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Abstract: This study investigates the impact of changes in velocity profiles on the measurement
inaccuracies of gas flow streams detected by an ultrasonic flowmeter. The cross-sectional velocity
profile was influenced by the downhill flow rate, causing variations in the shape factor coefficient.
The flowmeter processing equation should consider the factor of shape coefficient variations. Con-
sideration for these variations can result in errors in the measurement of the flow stream. The
processing equation assumes a single, constant value for the shape factor coefficient, which can
lead to inaccuracies. This article covers the inaccuracies of the transit-time ultrasonic flowmeter
caused by a change in the velocity profile of the flowing gas, such as air. A realistic flow system was
established with measured flow rates ranging from 43 m3/h to 225 m3/h. The findings of this study
can serve as a valuable reference for the design and implementation of more accurate and efficient
flow measurement systems that can enhance process efficiency.

Keywords: ultrasonic flowmeter; flow stream; measurement error; shape factor; flow measurement

1. Introduction

Flow measurement is essential for precise process control in the engineering field [1–3].
Flowmeters employ a range of ways to measure flow, including turbine, orifice, electro-
magnetic, volumetric, and vortex meters. Nonetheless, the ultrasonic flowmeter (USF)
transit-time technique has many advantages [4,5]. When contrasted with conventional
membrane gas meters, ultrasonic gas flowmeters exhibit remarkable advantages such as
noncontact operation, minimal pressure loss, broad range ratio, and high accuracy [6].
USFs have several applications in the engineering, chemical, and biomedical sectors [7,8].
These devices utilize ultrasonic waves to measure the volumetric flow rate based on the
velocity of a fluid moving through a pipe [9]. In the engineering sector, ultrasonic flowme-
ters are used to monitor water flow in irrigation systems, HVAC systems, and industrial
processes [10–12]. In the chemical industry, USFs are utilized to measure the flow rate
of various chemicals and gases, including corrosive and abrasive substances [13]. Ad-
ditionally, USFs are also used in the biomedical sector to measure blood flow in veins
and arteries, and to monitor the flow rate of liquids in medical devices [14]. Due to their
versatility and accuracy, ultrasonic flowmeters have become an essential tool in various
industries, providing crucial data for process optimization, equipment maintenance, and
quality control [15,16].
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Transit-time ultrasonic flowmeters are frequently utilized to perform continuous
measurements of medium flow under both steady-state and perturbed conditions [17–21].
Because they are non-contact flow meters, they do not disrupt the flow rate or develop
further pressure loss. Their limit error is around +/−2% of the value indicated for the flow
stream [22]. High-volume flow rates with high sensitivity can be measured by transmitting
ultrasonic frequency between upstream and downstream fixed transducers; liquid velocity
can be estimated with 1% accuracy [23]. The installation conditions of the head cap,
collection precision, and changes in reference conditions all contribute to inaccuracies
in measuring flow streams [24]. Willigen et al. [25] highlighted the challenges faced by
ultrasonic flowmeters in measuring fluid flow in industries. The authors presented a new
method to minimize zero-flow errors while maintaining a low random error, regardless of
the hardware used. The algorithm could adapt to changing zero-flow errors during flow
and could combine cross-correlation and zero-crossing detection techniques. Experimental
results showed a significant reduction in zero-flow errors without compromising the
random error or circuit complexity. The effect of vortices formed in the fluid flow on USF
measurements has been investigated [26]. These vortices can cause disturbances in the
flow regime, leading to measurement errors in flow rate [27]. To mitigate the effect of
vortices on USF measurements, various techniques have been proposed, such as using
specialized transducers and signal processing algorithms [28]. Additionally, the location
and configuration of the USF in the pipeline can also affect the measurement accuracy [29].
Xuesong [30] conducted a flow field simulation on the pipeline of a mono ultrasonic
flowmeter. The flow field characteristics of different shapes and sizes in the pipeline are
studied, and the best tapered pipeline model is designed. Studies [20,31] have shown
that the positioning of the ultrasonic flowmeters downstream of any obstacles or fittings
can minimize the effects of vortices on the measurements. Understanding the effect of
vortices on USF measurements is crucial for accurate flow measurement, particularly in
applications such as water distribution systems and industrial processes, where vortices
are likely to occur. By implementing appropriate techniques and placement of the USF,
measurement accuracy can be significantly improved, making it an essential consideration
in USF applications [32].

