low acoustic impedance
of hot gas as the CUT. Only a broadband high-temperatureresistant CUT enables a PRF in the range of several kilohertz,
which is essential for transient gas flow metering in a hot and
pulsating exhaust gas flow.
With the use of this high-temperature-resistant capacitance
transducer, the well-known UFM principle, e.g., [19], is applicable for the first time in the demanding environment of an
automotive exhaust gas train over a wide temperature range
(up to 450 ◦ C). This paper, which is an extended version of
our conference paper presented at IEEE Sensors 2004 [20], is
focused on a technique for adjusting the PRF, depending on
the temperature of the gas. This adaptive PRF technique is
essential for the successful application of a UFM directly in
the exhaust gas train of an automotive combustion engine. An
example for another field of application, where an adaptive PRF
technique has been used to improve the probability of correct
signal detection, are air-to-air radar systems, e.g., [21].
When applied to the UFM measurement principle, the
adaptive PRF technique overcomes the fundamental problems
associated with the range and dynamics of the exhaust gas
temperature and the gas flow pulsations.
II. E XPERIMENTAL S ETUP
The measurement configuration as used in this work consists
of a centric double-path UFM with a circular measuring pipe
(R = 25 mm) and with a sound path inclination angle α = 30◦ ,
as depicted in Fig. 1(a). Two pairs of diametrically opposed
transducers were mounted in a so-called wetted configuration
(i.e., in direct contact to the gas) [19], with the transducer
membranes close to the pipe wall. Thereby, protrusion of the
transducers into the main flow was avoided to ensure a low
pressure drop caused by the flowmeter, and the size of the
remaining transducer port cavities was minimized. An enlarged
view of one transducer port cavity is depicted in Fig. 1(b).
The UFM was operated in burst mode, i.e., three-cycle
sinusoidal tone burst signals in the frequency range from 350
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Fig. 1. (a) Schematic of a centric circular-pipe double-path ultrasonic flowmeter. The gas flow velocity and temperature distributions (v(r) and ϑ(r)), reflections
at the receiver (R) and transmitter (T) positions, pulse propagation times (tup and tdown ), and wall and core temperatures (ϑw and ϑc ) are indicated. (b) Enlarged
view of one transducer port cavity, where ϑ0 and c0 are the temperature and the speed of sound, respectively, inside the transducer port cavity, L is the distance
between the membranes, and L0 is the mean total depth of the two cavities in each sound path.

to 500 kHz [22] were supplied to the transmitting transducers
(T). A minimum of three cycles was chosen to guarantee that
the maximum signal amplitude was reached during each burst.
The velocity v (mean value along the two sound paths) of
the gas flow and the temperature-dependent speed of sound c
(mean value along the two sound paths) were calculated from
the measured pulse propagation times tup and tdown in the
upstream and downstream directions, respectively. The doublepath configuration was chosen to enable the simultaneous
measurement of tup and tdown . Simultaneous measurement is
essential for fast UFM response and precise measurements in
pulsating gas flows. It is important to notice that for the configuration according to Fig. 1, the following set of appropriate
equations is required for the calculation of v and c:
v=

(tup − tdown )(L − L0 )c20
1
2 sin(α) (L0 − c0 tup )(L0 − c0 tdown )

c= −

1 (2L0 − c0 tup − c0 tdown )(L − L0 )c0
2
(L0 − c0 tup )(L0 − c0 tdown )

(1)
(2)

where L is the distance between the membranes, and c0 is the
mean speed of sound inside the transducer port cavities. These
equations take into account the additional pulse propagation
times L0 /c0 caused by the transducer port cavities with the
mean total depth L0 [Fig. 1(b)] in each sound path. Two
assumptions were made for the derivation of these equations,
namely 1) there are no temperature gradients inside the transducer port cavities, and 2) the ultrasonic pulses are affected
by the gas flow only on the sound path located inside the
measurement pipe, i.e., on the distance L − L0 , as indicated
in Fig. 1(b). A local temperature measurement inside the transducer port cavity (ϑ0 ) enables the calculation of the speed of
sound c0 from

