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Abstract. The phenolic urethane cold box (PUCB) process is widely employed for sand core production in the
foundry industry. It allows high production rates of sand cores, which are later used for producing complex metal
castings. The process begins by shooting a sand–binder mixture into a core box to define the core geometry. Dur-
ing the subsequent curing stage, catalysts are introduced to harden the binders and are then removed by blowing
dry compressed air through the sand core. In order to optimize this complex and highly dynamic production
process for efficiency and core quality, there is a need for measurement systems that can reliably monitor the
curing stage.

In this study, we present a measurement system capable of capturing the dynamics of the PUCB core-curing
stage via ultrasonic time-of-flight measurements. By measuring the speed of sound, the concentration of the cat-
alyst in the exhaust airstream is determined. Volumetric flow rate and temperature are measured simultaneously.
The measurement system is validated, and measurement uncertainties are discussed.

We demonstrate the measurement system in a PUCB core-making machine using N,N-dimethyl-n-
propylamine (DMPA) as the catalyst. DMPA concentrations of up to 3.6 %± 0.5 % (coverage factor k = 1)
were found in the exhaust airstream. The measurements provide insights into the dynamics of the curing stage,
and we showcase the potential for the optimization of catalyst removal. Integrating this measurement system
into core-making machines enables automation strategies, potentially enhancing efficiency and product quality
in foundry operations.

1 Introduction

1.1 Sand core production with the phenolic urethane
cold box process

The phenolic urethane cold box (PUCB) process is used in
the foundry industry to produce sand cores, which are essen-
tial for giving complex internal shapes to metal castings. It is
known for high production rates and is the most widely used
process for sand core production (Holtzer and Kmita, 2020).

The PUCB process can be divided into three steps. First,
a mixture of sand and chemical binders is shot into the core

box. This is followed by core curing, which consists of the
gassing and purging steps. During gassing, a catalyst such
as N,N-dimethyl-n-propylamine (C5H13N), referred to in the
paper as DMPA, is blown through the core box with com-
pressed air. The interaction between DMPA and binders ini-
tiates a polyaddition reaction and facilitates fast formation
of hard urethane linkages between the sand grains. After
hardening, the catalyst is removed from the sand core by an
airstream during the purging step.

The distribution of the catalyst in the sand core during the
gassing and purging steps influences the resulting core qual-
ity (Khan and Szucki, 2024). Both steps involve complex
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flow dynamics within the sand core. Temperature changes
and phase changes of the catalyst can occur as well. These
phenomena are in turn influenced by the core geometry and
the properties of the sand–binder mixture.

In this context, the duration of the purging step is a crucial
parameter. If the duration is too short, some of the catalyst
remains in the sand core after it is removed from the PUCB
machine, which poses a safety and environmental hazard. If
the purging duration is unnecessarily long, the overall effi-
ciency of the sand core production is reduced. Currently, the
purging duration has to be set manually by the operator of
the machine along with other input parameters. These pa-
rameters are selected individually on a digital process con-
trol unit in a core-making machine. Selection of optimal in-
put parameters for different core geometries, such as cata-
lyst quantity, system air pressure, and purging time can be
challenging. Generally, the amine quantity for a core is se-
lected based on the sand-to-amine weight ratio ranging be-
tween 0.2 and 1 mL kg−1 of sand-to-binder proportion rang-
ing between 1 % and 2 % (Holtzer and Kmita, 2020). Due to
a lack of real-time monitoring systems and the variety of core
designs, the cold box process parameters are selected using
trial-and-error methods and the experience of the machine
operator. Core simulation tools have been useful in predict-
ing the quality of the core for a given input parameter (Sturm
and Wagner, 2014). Continuous efforts are being made to
bring accuracy and precision in predicting the core quality
using various simulation approaches (Khan et al., 2024). To
better validate these simulations, measurements of the cata-
lyst output during the purging process are required.

1.2 Gas analysis based on speed-of-sound
measurements

Due to the introduction and removal of the catalyst during
the core-curing stage of the PUCB process, the composition
of the exhaust airstream changes during the process. These
changes occur within seconds and are correlated to the dif-
ferent process steps and the process parameters of the PUCB
process. Detecting changes in the gas composition therefore
provides valuable information about the process. One pos-
sibility for facilitating a sufficiently fast inline gas analysis
is the measurement of the speed of sound in the exhaust
airstream.