A theoretical design of transit-time USF was performed to improve measurement
accuracy [33]. Li et al. [34] presented a novel flow conditioner design for ultrasonic gas
flowmeters to enhance measurement accuracy by homogenizing velocity profiles. The
effectiveness of the flow conditioner was evaluated using theoretical analysis and numerical
simulations, with a 10:1 aspect ratio rectangular fluid channel identified as optimal. A Com-
putational Fluid Dynamics (CFD) model was simulated and validated by an experimental
study, showing that the flowmeter with the designed flow conditioner can reduce indication
errors by up to 6% and improve repeatability by 0.15%. Nguyen and Park [35] presented
a non-invasive ultrasonic flowmeter that utilized a linear array transducer and transmit
delay control to vary the incidence angles of ultrasound wave transmission. The flowmeter
was evaluated in a specially designed pipe system using the transit-time method with
cross-correlation and phase zero-crossing for sub-sample estimation. The proposed multi-
ple angular compensation method with 24 angles was proved to significantly improve the
accuracy of measurements up to 93%, compared to invasive electromagnetic measurements
with only 74% accuracy. The results suggested that the proposed flowmeter has poten-
tial for accurate and non-invasive measurement of the liquid flow in metal pipe systems.
Two-phase (gas—liquid) flow measurement models and transit-time were analyzed [36–38].
USFs can be used to measure different liquid flows, to operate as autonomous measurement
equipment, or as a part of a complex measuring system for automated process control.
Energy, attenuation, and noise interference can cause signal fluctuation or even distortion,
making it difficult to establish the proper transit time for unstable flow fields. For ultrasonic
flowmeters, a peak ratio matching method-based signal processing was proposed [39].
Murakawa et al. [40] highlighted the challenges of accurately measuring steam flow rates in
industrial plants using clamp-on time-of-flight ultrasonic flowmeters due to the large acous-
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tic impedance difference between the pipe material and fluid, strong signal attenuation,
and high temperature. A new signal processing method was proposed using two ultrasonic
transducers to measure the ultrasonic time-of-flight that varied with flow rate. The standard
deviation of target signals was proposed for estimating the transit-time difference, which
also varied with flow regime and can be used to identify the flow regime. USFs are also
used to measure gas flow; an adaptive pulse repetition frequency approach was utilized
to measure the transit time of a hot gas flow, and a time-sharing technique was used to
run flowmeters concurrently without mutual interference in harsh environmental condi-
tions [41,42]. The measurement accuracy is also affected by changes in the velocity profile
of the flowing medium in the pipeline, which relies on the Reynolds number (Re) [43].
Turbulence induced by invading structures in pipes adds uncertainty to measurements,
introducing an average relative error for laminar and turbulent flows [44]. A multipath
arrangement was employed in implementing gas flow measurement; flowmeter modules,
comprising the acoustic path arrangement, ultrasonic emission, and reception module,
were constructed systematically [45,46]. Sakhavi and Nouri [47] presented a generalized
velocity model for multipath ultrasonic phased array flowmeters. These flowmeters use
phased array transducers to electronically sweep ultrasonic beams, reducing the number of
transducers required. However, the accuracy of the flow measurement is affected when
the flow field deviates from the assumed velocity model. The results showed that the
generalized model can reduce the sensitivity of the flowmeters to flow field deviations,
with a minimum mean relative error of 1.64% under symmetric and asymmetric flow fields.
A recent study by the same authors introduced a multipath ultrasonic flowmeter that
utilized phased array transducers and numerical integration [48]. The performance of the
flowmeter was studied for different flow fields, and the impact of various factors, such as
the number of paths, beam angle, and installation angle, was analyzed. The flowmeter
achieved a low relative error of 0.03% under symmetric velocity profiles and a minimum
error range of 0.14% under a 5-path arrangement for asymmetric velocity profiles. The
validity of the flowmeter was confirmed through computational fluid dynamics simulation,
with a maximum absolute relative error of about 3%.