κ(ϑ0 )Rgas (ϑ0 + 273.15)
(3)
c0 =
M
where κ = cP /cV is the temperature-dependent adiabatic coefficient, i.e., the ratio of the specific heat capacity at constant
pressure cP to the specific heat capacity at constant volume cV ,
Rgas is the universal molar gas constant (8.31441), and M is
the molecular weight of the gas. Using an appropriate meter
factor kv allows one to calculate the velocity vA , i.e., the gas
flow velocity averaged over the cross-sectional area A of the

measuring pipe directly from v [19]. Therefore, the mass flow
rate Qm (in kilograms per hour) can be written as [23]
Qm = 3600vkv A

P κ(ϑ)
c2

(4)

where ϑ is the temperature averaged over the travel paths of
the ultrasonic pulses, and P is the absolute pressure measured
inside the pipe, which ideally corresponds to the pressure at the
intersection point of the two sound beams.
In general, the exhaust gas flow of an automotive combustion
engine is characterized by large temperature variations and by
strong and fast mass flow pulsations. Due to the thermal inertia
of the measuring pipe, steep temperature gradients between the
wall and the center of the pipe may occur, depending on the
changes of engine load conditions during operation. Positive
or negative temperature gradients along the sound paths, as
indicated in Fig. 1(a), lead to disturbing refraction effects
superimposed on the desired beam deflection (“sound drift”)
caused by the velocity of the gas flow [24]. Therefore, during
UFM operation, the wall temperature of the measuring pipe was
kept at about 150 ◦ C by means of electrical heating elements to
reduce temperature gradients and associated disturbing effects.
The requirements concerning the PRF of a UFM utilized for
mass flow measurements in an exhaust gas train of a typical
automotive combustion engine were analyzed in [23]. The
minimum PRF for end-of-pipe measurements to allow transient
detection of the pulsating gas flow was established as about
500 Hz, whereas for measurements closely upstream of the
catalytic converter, the required PRF was found to be about
5 kHz. A commonly used range of operation of the combustion
engine was the underlying assumption for these limits.
III. P ROBLEM A NALYSIS AND M ETHOD
A. Thermally Induced Overlapping of Ultrasonic Pulses
Because of the wide temperature range and the high PRFs
required, pulse overlapping effects inevitably prevent a correct
pulse arrival time detection over the whole gas temperature
range, if a constant PRF is used. This can be explained as
follows.
When both transmitters (T) are triggered to emit an ultrasonic
pulse, two ultrasonic waves propagate through the gas in the
flowmeter. After the travel times tup and tdown , respectively,
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Fig. 2. (a) Receiver signal separated from the first and second echoes.
(b) Receiver signal overlapped with the first echo. (Only one channel is shown.)