The speed of sound of a gas depends on the composition
and thermodynamic state of the gas. This relation has been
applied for high-accuracy gas temperature measurements us-
ing acoustic resonators (Moldover et al., 2014). The speed
of sound can also be calculated via ultrasonic time-of-flight
measurements, which is usually less accurate compared to
the measurements with acoustic resonators. However, ultra-
sonic time-of-flight measurements are already widely used
for flow measurements in industrial applications, and the
speed of sound is a by-product of the calculation of the flow

velocity. This provides the opportunity for inline gas analysis
during flow measurements.

Ultrasonic time-of-flight measurements have been investi-
gated to analyze binary gas mixtures (Joos et al., 1993). This
allows for, for example, measuring the humidity of air with
a gas flow meter (Löfqvist et al., 2003). An emerging ap-
plication of this principle is the characterization of mixtures
of natural gas and hydrogen (Monsalve et al., 2024). Com-
pared to other measurement principles for inline gas analy-
sis, such as metal oxide gas sensors, infrared spectroscopy, or
gas chromatography, ultrasonic time-of-flight measurements
are fast, robust, and relatively inexpensive. Combining these
characteristics with the possibility of simultaneous flow mea-
surement is promising for applications in the context of the
PUCB process.

1.3 Aim and outline of this article

In this study, we present an ultrasonic measurement system
for the simultaneous measurement of DMPA concentration
and volumetric flow rate at the exhaust vents of PUCB ma-
chines. The measurement system comprises an ultrasonic
flow sensor and a temperature sensor. Volumetric flow rate
and speed-of-sound measurements are performed using the
ultrasonic time-of-flight method. Measurements of tempera-
ture and the speed of sound are used to calculate the DMPA
concentration in a binary mixture of air and DMPA. This al-
lows us to monitor the PUCB process and to derive process
parameters such as the purging duration. The measurement
system could potentially be used to optimize the core-making
process in real time for each individual sand core to reduce
production times.

In Sect. 2, the measurement concept is introduced along
with basic concepts, including the principles of ultrasonic
time-of-flight measurements and the method for calculating
DMPA concentration from speed-of-sound measurements.
Then, the experimental setup and methodology used to val-
idate the measurement system on a PUCB core-making ma-
chine are described, and the measurement uncertainty is eval-
uated. In Sect. 4, the results of the validation experiments are
presented, and the potential for optimization of the PUCB
process is demonstrated, focussing on the purging step of the
PUCB process. Section 5 concludes the study by summariz-
ing the key findings and potential applications of the mea-
surement system.

2 Measurement concept

2.1 Ultrasonic time-of-flight principle

The ultrasonic time-of-flight method allows us to measure
the volumetric flow rate of liquids and gases by measuring
the time of flight of ultrasonic pulses propagating through the
fluid. The principle is based on the alignment of the propa-
gation path of the ultrasonic wave with the flow direction of
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Figure 1. Ultrasonic time-of-flight measurement in a flow channel
with two ultrasonic transducers marked as 1 and 2, showing the
mean velocity of the fluid vm, the angle between the acoustic path
and the fluid flow direction ϕ, the inner diameter of the flow channel
d , the distance between the two transducers L, and the directions of
the upstream and downstream ultrasonic signals.

the fluid. When the ultrasonic wave propagates in the flow
direction (downstream direction), the time of flight between
the transmitter and receiver decreases with increasing flow
rates. Conversely, the time of flight increases when the ultra-
sonic wave propagates against the flow direction (upstream
direction). The measurement principle is illustrated in Fig. 1.

The velocity of the moving medium can be calculated by
measuring the time of flight in both directions. When the ul-
trasonic transducer 1 transmits an ultrasonic pulse, the ultra-
sonic waves propagate in the direction of the fluid flow and
are received by transducer 2. The time of flight of this down-
stream signal is represented by Eq. (1):

td =
L

c+ vm cosϕ
, (1)

where td is the time of flight in the direction of fluid flow,
L is the length of the acoustic path, ϕ is the angle between
the acoustic path and fluid flow direction, vm is the mean
velocity of the fluid flow along the acoustic path, and c is the
speed of sound in the fluid. The speed of sound depends on
the temperature and the fluid properties.

Ultrasonic transducer 2 transmits ultrasonic waves that
propagate through the fluid in the direction against the fluid
flow and are received by ultrasonic transducer 1. The time of
flight (tu) for this upstream signal is represented by Eq. (2):

tu =
L

c− vm cosϕ
. (2)

The mean fluid velocity (vm) can be calculated by

vm = c
2 tu− td

2Lcosϕ
. (3)

Table 1. Properties of DMPA (Haynes et al., 2017; GESTIS Sub-
stance Database, 2024) and Chemical Abstracts Service (CAS) Reg-
istry Number.