Recently, studies on enhancing USF for gas flow measurements have been con-
ducted by studying non-linearity using the ray tracing approach or the Gaussian beam
method [49,50]. Zheng et al. [49] analyzed the non-linearity in gas ultrasonic flowmeter
measurements using the ray acoustics theory. The study utilized two-dimensional ray
tracing methods and simulations of DN100 and DN500 diametric single path gas ultrasonic
flowmeters to propose a corrected model for velocity measurements that improved mea-
surement accuracy by reducing non-linearity. The corrected model reduced measurement
errors by up to 4%. Zheng et al. [50] proposed a novel method based on Gaussian beams
to analyze the ultrasonic propagation trajectory, propagation time, and sound pressure
distribution in gas ultrasonic flowmeters. This method incorporates flow information into
the Gaussian beam equation and was verified through simulations and experiments. The
errors between the new method and the COMSOL simulation were found to be less than
1%, and the errors between experiments using different ultrasonic transducers were within
±6%. Sakhavi and Nouri [51] used a phased array transducer in multipath ultrasonic flow
meters for non-mechanical velocity measurements. The performance of the flowmeter
downstream of a single bend was evaluated using Gaussian quadrature integration for-
mulas with different velocity profile models, and CFD simulation modelled the flow field
downstream of the bend. The study revealed that the standard deviations of relative errors
vary based on the distance from the bend and the model used, with the single bend model
exhibiting a higher error rate compared to symmetric models. Chen et al. [52] developed
a high-precision USF for gas flow in 2019. In a realistic ultrasonic flowmeter, the flow
stream recovery equation includes the shape factor [52]. For laminar flows, this coefficient
has a constant value of K = 0.75. In the case of turbulent flows, it is determined by the
Reynolds number and the roughness of the pipeline. The profile of the velocity curve
in the cross section varies as the flow stream changes, leading to the parabolic shape for
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laminar flow. Consequently, the value of the shape factor varies, which may result in
further measurement inaccuracy.

After surveying the published studies, the influence of shape factor coefficient vari-
ations on flow measurement accuracy has received little attention in published studies,
which have primarily focused on other factors such as turbulence and vortices. Therefore,
the impact of the shape factor variation on flow stream measurement inaccuracy was
examined in this study. Furthermore, the effect of the velocity profile variations on the
flow stream measurement error measured using a transit-time ultrasonic flowmeter was
investigated. The medium that flowed through the system was maintained at a constant
temperature and relative humidity. The ultrasonic flowmeter was a Z-shaped ultrasonic
wave path meter with sensors installed on the pipeline wall.

2. Airflow Measurement Method

Figure 1 depicts the method for determining the flow rate of a Z-shaped ultrasonic
flowmeter of the transit-time type.
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Where c is the velocity of an ultrasonic wave in a fluid; w represents the local velocity
of the air; L represents the distance traveled by the ultrasonic wave between the UT1 and
UT2 sensors; Φ denotes the angle between the velocity components; WMax represents the
maximum velocity of the fluid; R denotes the radius of the pipeline; and r represents a
radial distance from the center of the pipeline and is bounded by 0 and R (0 ≤ r ≤ R).

The flow rate is determined by measuring the time difference of the ultrasonic wave
as it travels from the UT1 sensor to the UT2 sensor and back. On the elementary path of
length dL, the time of flight (dt1) of the ultrasonic wave traveling from the UT1 sensor to
the UT2 sensor can be expressed:

dt1 =
dL

c + w·cosϕ
(1)

where c is the ultrasonic wave velocity in the fluid, and w is the fluid velocity. However,
the transition time dt2 from sensor direction UT2 to UT1 is:

dt2 =
dL

c − w·cosϕ
(2)

Using the subsequent relation that:

2·R = L·sinϕ (3)
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The difference in ultrasonic wave transit times between the two sensors (∆t) is calcu-
lated to be:

∆t =
∫ L

0

2
sinϕ

·
(

1
c − w·cosϕ

− 1
c + w·cosϕ

)
dL (4)

where R is pipeline radius.
Equation (4) can be solved by assuming that the velocity of the medium in the cross-

section of the pipeline is constant for w << c. Set the velocity to the maximum velocity
Wmax and compute the integral to get:

∆t∗ =
4·R·wmax·cosϕ

sinϕ·c2 (5)

where R is the pipeline radius; and ∆t∗ is the difference in time of flight of the ultrasonic
wave from the UT1 to UT2 sensor and back for the condition w = Wmax.