which are dependent on the gas velocity v, on the length of
the travel path L, and on the temperature-dependent speed of
sound c [25], the ultrasonic wavefronts arriving at the receiving
transducers (R) cause displacements of the membranes, and
therefore, electrical signals are generated. These main signals
in both channels, i.e., upstream and downstream, indicate the
exact travel times of the ultrasonic pulses propagating from
the respective transmitter to the opposed receiver. At room
temperature, the main signal [Fig. 2(a), only one channel is
shown for clarity] occurs at approximately 190 µs after the
time of triggering the transmitter. In this example, a sinusoidal
tone burst signal with a signal frequency f = 350 kHz, and
a duration of three cycles was applied to the transmitting
transducers.
Because the acoustic impedances of the gas and the transducers are unavoidably mismatched, the ultrasonic pulses propagating in the gas are partially reflected with a phase shift of
180◦ each time a gas–membrane interface is reached. The first
such reflections occur at the receiving transducers. The reflected
parts of the ultrasonic waves [see arrows in Fig. 1(a)] travel
back to the transmitters, where, again, reflections with a phase
shift of approximately 180◦ occur. Due to the two consecutive
phase shifts of 180◦ in each sound path, coherently reflected
waves are generated, which travel in substantially the same
directions as the originally emitted waves, that is, from the
transmitters to the receivers. While the reflected waves have
essentially no influence on transmitter operation, the coherently
reflected waves that arrive at the receiver positions within
specific time intervals after the original signals cause additional
electrical signals (echoes) at the receivers [Fig. 2(a)]. In this
example, the first echo occurs at approximately 20 µs after the
main signal, and it belongs to the transmitter pulse triggered
one time period before the pulse that caused the main signal
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shown here. (PRF was frep = 3 kHz, which corresponds to a
transmitter pulse repetition time of about 333 µs.) The only
difference between the main signal and the echo is the lower
amplitude of the echo because of the increased overall attenuation [26], [27] along the three-times-longer travel path through
the gas of this ultrasonic pulse and the additional attenuation
loss at each reflection. Neglecting sound deflection effects, the
flow velocity v of the gas has no significant influence on the
additional propagation time, i.e., the propagation time after
the first reflection of this doubly reflected pulse. This is because
of the fact that the pulse then propagates in succession in both
directions, i.e., upstream and downstream or vice versa.
This coherently reflected pulse is again partially reflected
at the receiving transducer and subsequently at the opposed
transmitter; therefore, further coherent waves and corresponding echo signals at the receivers are generated. The second
echo [Fig. 2(a)] belongs to the transmitter pulse triggered one
time period before the pulse that caused the first echo. The
corresponding acoustic wave had experienced a five-timeslonger travel path through the gas than the main pulse and four
reflections in total. Therefore, the amplitude of the second echo
is low compared with that of the main signal. Further echoes,
i.e., third, fourth, and so on, do not have a significant influence
on the receiver signal because of their low amplitudes. Thus,
only the first and second echoes need to be considered for the
determination of an optimum PRF (see Section III-B).
In an optimum situation concerning gas temperature and
PRF, the first and second echoes occur after the main signal
[Fig. 2(a)], i.e., there is no overlapping between the main signal
and the echoes.
However, if the temperature of the gas is increased, the sound
speed also increases [25]. Because of the higher propagation
speed of the ultrasonic waves, the main signal occurs earlier
[in the example shown in Fig. 2(b), it was at approximately
140 µs after the transmitter trigger pulse]. Because the travel
path of the first echo pulse is three times longer and five times
longer for the second echo pulse, the increasing temperature
has even more influence on the total propagation time of these
pulses. Therefore, the first or second echo may approach the
main signal (originating from a previously triggered pulse),
causing an overlapping effect [Fig. 2(b)]. In such a case,
because of the coherent property of the reflected waves, it
is not possible to distinguish the main signal from the echo.
The exact ultrasonic pulse arrival time information is destroyed
by this overlapping effect, which unavoidably may occur at
certain UFM operating conditions as a consequence of the wide
temperature range and high PRF required.
B. Method of Using an Adaptive PRF
The problem of overlapping receiver signals can be solved
by using an adaptive PRF. The main concept is to employ the
information on the gas temperature (or the actual value of the
sound speed) for calculating an optimum PRF for the current
UFM operating conditions and to automatically adjust the
actual PRF accordingly. The optimum PRF is achieved when
the first and second echoes occur clearly separated from the
main signal, each after some safety time period. The schematic
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Fig. 3. Schematic of the time positions of the main signals and the echoes.
L is the distance between the transmitter and the receiver, frep is the PRF,
c is the speed of sound, R is the receiving time of the main signal, and E1 and
E2 are the receiving times of the first and second echoes, respectively. ∆t1
and ∆t2 are the time intervals between R and E1 and between R and E2 ,
respectively.

in Fig. 3 is helpful to derive the equations for the calculation
of this optimum PRF. The signals and echoes are depicted by
vertical lines. Only one channel of the flowmeter is considered
here, which is sufficient because of the small time difference
between the corresponding upstream and downstream signals
in comparison to the ultrasonic pulse propagation times. After
each time period 1/frep , the transmitting transducer is triggered
to emit an ultrasonic pulse. These points in time are labeled with
T . At a certain period after each transmitting point in time, the
main signal R occurs at the receiver position. This travel time
period, neglecting the influence of the velocity of the gas, is
given by L/c, where L is the distance between the transmitter
and the receiver, and c is the speed of sound. If the region within
the dashed-line rectangle is considered, it is evident that the
first echo E1 is caused by the transmitter signal triggered one
time period before T , and therefore, the total travel time of this
reflected wave is 3L/c. Concerning the second echo E2 , the
travel time is 5L/c. The safety time interval between the main
signal R and the first echo E1 is termed ∆t1 , and for the second
echo, it is ∆t2 .
Concerning the safety time ∆t1 , i.e., the temporal position
of the first echo with respect to the main signal, the following
equation must be fulfilled:
3

