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When an ultrasonic flow meter system using the transit time technique is subjected to an
increasing ambient or fluid temperature, the material in the meter will expand due to thermal
expansion. This will affect the measurements due to a mismatch between the calibrated lengths
in the meter system and the true lengths that varies with temperature. This paper incorporates
a simple idea to reduce this problem. By the insertion of a compensation body behind the trans-
ducers the thermal expansion of this body will work to compensate for the errors due to the
expansion in the materials that the flow meter is made of. Simulations have been performed to
verify the idea and they show on a high level of compensation for the mentioned errors. The
influences from thermal expansions can theoretically be reduced to a negligible level.

1 Introduction

Ultrasonic measurements are commonly used today and one of the areas is in flow measurements
[1]. When measuring fluid velocities the equipment might get exposed to apparent changes in
temperature, ambient or in the fluid, and this fact raises a number of issues. Several param-
eters that affect the measurement results are temperature dependent, e.g. flow velocity, fluid
density, fluid viscosity and thermal expansion in materials [2]. In this paper the effects of
thermal expansion are considered and how to reduce the error they might give on performed
measurements.

2 Theory

The calculations and simulations in this work have been made on an ultrasonic flow meter
measurement system based on the transit-time technique used in a simple geometry, see fig 1.

In a transit-time measurement system the speed of the medium, a liquid in this example,
is determined by measuring the time of flight difference between ultrasonic pulses that travels
down- and up-stream in the fluid between the transducers. The differences in time of flight is
due to the fact that the speed with which the ultrasonic pulses travels between the transducers
depends on the speed of sound in the fluid, c, and the speed of the fluid itself Vf . This leads to
a shorter transit-time when an ultrasonic pulse is traveling downstream. The total time for a
pulse traveling downstream, from transducer 1 to transducer 2, can then be expressed according
to eq. (1) with Lf being the length the pulse travels in the fluid from transducer 1 to transducer
2. Equation (2) represents the transit-time in the opposite direction, upstream.

t1 =
Lf

c + Vf
(1)

t1 =
Lf

c − Vf
(2)

From equations (1) and (2) an expression for the velocity of the fluid can be derived that is
independend of the speed of sound in the fluid:
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Vf =
Lf

2

(
1
t1

− 1
t2

)
(3)

Equation 3 does not express the whole truth. In a real situation the average velocity of
the fluid in the passage might not be representative to the velocity that the ultrasonic pulse
experience. The velocity profile in the fluid passage is probably not evenly distributed and
might depend on several factors such as geometry, fluid velocity and fluid properties. The
nature and effects of these phenomena are further described by Lynnworth [1]. In order to
reduce complexity and increase focus on the main idea however, these effects were not taken
into account for in this paper.

By developing eq. (3) further it is also possible to calculate the volume flow in the same
passage by multiplying Vf with the area of the fluid passage, Ap:

V olf =
Ap · Lf

2

(
1
t1

− 1
t2

)
(4)

By studying eq. (3) and (4) it is found that the system depends on a predetermined and
constant length between the transducers, Lf . This leads to a problem if drastic temperature
changes are introduced. The length Lf is a subject to change due to thermal expansions
if the temperature increases or the opposite if the temperature decreases. A larger effect is
introduced if the volume flow is measured since the fluid passage area changes with the square
of the diameter change. Assume the material in the fluid passage has a thermal expansion
coefficient, αp, and the temperature change is equal to ∆T , then the length that the ultrasonic
pulse will have to travel in the fluid will change according to:

LfT = Lf (1 + αp · ∆T ) (5)

Where LfT is the length with thermal changes taken into account and Lf turns into a con-
stant that have to be decided at a reference temperature, Tref , preferable the same temperature
that any calibration is performed at.

The concept presented in this paper is an idea to compensate for these changes in a sim-
ple and reliable way. The principle is to insert compensation bodies behind the transducers,
as shown in fig. 1, and let them compensate for the thermal changes in length between the
transducers. The idea to use this kind of compensation in this type of measurement setup is
introduced by Delsing [3]. If for example the temperature increases and the length between
the transducers increases according to eq. (5), the length of the compensation bodies is also in-
creased and thus the transducers is kept at a constant distance from each other. If the material
in the compensation bodies has a thermal expansion coefficient, αc, that is larger than the same
coefficient for the fluid passage, αp, the length of the compensation bodies can be reduced.

Figure 1: Ultrasonic flow meter with compensations bodies
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Assume that the length from the backside of the first compensation body to the backside
of the other at Tref is Lb and the individual length for each compensation body is Lc at Tref .
Expressions for their temperature dependence look similar to eq. (5):

LbT = Lb (1 + αp · ∆T ) (6)

LcT = Lc (1 + αc · ∆T ) (7)

The key to get the compensation to work as intended is to adapt the length Lc at temperature
Tref such that the length of the compensation bodies will change in order to achieve minimum
influence from the length changes in the fluid passage. If the system is performing measurements
to calculate the fluid velocity the parameter of influence is the length LfT . LfT can be expressed
in terms of eq. (6) and (7):

LfT = Lb (1 + αp · ∆T ) − 2Lc (1 + αc · ∆T ) (8)

In order to decide the desired Lc the derivative of LfT with respect to ∆T is set equal to
zero and solved for Lc. In this way the length for Lc that has a minimum influence on LfT is
determined:

Lc =
Lbαp

2αc
(9)

Actually, when Lc is adapted as in eq. (9) the theoretical compensation is 100% since the
compensation bodies are able to keep the length between the transducers constant.