The flow rate in a pipeline (m3/s) can be determined using Equation (6) for a constant
flow velocity of the medium:

q∗v = wmax·π·R2 =
π·R

4
· sinϕ

cosϕ
·c2·∆t∗ (6)

In the second scenario, a particular velocity model is presumed while computing
the integral from Equation (4). The Prandtl equation is one of the well-known models of
velocity distribution in a pipeline and is often used as follows [53]:

w = wmax·(1 −
r
R
)

1
n (7)

The Reynolds number and pipeline roughness both affect the exponent 1/n. After
solving Equation (4), the time difference ∆t for the transition of the ultrasonic wave for this
model is:

∆t =
n

n + 1
4·R·wmax·cosϕ

sinϕ·c2 (8)

The flow rate equation (m3/s) may also be written as follows:

qv = 2π·
∫ R

0
w·rdr =

π

2
· n·R·c2·sinϕ

(2n + 1)·cosϕ
·∆t (9)

In comparing formula Equations (6) and (9) for the same t, we obtain:

qv

(
m3

s

)
=

2n
2n + 1

·q∗v
(

m3/s
)

(10)

The profile is defined as K = 2n/(2n + 1) in Equation (10).
It is obvious from Equation (10) that the shape factor of the actual flow rate is depen-

dent on the coefficient n in the Prandtl equation. However, the value shape factor handled
into the computational system in a realistic ultrasonic flowmeter is constant, regardless
of the Reynolds number. The value of the coefficient n fluctuates as the flow stream rate
changes, and the computation system should consider this change in the flow stream rate
equation. Otherwise, the change in the velocity profile causes the flow rate measurement
to be inaccurate.
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3. Determine n Coefficient Value

The equation given by Troskolaski [54] for hydraulically smooth pipes is one way to
figure out the value of n coefficient:{

n = 2.1 × log(Re)− 1.9 f or 5 × 105 < Re < 107

n = 7 f or 104 < Re < 2 × 104 (11)

Another way to evaluate the n value in reference [55]:

n = 1.66 × log(Re) (12)

However, in references [56,57], the n coefficient can be calculated regardless of pipe
type, as

n = 3.299 + 0.326 × ln(Re) Re < 4 × 105

n = 5.537 + 5.498 × 106 × (ln(Re))5 Re > 4 × 105 (13)

Zhang et al. [43] proposed selecting the n coefficient according to Table 1.

Table 1. Dependence of the n coefficient on the Reynolds number.

Re 4000 25,600 105,000 206,000 320,000 384,000 428,000

n 6.0 7.0 7.3 8.0 8.3 8.5 8.6

However, Waluś [58] recommended using the n coefficient derived from the following
equation (Equation (14)):

n = 2.25 × log(Re)− 2.85 (14)

Errors in the K shape coefficient were obtained using the n coefficient determined
from Table 1. The shape coefficients of K11, K12, K13, and K14 were calculated using the n
coefficient calculated from Equations (11)–(14) are listed in Table 2, respectively. According
to Table 1, the Reynolds number changed from 4000 to 428,000.

Table 2. Values of the K shape coefficient and errors of this coefficient in relation to selected equations
for the n coefficient.

Re

Coefficient K Coefficient K Error (%)

Tabel 1 K11
Equation (11)

K12
Equation (12)

K13
Equation (13)

K14
Equation (14) K11 K12 K13 K14

4000 0.9231 0.9189 0.9228 0.9231 1.1052 −0.45 −0.03 0.00 19.73
25,600 0.9333 0.9364 0.9360 0.9297 1.0761 0.32 0.29 −0.39 15.30
105,000 0.9359 0.9453 0.9434 0.9339 1.0629 1.00 0.80 −0.21 13.57
206,000 0.9412 0.9488 0.9464 0.9358 1.0581 0.81 0.55 −0.57 12.42
320,000 0.9432 0.9508 0.9481 0.9370 1.0553 0.81 0.52 −0.66 11.89
384,000 0.9444 0.9516 0.9488 0.9374 1.0543 0.76 0.46 −0.75 11.63
428,000 0.9451 0.9520 0.9492 0.9377 1.0536 0.74 0.44 −0.78 11.49

Figure 2 depicts the graphs showing the dependency of the n coefficient on the
Reynolds number and the K coefficient errors according to Table 2.