Molecular formula C5H13N
Name N,N-Dimethyl-n-propylamine
CAS no. 926-63-6
Molecular weight 87.164 gmol−1

Boiling point 65 °C (at 101.3 kPa)
Vapor pressure 17.25 kPa (at 20 °C)

Note that this equation includes the approximation c2
−v2

m ≈

c2. The speed of sound c can be obtained by

c =
L

2

(
1
tu
+

1
td

)
. (4)

Equation (3) is valid if the transducers are located exactly at
the walls of the pipe and the fluid flow fills the whole area be-
tween them. By approximation, this is also true if the diame-
ter of the flow channel is very large compared to the distance
of the transducers from the walls of the flow channel. This is
the case in most applications. In cases where the transducers
are placed further apart, such as in the sensor module shown
in Fig. 3, there are some parts along the signal path without
any flow in the direction of the flow channel. In these cases,
the additional time that the ultrasound pulses take to reach
the gas flow needs to be considered, and tu and td are then
calculated by

tu =
L− d/sinϕ

c
+

d/sinϕ
c− vm · cosϕ

(5)

and

td =
L− d/sinϕ

c
+

d/sinϕ
c+ vm · cosϕ

, (6)

where d is the diameter of the flow channel. With these equa-
tions in mind, vm is then calculated by

vm = c
2 tu− td

2d
tanϕ . (7)

2.2 Calculation of DMPA concentration

In the context of the PUCB process, the main focus is the
measurement of the concentration of the catalyst DMPA in
the exhaust airstream. The fluid properties of DMPA are pre-
sented in Table 1.

During the purging step of the PUCB process, air is blown
through the sand core to remove DMPA from it. Since tem-
peratures are below the boiling point of DMPA, this can be
understood as a convective drying process. The exhaust gas
is assumed to be a mixture of air and DMPA vapor. From the
vapor pressure of DMPA presented in Table 1, the maximum
DMPA concentration in the exhaust gas is estimated to be
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17 % at a temperature of 20 °C. The actual concentration of
DMPA in the exhaust airstream is unknown. The goal of the
time-of-flight measurement is to measure the DMPA concen-
tration based on the speed of sound in the exhaust stream.

Assuming ideal gas behavior for the mixture of air and
DMPA, the mixture speed of sound (cm) can be calculated
by

cm =

√
γm ·R0 · T

Mm
, (8)

where γm is the heat capacity ratio of the mixture, R0 is the
gas constant, T is the absolute temperature in kelvin, andMm
is the molar mass of the mixture. The molar massMm and the
heat capacity ratio γm can be calculated by

Mm =
∑

i
xiMi (9)

and

γm =

∑
ixiMicp,i∑
ixiMicv,i

, (10)

where xi is the molar mass fraction, cp,i is the mass specific
isobaric heat capacity, and cv,i is the mass specific isochoric
heat capacity for component i.

We use Mayer’s relation, that is

R

Mi

= cp,i − cv,i (11)

and the definition of the heat capacity ratio, that is

γi =
cp,i

cv,i
. (12)

Therefore, Eq. (10) results in

γm =

∑
i
xiγi
γi−1∑
i
xi
γi−1

. (13)

For a binary mixture with only two gas components (denoted
here by subscripts 1 and 2), such as the mixture of air and
DMPA, the speed of sound of the mixture can be derived
from Eqs. (8), (9), and (13):

cm =

√√√√ γ1
γ1−1x1+

γ2
γ2−1 (1− x1)

x1
γ1−1 +

(1−x1)
γ2−1

·
RT

x1M1+ (1− x1)M2
. (14)

Equation (14) provides a direct relation between the speed of
sound of the mixture cm, which can be calculated from the
ultrasonic time of flight with Eq. (4), and the molar fraction
of component 1 x1.

The specific heat capacity ratio of DMPA is estimated
based on its molecular structure using the Joback group con-
tribution method (Joback and Reid, 1987). For the relevant

Figure 2. Speed of sound against the concentration of DMPA and
temperature.

temperature range of 0 to 60 °C, this results in a heat capac-
ity ratio in the range of 1.058 to 1.070. For the calculations
in this study, a constant value of γ = 1.07 is assumed for the
gas phase of DMPA. Using Eq. (14), the theoretical value of
the speed of sound in a mixture of DMPA and air can be de-
termined depending on the concentration and temperature of
the gas mixture. The result is shown in Fig. 2. This relation
allows for the calculation of the DMPA concentration from
the speed of sound and the temperature of the gas mixture in
the PUCB process.