When measuring volume flow the result is unlike velocity measurements not only affected
by the length change between the transducers, in that case the cross-sectional area of the fluid
passage must also be considered. If the fluid passage is assumed to be circular the cross-sectional
area will depend on temperature changes according to:

ApT =
π

4
d2 (1 + αp∆T )2 (10)

Since the area will change with the square of any change in the diameter, it is not possible
to achieve full compensation with the method presented in this paper. It is still possible to
reduce the error significantly. To find out how to adapt the compensation bodies for this the
temperature dependence for volume flow measurements must be studied. The volume flow is
calculated according to eq. (4). By replacing Ap and Lf , with ApT and LfT a temperature
dependent version of that equation is achieved. ApT and LfT are the parts that involve the
temperature dependence that is to be reduced. The product between them can be seen as the
volume of the fluid passage that is between the transducer surfaces. This cylindrical volume is
changing with varying temperature since both its length and area are affected. The compensa-
tion bodies adapt the length of this volume to maintain the volume itself as constant as possible
with varying temperature and thus keep the volume flow measurements accurate. To find the
proper length of each compensation body the derivative of this temperature dependent volume
with respect to ∆T is set equal to zero and solved for Lc, resulting in:

Lc =
3
2
· αpLb (1 + αp∆T )
2αp + 3αpαc∆T + αc

(11)

Equation (11) thus shows the optimal length for each individual compensation body, Lc at
Tref , to achieve maximum compensation when measuring volume flow with the above described
method and geometry. Note that ∆T is involved in this expression indicating that there is no
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optimal length for the compensation bodies that will give 100% compensation for all temper-
atures. In order to get an absolute length for the compensation bodies ∆T in eq. (11) must
be set to a value. This value will affect how the compensation behaves along the temperature
range.

3 Simulations

3.1 Mechanical simulation

In order to get an estimation of how the described method works simulations have been per-
formed using the equations derived in the previous section. First purely mechanical simulations
were performed in MATLAB. The mechanical simulations shows in what order the errors due
to thermal expansion are and how much the compensation bodies reduce them. In the model
used in the simulations the fluid passage is made of Polyvinyl chloride (PVC) with a thermal
expansion coefficient αp = 100 · 10−6 (◦C)−1 [4] and the compensation bodies are made of low
density polyethylene (LDPE) and have the corresponding αc = 300 · 10−6 (◦C)−1 [4]. Compar-
isons between a model without compensation bodies and a model with compensation bodies
were calculated. It is assumed that a system performing measurements of this kind has been
calibrated at a certain Tref and thus have a defined length Lf and area Ap that it uses when
calculating pulse velocities. In the simulations the errors were defined as the deviation from
these values on the corresponding temperature dependent variables LfT and ApT .

3.2 System simulation

The other set of simulations made were performed on a fully modeled ultrasonic transducer
system in order to test the concept on a more complex model, from excitation electronics to
acoustic wave propagation to receiving transducer and back to an electric signal. The model is
built in PSpice which is an environment to simulate electronic systems. By introducing a series
of electrical-acoustical analogies the acoustical parts of the model can be simulated at the same
time. The block schedule of the model can be seen in fig. 2. The model used is described more
detailed by Deventer et al. in [5].

In these simulations the compensation bodies were applied and adapted to correct for ther-
mal influences on the geometry. A static flow rate was defined and the fluid velocity were
calculated for the different ∆T with respect to the change in fluid passage area ApT . The ve-
locity profile acquired in the simulated temperature range affected the ultrasonic pulse travel
times t1 and t2. These travel times were then inserted in equations (3) and (4) to get the values
for velocity and volume flow measured by the modeled system.

4 Results

Fig 3 shows the results from the simulations. In 3(a) the dotted line represents how the error
would look like if velocity measurements are made with no compensation for thermal influences
on the geometry. The solid line represents the measurements with thermal compensations
applied. As expected the compensation in this case is 100% and the errors disappears when
the model includes the compensation bodies. The ’x’ marks the results from the full system
simulation performed and agrees very well with the mechanical simulations.

Fig. 3(b) shows corresponding simulations for the system performing volume flow measure-
ments. If no compensation is applied the errors in this case are larger than errors that can
arise when only measuring the fluid velocity. The compensation however manages to almost
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Figure 2: Block schedule of the ultrasonic flow meter model in PSpice
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(a) Simulations for velocity measurements
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(b) Simulations for volume flow measurements

Figure 3: Results from simulations

completely reduce these errors. Comparing to the errors with no compensation the errors still
present with the compensation applied is negligible.

For further investigations around volume flow compensation fig. 4 can be studied. As dis-
cussed in section 2 around eq. (11) there were different options when deciding the length Lc

for the compensation bodies since ∆T had to be assigned to a value. One of the curves in fig.
4 shows Lc decided according to eq. (11) with ∆T set to 0 and the other curve when ∆T is
set to 23�. Comparing the two curves shows that the compensation differs in the simulated
temperature range. It can be stated that the different curves seems to compensate more or less
accurate depending on what temperature variations are to be expected. Worth noticing in this
case however are the extremely small deviations on these curves, only around 0.01% and less,
so both of them can in most cases be seen as almost equal to each other when other sources of
errors are more likely to be more dominating.

Over all the idea with transducers mounted on compensation bodies that are adapted to
correct errors caused by thermal influences on the geometry seem to work well. The performed
simulations gives a hint that a high level of compensation can be expected with this idea when
only the geometrical aspects are considered along with temperature changes. Of course there are
other temperature dependent factors that might affect the errors in the measurements as well
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Figure 4: Comparison between different volume flow compensation profiles

but in this paper the focus has been on the ones caused by thermal expansion in the materials.
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