1
L
L
−
− = ∆t1 .
c
frep
c

(5)

Concerning the safety time ∆t2 , i.e., the temporal position of
the second echo in relation to the main signal, the respective
equation is
5

1
L
L
−2
− = ∆t2 .
c
frep
c

(6)

Dividing (6) by (5) gives ∆t2 /∆t1 = 2. That is, if the first echo
E1 occurs with a certain safety time interval ∆t1 after the main
signal R, the second echo E2 occurs with the same safety time
∆t2 − ∆t1 = ∆t1 after the first echo. Thus, (5) is sufficient to
determine the optimum PRF frep , i.e.,
frep =

c
.
2L − c∆t1

(7)

Equation (7) shows that the optimum PRF, termed frep , can be
calculated from the geometric parameter L, the temperaturedependent speed of sound c, and the chosen safety time interval
∆t1 . It is desirable to set this safety time ∆t1 as small as
possible to enable high PRFs. An optimum value for ∆t1 can be
found, when the duration of the receiver signal and the influence
of the gas flow velocity are additionally taken into account.
The duration of the receiver main signal can be estimated as
follows: Because three cycles, i.e., three full oscillation periods,
are required for full excitation of the transmitting transducer,
the receiving transducer will show approximately (worst case)
three significant postoscillations [see Fig. 2(a)]. Thus, with the
signal frequency f , the total duration of the receiver main signal
can be estimated as 6/f according to the three cycles of the
excitation signal plus the three postoscillations.
The influence of the flow velocity of the gas must also be
considered to find the optimum safety time ∆t1 . In Fig. 3,
this influence is neglected, i.e., a constant (not flow dependent)
pulse propagation time t = L/c between the transmitter and
the receiver is assumed. However, when a gas flow is present,
the propagation times tup and tdown [Fig. 1(a)] are dependent
on the flow velocity v and the flow direction. Thereby, the
main signal and the echo pulses experience essentially the
same change of propagation time with v, because the effect
is compensated for the multiply reflected waves, as discussed
in the previous section. In Fig. 3, this would mean that the
time points R, E1 , and E2 are shifted together toward (for the
downstream measuring path) or away from the transmitter trigger point T (upstream measuring path). With a given geometry
(α, L, L0 ) of the flowmeter, a given maximum gas flow velocity,
and the minimum value of the sound speed at the lowest gas
temperature, the maximum shifts (tup )max and (tdown )max can
be calculated with (1) and (3). This calculation delivers a value
∆t = (tup )max − (tdown )max

(8)

for the minimum safety time that accounts for the gas flow dynamics. This time is the minimum safety time interval required
between the ending of the main signal and the beginning of
the first echo. Thus, the optimum total safety time ∆t1 that
accounts both for the gas flow dynamics and the receiver signal
duration can be calculated as
∆t1 = 6

1
+ ∆t.
f

(9)

Equation (9) is substituted into (7) to obtain the final equation
frep =

cf
f (2L + c∆t) − 6c

(10)

for calculating the optimum PRF. With knowledge of the
temperature-dependent actual value of the sound speed c in
the gas, the current PRF can be continuously adjusted to the
optimum value, depending on the actual UFM operating conditions. Thereby, explicit measurement of the gas temperature
for this purpose is not required, because the sound speed can be
calculated directly from measured pulse propagation times with
sufficient accuracy (2).
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Fig. 4. Schematic of the time positions of the main signals and echoes for
interlaced UFM operation mode (see Fig. 3).

Fig. 5. Temperature-dependent optimum PRF calculated according to (10).
Different signal frequencies for the transmitting transducers are compared. A
sinusoidal burst signal with three full-wave trains is assumed. Further, the speed
of sound c, which was calculated according to (3), is shown.