2.3 Measurement system design

The main purpose of the measurement system is the moni-
toring of the DMPA concentration and flow rate of the ex-
haust airstream after the core box. This allows for conclu-
sions about the process dynamics in the core-making ma-
chine and enables process control strategies to optimize pro-
duction times and core quality.

To capture the dynamics of the PUCB process, a measure-
ment rate of at least 2 s−1 is aimed for. The sensor mod-
ule should allow for integration into existing PUCB machin-
ery. This means that the sensor module should be relatively
small, robust, and inexpensive. In comparison to these re-
quirements, a high accuracy of the flow rate and DMPA mea-
surements is not the primary concern as long as the measure-
ments are precise enough to detect changes and have a high
repeatability.

To implement the time-of-flight principle, a 3D-printed
sensor module was fabricated. The sensor module consists
of two parts and a sealing plate. The sensor module has a
flow channel with an internal diameter of 6 mm and a length
of 120 mm. The flow channel has a small opening to install a
thermocouple within the gas flow. The ultrasound transduc-
ers are arranged on opposite sides of the flow channel at an
angle of 45°. The ultrasound transducers are arranged at a
distance to the walls of the flow channel. This is done to en-
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sure that the time of flight is sufficiently large to avoid any
overlap between the received ultrasound signals at one trans-
ducer and electromagnetic interferences from the excitation
of the opposite transducer. Figure 3 shows the sensor module.
The upper part of the sensor module is a vertically mirrored
version of the lower part but without the thermocouple open-
ing. Both parts are connected by screws with the sealing plate
and both ultrasound transducers in between.

Piezoelectric ultrasonic transducers (SC049-A, SECO-
Sensor GmbH, Coburg, Germany) with an outer diameter
of 6 mm and a resonance frequency of 490± 15 kHz were
used in the setup. The us4R-lite ultrasound platform (us4us,
Warsaw, Poland) was used for data acquisition and to excite
the transducers. The transducers were excited with square
wave signals with a center frequency of 490 kHz (1 period,
peak-to-peak voltage of 60 V, pulse repetition frequency of
500 Hz).

Temperatures in the flow channel of the sensor mod-
ule were measured with a type-k thermocouple wire
(T 190-11, Ahlborn Mess- und Regelungstechnik GmbH,
Holzkirchen, Germany). For the reference measurements, an
additional PT100 resistance thermometer (Ahlborn Mess-
und Regelungstechnik GmbH, Holzkirchen, Germany) was
placed in the flow channel for a more accurate tempera-
ture measurement. The PT100 and the thermocouple were
connected to a measurement and data acquisition device
(ALMEMO 710, Ahlborn Mess- und Regelungstechnik
GmbH, Holzkirchen, Germany). This data acquisition device
and the us4R-Lite platform were connected to a computer to
control the measurements and to save the measurement data.

2.4 Ultrasound signal processing

The ultrasonic signals received at the transducers are evalu-
ated in order to obtain the time of flight for the upstream and
for the downstream direction. For preprocessing, the signals
were first averaged over 50 repetitions to reduce noise, as-
suming a stationary process during the measurement. Subse-
quently, forward–backward filtering is applied with a fourth-
order Butterworth bandpass filter (lower and upper −3 dB
cutoff frequencies of 400 and 800 kHz).

Estimating the time of flight directly from the measure-
ment signal is often unreliable. Therefore, each measurement
signal is compared to a reference signal to obtain a time off-
set 1t of the wave package. The reference signals (upstream
and downstream signals) were measured under well-known
conditions in pure air and without any flow through the sen-
sor module. The time of flight for the reference signal tref is
calculated from theory based on the temperature-dependent
speed of sound in air and the distance between the transduc-
ers. The time of flight for each measurement is then calcu-
lated by obtaining the time offset1t relative to the reference
signal and adding it to the reference time of flight tref:

t = tref+1t . (15)

This is done separately for the upstream and downstream sig-
nals. The same reference signals are used for all measure-
ments.

