
ABSTRACT: An ultrasonic technique was developed to study
the crystallization process of edible fats on-line. A chirp wave
was used instead of the conventional pulser signal, thus achiev-
ing a higher signal-to-noise ratio. This enabled measurements to
be made in concentrated systems [~20% solid fat content (SFC)]
through a 8.11-cm thick sample without significant signal loss.
Fat samples were crystallized at 20, 25, and 30°C at a constant
agitation rate of 400 rpm for 90 min. The crystallization process
was followed by ultrasonic spectroscopy and a low-resolution
pulsed nuclear magnetic resonance spectrometer. Specific rela-
tionships were found between ultrasonic parameters [integrated
response, time of flight (TF), and full width half maximum] and
SFC. TF, which is an indirect measurement of the ultrasonic ve-
locity (v), was highly correlated to SFC (r2 > 0.9) in a linear fash-
ion (v = 2.601 SFC + 1433.0).
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Sensing and measurement of food properties is crucial to the
improvement of the quality of food and profitability of food
manufacturing operations. Instrumental measurements can re-
duce the dependence on time-consuming chemical and sensory
analysis. Measurements should provide some information
about the food (e.g., temperature, composition, structure, con-
centration) that will be useful in controlling final product qual-
ity. The response time is crucial, so although laboratory tests
on finished product are valuable, measurements made on-line
of the freshly made or in-process foods are better. On-line sen-
sors used in the food industry must also be inexpensive and ro-
bust to survive in the frequently hot and wet environment of a
food-processing plant. The technique should also be both non-
destructive and amenable to hygienic design principles (ide-
ally, noninvasive). It should also provide a relatively simple
output to an operator or an automated control system (1).

Ultrasonic technology has advantages over many techniques
because it can be applied to systems that are optically opaque,

concentrated, and electrically nonconducting. In addition, ul-
trasonic measurements are rapid and precise, are nondestruc-
tive and noninvasive, can be fully automated, are nonhaz-
ardous, and are particularly suitable for on-line monitoring. 

Ultrasound techniques exploit the interaction of high-fre-
quency sound with matter to generate information about mate-
rial physicochemical properties. Such techniques have been es-
tablished and used in numerous fields such as medicine,
oceanography, and materials science. A number of publications
have demonstrated the usefulness of ultrasound in food re-
search, including particle size determination, creaming, crys-
tallization, and aggregation phenomena in emulsions (2,3).
Ultrasound also has been used to characterize the rheological
behavior of solid fat dispersions and xanthan/sucrose mixtures
(4,5) and to calculate the percentage of frozen material in foods
(6). The ultrasonic velocity of a fatty material increases as its
solid fat content (SFC) increases; hence, ultrasonic velocity
measurements can be used to determine SFC of emulsions and
bulk fats (7–13). Previous work with solid/liquid fat measure-
ments using ultrasonics has been successful at fat contents
below 10%. Most of the trouble was related to problems get-
ting a signal through the material, resulting in a high attenua-
tion at SFC contents higher than 10% (11). Singh et al. (13)
found a linear correlation between ultrasonic velocity and SFC
for concentrated fat samples (~20% SFC) when they were crys-
tallized in a 1.6-cm cell. These experiments were generally
done with a simple pulser receiver combination and an oscillo-
scope. A new ultrasonic technology used in this study consisted
in the generation of a chirp wave, instead of a traditional pulser,
with low-frequency contact transducers. This system has a far
greater dynamic range and capability, enabling the penetration
of the ultrasonic signal through 8.11 cm of crystallized fat with
high SFC values. As a result of its high penetration capacity,
this new technology could be used for on-line measurements.