C. Interlaced Mode of UFM Operation
The underlying assumption of Fig. 3 and of the derivation
of (10) is that the ultrasonic pulses (main signal) are already
received before the next pulses are transmitted. However, there
is no need to wait for the next trigger to transmit an ultrasonic
pulse until the previous one has arrived.
If the optimum PRF frep , as calculated from (10), is simply
doubled, an interlaced operation mode of the UFM with a PRF
frep = 2 frep is obtained (Fig. 4), which allows twice the
signal sampling rate as for the normal (noninterlaced) mode.
The only condition that must be fulfilled for this mode to work
properly is stated as follows: The time period between the
transmitting time T and the receiving time R must be large
enough so that the complete time span of a receiver signal,
including the main signal and the subsequent first and second
echoes, fits in between. In Fig. 4, this required temporal range
is indicated by the dashed-line rectangle.
IV. R ESULTS AND D ISCUSSION
The variation range of the optimum PRF for the considered
temperature range (0 ◦ C–600 ◦ C) of the gas and for the specific
geometry used here (Fig. 1) is shown in Fig. 5. Further, the
corresponding (temperature dependent) speed of sound values
c, which are calculated with (2), are presented. With these
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values, the optimum PRF for the given temperature was calculated from (10), with L = 65.24 mm and the ultrasonic signal
frequency f varying from 200 to 750 kHz. The measurement
results that are shown in this section were obtained with a constant signal frequency f = 350 kHz (continuous line in Fig. 5)
[22]. A value of 30 µs was used for the safety time interval ∆t,
which was calculated from (8), with α = 30◦ , L0 = 7.5 mm,
a given maximum gas flow velocity assumed to be 50 ms−1
(typical value for a common automotive combustion engine),
and the minimum value of the sound speed cmin = 332 ms−1
at the lowest gas temperature ϑ = 0 ◦ C. When the UFM is
operated in standard (noninterlaced) mode, the optimum PRF
lies between 2.5 and 5.5 kHz over the whole temperature
range. In interlaced operation mode (Fig. 4), and for the same
geometrical and temperature conditions as above, the optimum
PRF is in the range from about 5 to 10 kHz, which is remarkable
for a UFM.
The laboratory prototype of the flowmeter was used to determine the mass flow rate in an exhaust gas train of an automotive
combustion engine operated in a test-bed environment. The
system was installed at the end of the exhaust pipe (endof-pipe measurement). Two different types of measurements
performed are given as follows: 1) Comparative measurements
at stationary engine operating points were accomplished to
verify the functionality of the UFM, using the adaptive PRF
technique, over a wide gas temperature range and to evaluate
the measurement uncertainty of the UFM. Thereby, the reference values for the mass flow were obtained from calibrated
measurement equipment available at the test bed. 2) Transient
measurements were conducted at different operating points and
during different changes of the operating conditions of the
combustion engine to demonstrate the dynamic performance of
the UFM obtained with the adaptive PRF.
The results of these experiments are presented in the following subsections, which are then followed by a brief discussion
on important aspects of UFM design and operation (geometry,
reduction of transducer temperature stress, and plausibility
checking of results).
A. Comparative Measurement
During a measurement cycle, a total of 14 different engine
operating points were set with respect to engine rotational speed
and braking torque. The range of the engine speed was from
1500 to 4500 r/min, and for the braking torque, it was from
10 to 100 N · m. Each operating point was kept in stationary
mode for a time period of approximately 5 min to achieve
stable temperature conditions in the UFM, which minimized
parasitic thermally induced sound refraction effects. Then, both
measurements, i.e., reference and UFM, were triggered simultaneously.
The mass flow values determined by both systems, each
measured and averaged over 30 s, were compared as shown
in Fig. 6(a). Fig. 6(b) depicts the relative difference between
the reference values and the UFM results as a function of the
mass flow. It is evident that essentially all UFM results lie
within the ±2% uncertainty limits specified for the reference
system. Further, the temperature difference between the center
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Fig. 6. Mass flow values measured with the UFM (end-of-pipe measurement) compared to reference values obtained from engine test bed equipment.
(a) Absolute values. (b) Relative difference with respect to reference mass flow (horizontal lines show uncertainty limits of reference) and temperature difference
between the center of the pipe (ϑc ) and the pipe wall (ϑw ).