To obtain the time offset 1t , the reference and measure-
ment signals are first windowed with a window length of
4300 samples (corresponding to a time window of 66.2 µs)
around the wave package with the highest amplitude. The
calculation of the time offset between the two signals is then
done in two steps. First, the time offset is estimated based on
the cross-correlation of the reference and measurement sig-
nals. The measurement signal is then shifted in time accord-
ing to this estimation. Secondly, the time offset between the
reference signal and the shifted measurement signal is calcu-
lated from the difference between the instantaneous phases of
the two signals. For both signals, the instantaneous phase is
estimated and averaged over the middle of the most promi-
nent wave package, which is found by choosing the signal
parts where the amplitude is > 90 % of the maximum value.

The two steps to calculate the time offset are necessary
since the accuracy of the cross-correlation method is lim-
ited by the sampling rate of the ultrasound signals, which
is 65 MHz. Upsampling of the ultrasound signals would be
possible to increase the accuracy, but this would be more
computationally intensive compared to the phase estimation
method, which is not limited by the sampling rate. Neverthe-
less, the correlation method is required to ensure phase dif-
ferences smaller than 2π between the signals before calculat-
ing the phase difference. Time shifting the measurement sig-
nal based on the cross-correlation before applying the phase
estimation also minimizes the influence of the pulse form
on the differences between the instantaneous phases. Again,
all the calculations are done separately for the upstream
and downstream signals. From the time-of-flight values and
the measured temperature, the flow velocity and the DMPA
concentration are then calculated as described in Sect. 2.1
and 2.2.

3 Experimental setup and methodology

3.1 Volume flow calibration

The mean flow velocity vm given by Eq. (7) from the time-of-
flight method represents the flow velocity along the acoustic
path between the transducers. In order to obtain the volumet-
ric flow rate from these measurements, the velocity profile of
the flow in the sensor module has to be considered. This is
done by introducing a correction factor K to the volumetric
flow rate calculation:

Q= vm ·K ·A, (16)

where A is the pipe’s cross-sectional area and K is a cor-
rection factor that depends on the velocity profile of the
flow. The correction factor K is usually calculated from the
Reynolds number (Baker, 2016). During the validation, it
was discovered that these values are not directly applicable
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Figure 3. Sensor module. (a) A drawing of the lower part of the sensor module with the positions of the thermocouple and the transducers.
The flow direction is from top to bottom. All dimensions are in millimeters. (b) A 3D rendering of sensor module with the lower part shown
in red, the transducers in green, and the top part transparent.

for the measurement system. This is most likely because the
3D-printed sensor module is not completely airtight. Other
reasons are the positioning of the transducers, which cause
changes in the flow, and the very small diameter of the flow
channel compared to the size of the transducers. These de-
sign choices were made because flexibility in the integration
in the core-making machine was prioritized over the accuracy
of the flow measurement. For these reasons, the correction
factor K was determined experimentally in a controlled lab
environment using compressed air and a reference flow meter
(PFM710S-C6-C-N, SMC Corporation, Tokyo, Japan). Tem-
peratures measured in the sensor module were in the range
of 25.3 to 26.5 °C for the calibration measurements. The cor-
rection factor was determined to beK = 1.22 for the relevant
flow range of 1 to 10 Lmin−1. Note that the correction fac-
tor can change if the temperature changes enough to cause
significant changes in density and viscosity. In this case, fur-
ther calibration measurements at different temperatures may
be required. Since the temperature in the experiments did not
deviate more than 3.8 K from the temperature during the cali-
bration measurement, the correction factor was kept constant
for all measurements. Figure 4 shows the results of the cali-
bration.

3.2 Measurement setup of the core-making machine

In order to validate the measurement system and to demon-
strate its potential for application in the PUCB process,
measurements were conducted with a lab-scale core-making
machine (Universal Core Shooter, MULTISERW-Morek,
Brzeźnica, Poland). For the experiments, the gas supply of
the core-making machine was connected to a custom-made
cylindrical core box with an inner diameter of 40 mm and
a length of 45 mm. The gas inlet at the top of the core box
was connected to the gas supply of the core-making machine,

Figure 4. Calibrated flow rate measurements. Each measurement
was repeated three times. The correction factor K was obtained via
least-squares approximation. The root mean square deviation from
the reference flow rate is 0.18 Lmin−1 after calibration.

while the gas outlet at the bottom was connected to the 3D-
printed sensor module.

Before the measurements, the core box was filled with a
sand–binder mixture of H32 silica sand and a total of 1.6 %
of binders (phenolic resin and polyisocyanate). The mea-
surements were conducted starting with the lowest DMPA
amount of 0.1 mL followed by 0.5 and 2 mL. Two mea-
surements were conducted for each DMPA amount. The set
points for the DMPA amount were specified using the digi-
tal process control unit of the core-making machine. Using
the gas supply from the core-making machine ensured that
relevant process dynamics and DMPA concentrations were
provided for the experiments. Subsequently, the core box was
filled with a new sand–binder mixture, and the measurements
were repeated with a different volume flow rate. Values of 2,
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6, and 10 Lmin−1 were chosen as the set points for the vol-
ume flow rate.