The calculations demonstrate that the errors associated with the assumption of the K
coefficient, regardless of which equation is used, do not exceed 1% when compared to the
values in Table 1. They also demonstrate that changing the velocity profile in the Reynolds
number range 4000–428,000 and using the n coefficient for any preceding equations, results
in a measurement error of less than ±1%.
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4. Experimental Procedure

Figure 3 shows the measurements obtained on the stand with an ultrasonic flowmeter
of type Prosonics Flow B 200 mounted in a pipeline with an internal diameter dw = 82.6 mm
at a distance of approximately 1.8 m behind the elbow. The volume flow rate of the flowing
air was computed as the average of 20 measurements obtained directly from the flowmeter
display and 20 measurements derived from the current signal reading in the range of
(4–20) mA. The airflow was controlled using an inverter in the range of 50 Hz to 10 Hz
with a step of 5 Hz to a value of 20 Hz, and then the values of 17 Hz, 15 Hz, 13 Hz, 11 Hz,
and 10 Hz were established. The actual volume flow was determined by measuring the
volume of 3 m3 of air flowing in time using a turbine gas meter with a maximum range of
qvmax = 400 m3/h and an accuracy not exceeding 1% of the observed value. Figure 4 shows
a photograph of the installed ultrasonic and turbine flowmeters.
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Figure 4. The measuring system components: (1) ultrasonic flow meter, (2) turbine flow meter, and
(3) system for measuring physical parameters of the flowing air.

To ensure the accuracy and reliability of the results obtained from the turbine flowme-
ter, several measures were taken to minimize measurement errors. Prior to the measure-
ments, the indications of the turbine flowmeter were compared with the values obtained
from the measurements of the flows using Proline t-mass F calorimetric flowmeters with a
limit error of 1% of the flow rate, vortex type PROWIRL F flowmeters (up to the minimum
flow rate that they were capable of measuring) with a limiting error of 1% of the flow
rate, and a venturi with a three-disc pressure pickup of the Deltatop type, for several flow
streams. The limiting error of the orifice flowmeter was also not greater than 1% of the flow
rate. All of these flowmeters were installed in the measurement system.

Furthermore, the turbine flowmeter indications were compared with the results of
flow rate measurements performed using a very thin Prandtl tube, which was developed by
dividing the cross-section into 6 rings of equal areas. This procedure added an extra layer of
assurance to the accuracy and reliability of the results obtained from the turbine flowmeter.
Figure 5 shows the vortex and thermal flowmeters installed in the flow system, which were
carefully selected for their high accuracy and reliability in measuring flow rates.

Furthermore, the temperature of the gas was evaluated using a Pt 100 thermometer,
and its relative pressure was measured using a magnesense pressure gauge in each measur-
ing cross-section with an accuracy of 1% of the stated value. The calculated flow stream
(qv) ranged from 41.87 to 227.28 m3/h.
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5. Results and Discussion

The processing equation for the tested ultrasonic flowmeter incorporated both the
factor K = 0.933 for n = 7 and an additional factor resulting from the calibration of the
flowmeter K* = 1.003. Table 3 summarizes the results of the measurements, displaying
the extreme outcomes of the flow stream measurement, i.e., the findings that would be
obtained without considering these two factors. This table presents a set of data with
various parameters for different values of frequency set on an inverter (F). The other
parameters include volume flow measured by an ultrasonic flowmeter (qvu), volume flow
measured by a turbine flowmeter (qvt), and volume flow measured by the ultrasonic
flowmeter without taking into account the K and K* factors (qvs). The n coefficient value
was calculated according to Equation (13). The K** coefficient refers to Equation (15), and
the relative error (δ) of the K** factor was evaluated according to Equation (16).

K∗∗ =
qvt

qvs
(15)

δ(K∗∗) =

(
K∗∗ − K

K

)
100% (16)

Table 3. Results of the conducted measurements and calculations.