Fig. 7. Exemplary UFM measurement result for the exhaust gas mass flow of an automotive combustion engine at 4000 r/min and an exhaust gas temperature
of 450 ◦ C (end-of-pipe measurement); an optimum PRF of 4650 Hz for the given engine working conditions was used. (a) Mass flow pulsations during a time
period of 50 ms. (b) Corresponding frequency spectrum.

of the pipe (ϑc ) and the pipe wall (ϑw ), according to the engine
operating points, are shown in Fig. 6(b).
The mass flow reference values were obtained by the following method: A fuel mass flow meter (Coriolis flow meter, developed by AVL List, Graz, Austria) was employed to measure the
fuel consumption of the combustion engine at each stationary
operating point. With the lambda value λ, which was measured
by a lambda probe, and with the known stoichiometric air
requirement for the specific fuel used, the mass flow of the
dry intake air was calculated. From this, the corresponding
mass flow of the humid air was obtained taking into account
the degree of moisture measured by a humidity sensor. The
reference values for the exhaust gas mass flow were calculated
as the sum of the mass flow of the humid air and the fuel
consumption. This system only enables the determination of
exhaust gas mass flow values averaged over time periods of

≥ 20 s. The specified measurement uncertainty is ±2%, as
depicted in Fig. 6. However, this value is only valid if a sparkignition engine is used, which is operated around λ = 1, and if
the mass flow averaging time is at least 30 s. Both conditions
were met for the measurements presented here.
The averaged error of the mass flow measurement with the
UFM was 0.66% with a standard deviation of 1.96% for mass
flows in the range from 20 to 170 kg/h with gas temperatures
between 20 ◦ C and 450 ◦ C.
B. Transient Measurement
An exemplary result of a real-time exhaust gas mass flow
measurement at an engine rotational speed of 4000 r/min and an
exhaust gas temperature of 450 ◦ C (end-of-pipe measurement)
is presented in Fig. 7(a). The UFM was operated with a PRF
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of 4650 Hz, which was the optimum value with respect to the
given temperature and flow conditions inside the measuring
pipe. Thus, the sampling rate for the mass flow was 4650 Hz as
well. Only a small time interval of 50 ms is shown in Fig. 7(a)
to make the pulsations of the mass flow visible in the diagram.
The frequency spectrum calculated from this mass flow
course over a time period of 1 s is shown in Fig. 7(b). (The
constant component of the mass flow was removed before
calculation of the frequency spectrum.) The spectrum shows
a significant peak at 133.36 Hz. This value corresponds to
the rotational speed of the combustion engine. The theoretical
main pulsation frequency of the exhaust gas mass flow can be
calculated using
fp = C1

UZ
60

(11)

where C1 is a constant (C1 = 1 for two-stroke engines and
C1 = 1/2 for four-stroke engines), U is the engine speed in
rotations per minute, and Z is the number of cylinders. Substitution of the actual value for the rotational speed U = 4000 r/min,
and of the engine parameters (C1 = 1/2 and Z = 4) provides
the theoretical value for the exhaust gas mass flow pulsation
frequency fp = 133.33 Hz, which is in excellent agreement
with the frequency of the peak in Fig. 7(b). The two other
peaks in Fig. 7(b), which are at 2.28 and 7.98 Hz, respectively,
are caused by the regulating oscillations of the synchronous
machine used as load of the combustion engine at the test bed.
An interesting example for a transient change of the combustion engine’s operating conditions during a mass flow
measurement is a turn-off procedure, as shown in Fig. 8(a).
The combustion engine was operated at a rotational speed of
2800 r/min and a braking torque of 25 N · m for about 5 min
to reach a stable exhaust gas temperature of about 160 ◦ C
[Fig. 8(b)]. The last 30 s of operating the engine in this stable
condition corresponds to the first 30 s on the time scales of the
diagrams in Fig. 8. Then, the combustion engine was operated
in idle mode (750 r/min and 10 N · m), which resulted in a
drop of the exhaust gas mass flow and temperature. After 50 s
of idle operation (at 80 s on the time scale), the combustion
engine was turned off completely, which resulted in a return
flow. This return flow (with an average value of about −1 kg/h)
can be recognized in Fig. 8(a) between 80 and 100 s. It was
caused by the cooling down of the exhaust gas pipe. The change
of mass flow oscillations, as seen in Fig. 8(a), of around 60 s
was caused by an unsuccessful attempt to turn the engine off,
because the turn-off button was not pressed long enough by the
operator of the test bed.
Fig. 8(b) also demonstrates the tracking of the adaptive
PRF following this transient change of the UFM operating
condition (gas temperature) during this turn-off procedure of
the combustion engine.
C. Discussion
In common UFM applications, an eccentric transducer
arrangement is widely used, that is, where the intersection
point of the sound paths has an offset from the center of the