The objective of this work was to use this ultrasonic tech-
nology to explore relationships between ultrasonic parameters
(integrated response, time of flight or velocity, and full width
half maximum) and SFC determined by low-resolution pulsed
nuclear magnetic resonance (p-NMR). Since there is a great
need to determine SFC on-line in food processing operations,
such a technique would lead to significant improvements in
process control and product quality.
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MATERIALS AND METHODS

Crystallization procedure. Five fat samples (samples 1, 2, 3, 4,
and 5 with melting points of 46.1, 43.5, 40.7, 41.2, and 36.6°C,
respectively) were crystallized at 20, 25, and 30°C in a crystal-
lization cell especially designed to monitor fat crystallization
on-line by means of ultrasonic technology. Crystallization was
performed under agitation using 400 rpm of shear. The agita-
tion rate was constant for all samples and all crystallization
temperatures to avoid variation in the ultrasonic measurement
due to different shear rates. The cell temperature was controlled
by means of water circulated from a water bath set at the par-
ticular crystallization temperature. Samples were heated to
120°C in an oven, held at this temperature for 30 min, and then
introduced into the cell. The temperature profile was monitored
by means of a thermocouple dipped into the sample, and the
crystallization process was followed by means of ultrasonics
and p-NMR for 90 min.

Chemical composition. The FA composition was deter-
mined using GC. A column of 5 mm outer diameter, 3 mm in-
ternal diameter, and 1.5 m long was filled with 10% Silar 9CP
on Chromosorb W, AW 80/100 mesh (Chromatographic Spe-
cialties, Ltd., Brockville, Ontario, Canada). This column was
placed in a gas–liquid chromatograph (model GC-8A; Shi-
madzu, Kyoto, Japan). The chromatograph oven was set at
60°C, and then a temperature ramp was programmed from 60
to 210°C at 8°C/min. The detector and injector temperatures
were held at 230°C. Nitrogen was used as the carrier gas, and
both hydrogen and air were used to feed the FID. Before chro-
matographic analysis, the FAME of the TAG FA were synthe-
sized. A 50-mg sample of fat was placed in a vial and dissolved
in 2 mL of iso-octane. KOH, 2 N in MeOH (200 µL), was
added. The mixtures were vortexed for 1 min, and after 5 min,
2 drops of methyl orange were added. Finally, the sample was
titrated with 2 N HCl until a pink end point was observed. Then
0.5 µL of the organic phase was injected into the chromato-
graph. The resulting peaks were integrated using a Shimadzu
integrator (C-R3A Chromatopac). The chemical composition
of the samples is detailed in Table 1.

Melting points. Melting points of the five fat samples were
determined by means of DSC (model DSC 2910; DuPont In-
struments). First, 5–10 mg of each melted sample was placed
in an aluminum DSC pan. After placing the DSC pan in the

DSC oven, it was heated at 10°C/min to 80°C and kept at this
temperature for 15 min to ensure that the sample was com-
pletely melted. After this step, the sample was cooled at
10°C/min to 0°C and held at this temperature for another 15
min to induce crystallization. After this temperature cycle, the
DSC pan was heated at 5°C/min to 80°C to follow the melting
profile of the fats. The m.p. of the samples were reported as the
peak temperature obtained from the melting thermograms. A
thermal description (peak temperature, Tp; onset temperature,
To; and final temperature, Tf) of the samples can be found in
Table 2. Data reported in this work were the average of two in-
dependent runs.

Crystallization cell. The crystallization cell used to study the
relationship between SFC and ultrasonic parameters is shown in
Figure 1. This figure shows the two transducers from the ultra-
sonic spectrometer operating in contact mode (no air between
the transducers and the sample). The crystallization cell was de-
signed with two polycarbonate windows where the transducers
were placed. Windows were made of polycarbonate since this
material does not affect ultrasonic wave propagation. A good
contact between the transducers and the windows was achieved
by means of vacuum grease. Both transducers were aligned so
that one of the transducers generated the ultrasonic wave and the
other one received it (transmission mode). The wave propaga-
tion direction is indicated in Figure 1 by the arrow. 