3.3 Evaluation of measurement uncertainty

The two measurands obtained by the measurement system
are the volumetric flow rate and the DMPA concentration.
Their measurement uncertainty is evaluated according to
the Guide to the Expression of Uncertainty in Measurement
(JCGM, 2008). Due to the very good repeatability that was
observed for both the ultrasound and temperature measure-
ments, statistical (type-a) uncertainties are assumed to be
very small compared to type-b measurement uncertainties.
Therefore, only type-b uncertainties are considered here. Fig-
ure 5 shows the influences on the calculated DMPA concen-
tration.

The uncertainties in these influences have to be evaluated
in order to calculate the resulting measurement uncertainty in
the DMPA concentration. The complete model equation can
be derived by solving Eq. (14) for the DMPA concentration
x1, which results in

x1 =
−D1±

√
D2

1 − 4D0D2

2D0
, (17)

where

D0 =Ks1β1M , (18)
D1 =Ks(β1M2−β2M1)−1γ , (19)
D2 =Ksβ2M2− γeff,2 , (20)

with the following definitions:

Ks =
c2

RT
, (21)

βi =
1

γi − 1
, (22)

γeff,i =
γi

γi − 1
, (23)

1β = β1−β2 , (24)
1γ = γeff,1− γeff,2 , (25)
1M =M1−M2 , (26)

where M1 is the molar mass and γ1 is the heat capacity ratio
of DMPA, M2 and γ2 are the respective quantities for air, T
is the absolute temperature in kelvin, R is the gas constant,
and c is the speed of sound, which is calculated from the
time-of-flight measurements using Eq. (4).

Some of the influences shown in Fig. 5 are assumed to
be exact values because they have a negligible uncertainty.
These values are the molar mass M2, the heat capacity ra-
tio γ2 of air, and the molar mass M1 of DMPA. Uncertain-
ties associated with the assumption of ideal gas behavior are
negligible for the conditions during the measurements and

are not considered in the calculations. In applications with
rapid temperature changes in the gas flow, the dead volume
in front of each transducer can introduce a temperature gradi-
ent along the ultrasound propagation path, potentially affect-
ing the concentration measurements. However, since temper-
ature variations during each measurement were small, this
effect is not considered in the uncertainty evaluation. The un-
certainties in the signal time offsets 1tu and 1td depend on
the signal processing described in Sect. 2.4. It was found that
there is no significant noise or jitter in the averaged and fil-
tered signals, sref and smeas. Using synthetic signals to inves-
tigate the uncertainty due to the signal processing algorithms,
it was found that the most important factor is the pulse form
of the wave packages that are used for the calculation of the
instantaneous phases of the two signals. To mitigate this in-
fluence, the time offset between the two signals is calculated
and averaged over several values around the center of the
wave package. The standard deviation of the mean time off-
set was below 0.5 ns for all measurements presented in this
study.

The heat capacity ratio γ1 of DMPA is required to calculate
the DMPA concentration using Eq. (14). It is estimated based
on the Joback group contribution method, which usually has
deviations of less than 2 % for the ideal gas heat capacity
(Poling et al., 2001, p. 3.47). Based on this information, a
value of 0.02 is estimated for the standard uncertainty in γ1.

The uncertainties in the other influences shown in Fig. 5
are inferred from technical specifications or estimated. The
volumetric flow rate Q is calculated according to Eqs. (7)
and (16). Therefore, it depends on the speed of sound c

and the times of flight tu and td, with their respective in-
fluences as shown in Fig. 5, and also on the diameter of
the flow channel d , the angle of the ultrasound path ϕ, and
the correction factor K . Table 2 lists all standard uncertain-
ties that were considered for the measurement uncertainty in
the DMPA concentration and the volumetric flow rate. With
these standard uncertainties, the uncertainty propagation was
performed with the Uncertainties Python package (Lebigot,
2019).