Fig. 8. Exemplary UFM measurement result for a transient temperature
change of the exhaust gas during the turn-off procedure of the combustion
engine. (a) Measured exhaust gas mass flow Qm . (b) Transient change of
the exhaust gas temperature ϑc (measured at the center of the pipe) and the
optimum adaptive PRF, which was automatically tracked according to this
temperature drop.

pipe. The main advantage of such a geometry is the closer
distance between the receiver and the transducer, which is more
significant in applications with larger pipe diameters. In this
work, a centric double-path configuration (Fig. 1) was chosen,
because an eccentric sound path arrangement is prevented by
the thermally induced sound refraction effects that occur as a
consequence of the wide gas temperature range. In an eccentric
arrangement, the acoustic waves would be refracted away from
the ideal sound path to the receiving transducer (toward the
colder areas of the pipe), which would restrict the measurement
range of the UFM. The double-path configuration, i.e., using
two separate sound paths, allows the comparison of the received
signal amplitudes in both channels during operation, which is
advantageous, in particular, at elevated temperatures to monitor
the physical conditions of the transducers.
Inside each of the transducer port cavities, there exists a
flow vortex with a low gas velocity in comparison to the main
gas flow. This flow vortex is partially surrounded by the wall
of the measuring pipe, which, normally, is at a lower temperature than the gas. Thus, for the application discussed here,
the measurement configuration as shown in Fig. 1 basically
has two advantages in comparison to a configuration with the
transducers showing protrusion into the main flow [12], namely
1) transducer membranes are located in regions where the
temperature is lower, and 2) temperature gradients along the
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transducer membrane surfaces are lower due to the fact that
the membranes are not located in the region (close to the center
of the pipe) where the temperature distribution normally shows
a steep gradient.
The effect of the transducer port cavities on measured pulse
propagation times is mathematically considered (1) and (2).
Therefore, the depth of the cavities could be enlarged to further
reduce the thermal stress on transducers if required. Such
optimization of UFM geometry is part of future work.
The travel-path-averaged speed of sound c is required for
the calculation of the optimum PRF. The UFM itself provides
a value for the speed of sound calculated from the two travel
times (tup and tdown ). Alternatively, the measured temperature
information of the gas can be used to determine c. Either an integrating temperature measurement along the pipe diameter or
an appropriate temperature distribution model in combination
with two or more local temperature measurements are feasible.
It is important to notice that this also enables a simple plausibility checking of the measurement values and the functionality
of the transit-time detection algorithm. The value for the speed
of sound calculated from the temperature information can be
compared with the value for speed of sound that is directly
obtained from the UFM. If the deviation exceeds a given limit,
an incorrect acoustic pulse arrival time detection could be the
reason, and the obtained mass flow value should be used with
caution.
V. C ONCLUSION
The adaptive PRF technique has been analyzed and proven
experimentally to overcome the significant problems commonly associated with the range and dynamics of the gas
temperature in a UFM operating in an exhaust gas train of an
automotive combustion engine. In this application, the large
temperature range inevitably prevents a correct pulse arrival
time detection over the whole temperature range if a constant
PRF is used, regardless of the complexity of the implemented
pulse arrival time detection algorithm. The proposed technique
of using a temperature-dependent adaptive PRF guarantees
a correct detection of the ultrasonic pulses (bursts) over the
whole temperature range. The only drawback is that for signal
reconstruction, in addition to the mass flow values, time stamps
must be stored. According to Shannon’s sampling theorem,
the presented UFM using an adaptive PRF, in interlaced or
noninterlaced operation mode, enables transient measurements
at all feasible measurement positions in the exhaust gas train of
a common automotive combustion engine. Therefore, the UFM
measurement principle can be applied efficiently in the exhaust
gas train of combustion engines. This was proven by successful
tests of a preliminary laboratory prototype of a UFM with
adaptive PRF in a combustion engine test-bed environment.
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