Ultrasonic measurements. Ultrasonic measurements were
performed by means of an SIA-7 ultrasonic spectrometer (VN
Instruments Ltd., Elizabethtown, Ontario, Canada). Transduc-
ers of 550 kHz and 1 MHz center frequency (GE Panametrics,
Waltham, MA) were used to generate the ultrasonic wave. A
chirp pulse was used in these experiments instead of the tradi-
tional pulser signal. The chirp pulse was generated over a range
of frequencies with different amplitudes. The center frequency
of the chirp corresponds to the transducer center frequency
(550 kHz and 1 MHz), and the range of frequencies in which
these transducers operate is called the bandwidth. A synthetic
impulse (SI) was generated from the chirp by means of a digi-
tal receiver processor. Three parameters can be measured from
the SI image: integrated response (IR), time of flight (TF), and
full width half maximum (FWHM). The meaning of these pa-
rameters and how they are calculated will be described in the
Results and Discussion section. Data reported are averages of
two replicates.
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TABLE 1 
FA Composition (%) of the Five Samples Assayed

Sample

Carbon number 1 2 3 4 5 Canola oil

12:0 0.36 0.37 0.32 0.27 0.15 0
14:0 0.69 0.642 0.75 0.71 0.64 0.16
16:0 25.13 24.19 25.91 28.48 25.34 6.01
18:0 14.45 10.67 5.65 6.47 4.15 3.49
18:1 46.02 49.94 55.35 51.72 54.41 59.39
18:2 9.63 10.30 8.25 8.80 11.71 20.28
18:3 + 20:0 3.72 3.89 3.76 3.55 3.67 10.75
Total 100 100 100 100 100.08 100.08



SFC measurements. SFC was measured by means of p-NMR
(Bruker Optics Ltd., Milton, Ontario, Canada) as crystallization
took place. Samples were taken from the crystallization cell with
a Pasteur pipette and put into a NMR tube to perform the mea-
surement. The crystallization process was followed by taking
samples every minute for the first 10 min and then every 5 min
until the end of crystallization process (90 min). Data reported
are averages of two individual measurements. The error in the
SFC determinations was approximately 1%.

Statistical analysis. Statistic analysis was performed to eval-
uate significant differences of the treatments using a one-way
ANOVA test (P < 0.05).

RESULTS AND DISCUSSION

Ultrasonic measurements. The technology used in these exper-
iments relies on the generation of a chirp wave instead of a
pulser signal. The chirp wave contains a range of frequencies
with different amplitudes. This signal starts at low frequency
and amplitude and increases in frequency over the duration of
the signal. Meanwhile, the amplitude reaches a maximum and
then decreases. Therefore, these transducers operate over a
range of frequencies (bandwidth) with a center frequency
called transducer frequency (550 kHz and 1 MHz). A typical
chirp wave is shown in Figure 2a. Chirp parameters (bandwidth
and frequency) can be changed to obtain reliable data and an
optimal signal-to-noise ratio. Both parameters are determined
by the type of transducer used. The chirp generated by one of
the transducers travels through the sample to reach the second
transducer. Once the chirp wave has reached the second trans-
ducer (modified or not by the sample), it is processed by a digi-
tal receiver that converts this complicated signal into a simpler
one. A digital receiver converts a waveform (such as a voice
recorder or music) into a representation in which one sees the
amplitude and phase of the data relative to an arbitrary refer-
ence signal that is predetermined. That is, a digital receiver
converts raw data from zero frequency to a representation
where the zero is shifted to f = f0. The important thing to know
about this procedure is that the digital receiver will provide an
envelope of the signal while preserving the phase. This
processed data, or envelope, is called the synthetic impulse (SI,
Fig. 2b). The SI image contains all the necessary information
to analyze the ultrasonic characteristics of a test sample. The
advantages of SI over a standard pulser include a greatly im-
proved signal-to-noise ratio, which can be achieved by increas-
ing the duration of the chirp signal and by increasing its ampli-

tude. The SI signal is characterized by three parameters: IR
(area under the curve), TF (position of the peak), and FWHM
(width of the peak). 