4 Results and discussion

4.1 Validation of flow rate and DMPA concentration
measurements during core-curing stage

Experiments were conducted with the core-making machine
to validate the measurement system for the PUCB process.
The goal of the measurements is to obtain information on
the state of the core-curing stage that is relevant for control-
ling and optimizing the process. The key for that is to detect
changes in the DMPA concentration and volume flow rate.
Rather than the absolute values, these changes characterize
the state of the process, e.g., the beginning and the end of the
purging step.
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Figure 5. Influences on the calculation of DMPA concentration, where M1 and M2 are the molar masses of DMPA and air, respectively; γ1
and γ2 are the corresponding heat capacity ratios; ϑ is the temperature; L is the distance between the transducers; tu and td are the upstream
and downstream time of flight; cref is the reference speed of sound; ϑref is the reference temperature; tref,u and tref,d are the upstream and
downstream reference time of flight; sref is the reference signal; smeas is the measurement signal; 1tu and 1td are the time offsets between
the signals for the upstream and downstream direction; and c is the speed of sound.

Table 2. Estimated standard uncertainties influencing the calculation of the volumetric flow rate and the DMPA concentration.

Quantity Standard uncertainty Reasoning

Temperature (ϑ) 1.44 K Type-k class-2 thermocouple tolerance: ±2.5 K

Reference temperature (ϑref)
0.15K+ 0.002|ϑ |

√
3

Pt100 class-A tolerance: ±(0.15K+ 0.002|ϑ |)

Distance between transducers (L) 2 mm Estimate based on 3D-printed sensor module geometry
and transducer geometry

Diameter of flow channel (d) 0.5 mm Estimate based on 3D-printed sensor module geometry
Angle (ϕ) 3° Estimate based on 3D-printed sensor module geometry
Heat capacity ratio of DMPA (γ1) 0.02 Typical deviations of less than 2 % for ideal gas heat

capacity ratio (Poling et al., 2001, p. 3.47)
Correction factor (K) 0.1 Estimate based on calibration measurements
Time offsets between measurement and
reference signal (1tu and 1td)

0.5 ns Uncertainty due to pulse form of the wave package
estimated based on measurement data

The experiments were conducted with different DMPA
quantities (0.1, 0.5, 2.0 mL) and volume flow rates (2, 6,
10 Lmin−1). Temperatures measured in the sensor module
were in the range of 22.7 to 23.7 °C for all measurements
and did not change significantly during each experiment. Fig-
ure 6 shows the measured DMPA concentration and volume
flow rate for a complete curing cycle with a set flow rate of
10 Lmin−1 and 2 mL DMPA added during the gassing step.

It can be seen that there is a clear peak in DMPA con-
centration. This peak marks the end of the curing stage,
where DMPA is introduced in the sand core. There is also

a smaller peak right at the beginning of the process, which
is most likely due to DMPA residues in the system from pre-
vious cycles. After the DMPA concentration peaks at around
3.5 %± 0.5 % (coverage factor k = 1) at about 10 s, the ef-
fect of purging becomes visible as the DMPA concentration
decreases.

Figure 7 shows the effect of different DMPA amounts and
different volume flow rates on the measured DMPA concen-
tration.

As expected, if less DMPA is introduced in the process,
lower DMPA concentrations are measured. If the volume
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Figure 6. DMPA concentration and flow rate over time for measurement series with 2.0 mL DMPA and 10 Lmin−1 flow rate with the
respective standard uncertainty.

Figure 7. DMPA concentration over time for different amounts of
DMPA and flow rates with the respective standard uncertainty.

flow rate is reduced, it takes longer until the highest DMPA
concentration is reached, and the changes in the DMPA con-
centration are also slower. A similar pattern was also ob-
served for reduced volume flow rates with 0.5 mL DMPA and
0.1 mL DMPA added. Repeating the measurements produced
similar curves for the DMPA concentration in each case.

The volume flow rates were also measured. They clearly
indicate the beginning and the end of the curing stage as can
be seen in Fig. 6. Within the measurement uncertainty, the
measured flow rates are in good agreement with the set val-
ues. Given the simple setup of the time-of-flight measure-
ment, without any flow conditioning and with a single, short
ultrasound path through the flow, the measurement uncer-
tainty is reasonably small. It has been demonstrated numer-
ous times that highly accurate flow rate measurements are
possible with the ultrasonic time-of-flight method. However,
for the purpose of process control in core making, this is not
required, which is why a simple and highly integrable system
is favored here. The validation measurements show plausible

results for the volumetric flow rate and the DMPA concentra-
tion. Based on these measurements, information on the core-
curing stage can be obtained, which is demonstrated in the
following section.