F qvu qvs qvt Re n K** K δ

Hz m3/h m3/h m3/h - - - - %
50 224.54 239.94 227.78 66,220 6.92 0.949 0.933 1.71
45 202.18 216.05 205.46 59,400 6.88 0.951 0.934 1.82
40 180.94 193.35 183.50 52,320 6.84 0.949 0.932 1.82
35 155.92 166.62 157.72 45,440 6.79 0.946 0.931 1.61
30 134.18 143.38 135.33 39,000 6.75 0.944 0.931 1.40
25 111.30 118.94 111.87 32,230 6.68 0.940 0.930 1.08
20 88.03 94.07 88.43 25,460 6.61 0.940 0.930 1.08
17 73.91 78.98 73.94 21,280 6.55 0.936 0.929 0.75
15 65.53 70.02 65.00 18,210 6.50 0.928 0.929 −0.11
13 56.87 60.77 56.21 16,200 6.46 0.924 0.928 −0.43
11 47.78 51.05 47.20 13,600 6.40 0.924 0.928 −0.43
10 42.73 45.66 41.87 12,070 6.36 0.917 0.927 −1.08

Figure 6 illustrates how the Reynolds number affects the K** coefficient, whereas
Figure 7a shows the relative error of the K** coefficient based on the value of the K coefficient
when Equation (13) was utilized to derive the n coefficient values. Figure 7b displays the
error of the K** coefficient in relation to the fixed value of the coefficient K = 0.933, which
was employed by the manufacturer of the device.
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The values of the coefficient n in the studied flow streams range from 6.92 to 6.36,
as shown in Table 2. For these n coefficient values, the computed velocity profile shape
coefficient K was in the range of K = 0.927–0.933. The percentage difference between the
lowest and highest values of the K ratio was 0.64%. As a result, adopting a single, constant
value of the aspect ratio in the examined range of Reynolds numbers has little effect on the
flow stream measurement inaccuracy. The K** factor comprises all ultrasonic flowmeter
adjustments, and its value fluctuated between 0.917–0.949. The relative error of the K shape
coefficient ranges from −1.1% to +1.8% compared to the current value of this coefficient.
However, compared to the manufacturer’s value of K = 0.933, the relative error of the K**
coefficient does not exceed ±2%, as shown in Figure 7. Adopting that the main sources of
error are changes in the velocity profile of the flowing gas, even assuming a single, constant
value of the K coefficient in the flowmeter processing equation will not result in flow rate
errors of more than ±2%. Therefore, in the tested range of the flow streams, the effect of
the velocity profile changes associated with the change in the gas flow stream was within
the mean limit error of the ultrasonic flowmeter, which was ±2% of the indicated value.

6. Conclusions

This study focuses on the effect of velocity profile variations on the flow stream
measurement error measured using a transit-time ultrasonic flowmeter. Measurements
were performed at the authors’ initial installation, where the airflow rate was varied from
approximately 42 m3/h to 228 m3/h. A turbine flowmeter was used to determine the
actual flow rate, which was verified using vortex, thermal, and orifice flowmeters before
the measurement. Based on the experimental data, the following conclusions were drawn.

• It can be assumed that the coefficient n, regardless of which equation is used, does not
considerably affect the measurement error of the flow stream. For the three selected
equations, the error in the K shape coefficient was less than ±1%.

• The correction factor K** was in the range 0.917–0.949, whereas the shape coefficient K
ranged from 0.927–0.933. The relative error of the correction factor K** ranged from
−1.1% to +1.8%.

• The calculated error value of the correction factor K** for the constant value adopted
by the manufacturer, which is equal to K = 0.933, does not exceed the value of ±2%.

• The change in the velocity profile of the air flowing in the installation due to the cold
flow stream results in a measurement error of no more than ±2% of the indicated
value of the flowmeter, which is within its limit error.

In future studies, the impact of velocity profile changes on flow measurement accuracy
in other types of flowmeters, such as Coriolis and electromagnetic flowmeters, will be
thoroughly investigated. The effects of fluid viscosity, temperature, and pressure on the
accuracy of flow measurement using ultrasonic flowmeters will also be studied in depth.
Additionally, more advanced algorithms will be developed to process ultrasonic flowmeter
data and account for variations in velocity profile, which could potentially enhance flow
measurement accuracy and increase the reliability of ultrasonic flowmeters in various
applications. Moreover, the feasibility of using multiple ultrasonic flowmeters to measure
the flow in complex systems with varying cross-sectional areas or flow regimes will be
explored, aiming to improve flow measurement accuracy in such systems.
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