(i) IR. This parameter measures the power needed to go
through a sample. Therefore, the IR is a direct measurement of
the attenuation of the signal. As an ultrasonic wave travels
through a material, it is attenuated, i.e., its amplitude decreases
with distance traveled. The major causes of attenuation are ab-
sorption and scattering. Absorption occurs to some extent in all
materials as a result of the thermodynamic relaxation mecha-
nisms that convert energy from the ultrasonic wave into some
other form, ultimately heat (12). Scattering is often the predom-
inant form of attenuation in heterogeneous materials. It occurs
when some of the ultrasonic wave incident on a discontinuity
in a material (e.g., a particle) is scattered in a direction that is
different from that of the incident wave. Scattering of ultra-
sound is important in many systems since it can have a signifi-
cant effect on measured ultrasonic properties, making the ve-
locity and attenuation dependent on particle size as well as con-
centration. 

(ii) TF. The TF depends on the time it takes for the wave to
go from one transducer to the other. If we place a sample be-
tween the transducers, it will displace some air and, since the
speed of sound in the test sample is usually different from the
speed of sound in air, the position of the peak, or TF, will
change in accordance with the change of velocity. The distance
traveled is a constant (8.11 cm), and it depends on the cell
geometry. This distance can be calculated by measuring the TF
of distilled water, for which the velocity is a known constant
(1482.3 m/s at 20°C). Therefore, as velocity is distance trav-
eled, 8.11 cm in our experimental conditions, in a period of
time (TF), we can express our results in function of velocity (v
= 8.11/TF).

(iii) FWHM. The FWHM measures the width of the SI peak
at half its amplitude and is an estimate of the time resolution of
the system. The time resolution of this SI is the width of the
curve. If two signals are present in an image, we would require
that the signals be distinct enough to tell them apart. If they are
too close together, the “overlap” creates ambiguity. For an SI,
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TABLE 2 
Thermal Parameters of the DSC Experiments Performed
to Determine the m.p. of the Samples

DSC parametersa Sample

(°C) 1 2 3 4 5

To 30.9 28.6 18.6 26.1 29.3
Tp 46.1 43.5 40.7 41.2 36.6
Tf 52.6 49.6 46.3 46.7 44.1
aTo, onset temperature; Tp, peak temperature; Tf, final temperature.

FIG. 1. Crystallization cell especially designed to monitor the crystal-
lization process on-line of fat samples by means of ultrasonic technol-
ogy.



the FWHM is expressed in microseconds and is a good indica-
tor of the time resolution of the system. The greater the FWHM
value, the wider the peak, and therefore, the worse the resolu-
tion of the system. This parameter is determined almost entirely
by the bandwidth of the transducers and the shape of the chirp
used to drive them. In general, larger bandwidths (generated by
transducers of higher frequencies) produce smaller FWHM
values and therefore a better time resolution.

Variation of ultrasonic parameters with time. The ultrasonic
parameters, IR, velocity (v), and FWHM were used to follow
the crystallization process of samples 1, 2, 3, 4, and 5 at 20, 25,
and 30°C. Canola oil was also studied in order to know how
these parameters behave when no crystallization occurs, since
oil does not crystallize at the temperatures used. These param-
eters were measured with 550 kHz and 1 MHz transducers.
Figure 3 shows the variation of IR, v, and FWHM values mea-
sured with 550 kHz and 1 MHz transducers for all the samples
crystallized at 25°C. Figures 3a and 3b show that the IR values
increased while the sample temperature decreased toward the
final crystallization temperature (first 3 min of the crystalliza-
tion process approximately). This behavior was observed for
all samples crystallized at all crystallization temperatures as-