4.2 Demonstration of process monitoring: purging
duration estimation

Measurements of the DMPA concentration and volume flow
rate at the exhaust vent allow us to implement process mon-
itoring for the core-curing stage. Most importantly, the purg-
ing duration can be estimated based on the measured vol-
ume flow and DMPA concentration. To demonstrate this, an
arbitrary criterion for the end of the purging process is de-
fined as the time when the centered moving average of the
DMPA concentration over five consecutive values drops be-
low 0.2 %. The purging duration is then defined as the time
from the peak of the DMPA concentration up until the end of
the purging process. Prior to purging, the start of the gassing
process, where DMPA is introduced, can be identified by the
rise in the volume flow rate. These simplistic criteria for the
beginning and end of the process steps are used here only
to demonstrate the application of the measurement system.
Figure 8 shows the gassing and purging steps in relation to
the measurement data for one measurement and the resulting
purging durations for all measurements.

These results illustrate the potential of the measurement
system to detect the beginning and end of the purging process
in real time. Implementation in PUCB machines would allow
us to stop the purging at the optimal time for each individual
core. Furthermore, the measurement system can be used to
gain a better understanding of the PUCB process itself.

It can be seen from Fig. 8, that the purging duration in-
creases with the amount of the DMPA that is used. An in-
crease in the flow rate leads to shorter purging durations.
Both of these effects were expected qualitatively and are
physically plausible. The application of the measurement
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Figure 8. Detection of beginning and end of the purging process based on measurement data (a) and purging durations for different flow
rates and DMPA amounts (b). A DMPA concentration of 0.2 % is defined as the threshold value for the end of purging.

system allows us to quantify these effects. For example,
in this specific setup, increasing the flow rate from 2 to
10 Lmin−1 results in shorter purging durations of about 5 s,
which corresponds to a decrease of about 20 %. It can be
expected that this value varies to a high degree, depending
greatly on the PUCB machine, the process parameters, and
the size and geometry of the core. Due to the complex na-
ture of the core-making process, a prediction of the optimal
purging duration from theory alone seems unfeasible. This
illustrates the potential of the measurement system for the
optimization of the PUCB process.

5 Conclusions

A measurement system is presented to provide real-time
monitoring of the phenolic urethane cold box (PUCB) pro-
cess by measuring the concentration of the catalyst N,N-
dimethyl-n-propylamine (DMPA), volumetric flow rate, and
temperature in the exhaust airstream. Utilizing the ultra-
sonic time-of-flight principle alongside temperature mea-
surements, the DMPA concentration is determined from the
speed of sound in the exhaust gas mixture.

The measurement system was validated through experi-
ments conducted on a lab-scale core-making machine with
a simplified core box setup. The results indicate that higher
amounts of DMPA introduced during the gassing phase leads
to higher measured DMPA concentrations, while increased
flow rates result in faster reductions in DMPA concentration
during purging. These findings align with the expected be-
havior of the process, confirming the reliability and sensitiv-
ity of the measurement system.

An investigation into the measurement uncertainty was
conducted, considering factors such as temperature measure-
ment accuracy, uncertainties in the ultrasonic time-of-flight
measurements, and calibration of the flow rate. The impact

of these uncertainties in the calculated DMPA concentration
and volumetric flow rate was assessed using the Guide to the
Expression of Uncertainty in Measurement (GUM) frame-
work. The results indicate that the measurement system pro-
vides sufficiently accurate and repeatable data for effective
process monitoring and control.

The system enables the detection of the end of the purging
process in real time, allowing for the estimation of optimal
purging durations based on actual process dynamics rather
than predefined time settings. This capability holds signifi-
cant potential for process optimization as it can reduce pro-
duction times and improve core quality by preventing unnec-
essary purging and ensuring complete removal of the cata-
lyst.

Although the current setup was tested on a simple core ge-
ometry with a single exhaust vent, the principles and method-
ologies developed can be extended to more complex core
geometries and industrial-scale PUCB machines. Integrat-
ing this measurement system into existing machinery could
facilitate advanced automation strategies. Future work may
involve using the measurement system to validate compu-
tational models of the sand core to further enhance process
understanding. Additionally, exploring the application of this
measurement system to monitor other catalysts or processes
within the foundry industry could broaden its utility.

In conclusion, the ultrasonic measurement system pro-
vides a robust and effective solution for real-time monitor-
ing of the PUCB process. Its implementation can lead to en-
hanced efficiency and product quality in foundry operations,
addressing a critical need for reliable process monitoring in
the industry.
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findings of this study are available from the corresponding author,
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