sayed and with both transducers. When the crystallization tem-
perature was reached, the IR value remained constant until the
onset of crystallization. We can appreciate, for example, that
this parameter remained constant for canola oil for the duration
of the experiment (90 min) since no crystallization took place
in this sample. For samples 1–5, when crystallization started,
the IR value decreased, showing attenuation of the ultrasonic
signal. This means that the ultrasonic signal generated by the
first transducer could not completely reach the second one be-
cause it had been partially scattered by the solid fat. The de-
crease in the IR value was in accordance with the induction
times of crystallization of each sample. This means that for
samples that were more supercooled, as for example in sample
1, with a m.p. of 46.1°C, the IR decreased before sample 4
crystallized at the same temperature. The latter has a lower m.p.
(41.2°C) and therefore is less supercooled, needing more time
to crystallize. Once crystallization started, the IR values be-
came more attenuated as the crystallization process continued
and, in some cases, the signal was totally attenuated by the
solid (for example, sample 3 crystallized at 25 with 550 kHz
and 1 MHz, Figs. 3a and 3b). Comparing the measurements
made with different transducers (Figs. 3a and 3b), we can ap-

308 S. MARTINI ET AL.

JAOCS, Vol. 82, no. 5 (2005)

FIG. 2. Typical chirp wave (a) and synthetic impulse (b) generated by the transducers.



preciate that samples 2 and 4 displayed complete attenuation
when the measurements were made with the 1 MHz transducer
but only partial attenuation when the measurements were made
with the 550 kHz transducers. The same behavior was observed
for sample 4 crystallized at 30°C (data not shown). These be-
haviors suggest that the 1 MHz transducer was more sensitive
to attenuation than the one at 550 kHz.

The ultrasonic velocity, v, increased as the sample tempera-
ture decreased to reach the crystallization temperature (Figs.
3c and 3d). When the samples reached the crystallization tem-
perature, v values remained constant until crystallization
started, showing at this point a slight change in the slope of the
curve. When crystallization was almost complete, the velocity
decreased as a result of the attenuation. When the ultrasonic
signal is attenuated, the SI peak becomes smaller and broader
and therefore the determination of the TF is not very accurate.
As described for the variation of IR upon crystallization, the v
inflection point was in accordance with the onset of crystalliza-
tion of the different samples at different temperatures. That is,
changes in v values were observed at shorter times for samples
showing shorter induction times owing to a higher supercool-
ing effect. Once the sample had reached the onset of crystal-
lization, v increased as the crystallization process continued.
This is an expected result since ultrasonic velocity is higher in
a solid than in a liquid phase. We can appreciate the v behavior
in the absence of crystallization by observing the canola oil
plot.

FWHM values decreased with decreasing sample tempera-
ture (Figs. 3e and 3f). On reaching the set crystallization temper-

ature, the FWHM remained constant until crystallization started.
If no crystallization was observed (as, for example, in canola oil
samples), the FWHM value remained constant. When crystal-
lization took place, the FWHM increased according to the ex-
pected crystallization behavior of each sample at a specific tem-
perature. The increase in FWHM values indicated that attenua-
tion was changing as a function of frequency. This means that
the higher-frequency components were scattered by the crystal-
lized material; therefore, a narrower bandwidth was detected by
the second transducer, resulting in a higher FWHM. 

Data obtained from these experiments show that ultrasonic
parameters can be used to monitor the crystallization process
since these parameters change when crystallization occurs de-
pending on the sample and the crystallization temperature used.

SFC determination. The SFC variation during the crystal-
lization process was followed by means of p-NMR as described
in the Materials and Methods section. As expected, SFC in-
creased as crystallization took place. SFC variation with crys-
tallization time for all samples crystallized at different temper-
atures is shown in Figure 4. The canola oil sample did not crys-
tallize at any of the temperatures assayed and therefore its SFC
was 0 during the experimental time.

Relationship between ultrasonic parameters and SFC. Fig-
ure 5 shows the IR behavior as SFC increases during crystal-
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FIG. 3. Integrated response (IR), velocity, and full width half maximum
(FWHM) values vs. time for all samples crystallized at 25°C with 550
kHz (a, c, and e, respectively) and 1 MHz transducers (b, d, and f, re-
spectively). n, nn, l, ll, s, and ss for samples 1, 2, 3, 4, 5, and canola
oil, respectively.

FIG. 4. Solid fat content (SFC) variation during the crystallization
process determined by means of pulsed NMR (p-NMR). n, nn, l, ll, and
s for samples 1, 2, 3, 4, and 5, respectively, crystallized at 20 (a), 25
(b), and 30°C (c). The temperature profile for each temperature is shown
(ss).

 



lization for all samples crystallized at 20, 25, and 30°C when
the measurements were made with 550 kHz and 1 MHz trans-
ducers. This figure shows that in most cases, IR decreases as
SFC increases, which is an expected result due to the attenua-
tion of the signal caused by the crystallized fat. The error in
IR determinations was between 25 and 50%. Even though this
is a high error for the absolute value of IR, the tendencies of
the curves were quite reproducible. The differences found be-
tween the IR replicates can be explained by considering that
the IR represents the power of the signal that passes through
the sample. The absolute value of the power is very sensitive
to the agitation rate, position of the impeller, flow lines in the
liquid produced by shear, and so on. No matter which is the
absolute value of the IR parameter, the variation of this value
with temperature or between the liquid and crystallized fat is
constant between replicates. IR and SFC were related in a non-
linear fashion. Small increases in SFC caused attenuation of
the signal (for example, sample 1 in Fig. 5c and samples 1 and
4 in Fig. 5d) lead to a large decrease in IR. The attenuation
seems to happen especially after the sample reaches ~8% of
SFC, but it seems to be system dependent. These results are in
accordance with the data reported by Singh et al. (10,13). This
fact suggests that some other factors than the SFC might be
affecting the attenuation of the signal. 

Figure 6 shows the variation of FWHM with SFC for all sam-
ples crystallized at 20, 25, and 30°C and measured with 550 kHz
and 1 MHz transducers, respectively. FWHM increases as SFC
increases due to the change of attenuation as a function of fre-
quency as described before. This figure shows the average data
for two independent runs, with an error of ~1%. A nonlinear de-

pendence between FWHM and SFC is observed. Significant dif-
ferences between the measurements made with the 550 kHz and
1 MHz transducer can be appreciated from Figure 6; these were
expected since FWHM is highly dependent on the bandwidth of
the signal. Measurements made with 550 kHz transducers have
a bandwidth of 650 kHz whereas 1 MHz transducers have a
bandwidth of 900 kHz. Higher bandwidths, as is the case of the
1 MHz transducers, result in lower FWHM. 

Figure 7 shows the variation of v with SFC for all samples
crystallized at 20, 25, and 30°C with the different transducers.
Data shown are the average of two independent runs, and the
error is ~0.5%. As expected, v increased as SFC increased as a
result of the difference in the ultrasonic velocity value between
the liquid and the solid fat. Linear regression was used to fit the
v vs. SFC data. The linear parameters of these lines (slope and
y-intercept) were not significantly different from each other,
and the regression coefficients were around 0.9 (Table 3). The
correlation analysis was made using data points starting from
the onset of crystallization (SFC ≠ 0). Also, data points that
showed high attenuation were not taken into account for the
linear regression analysis since, as explained before, when at-
tenuation occurs the TF measurement is less accurate than
when no attenuation is present. The same criterion was used
for data shown in Figures 5 and 6.

ANOVA test. Analyzing the variation of the three ultrasonic
parameters (IR, v, and FWHM) with SFC (Figs. 5–7 and Table
3), we can appreciate that the ultrasonic velocity is the one that
best describes the crystallization behavior of the samples. There-
fore, v was chosen to calculate the SFC of the samples by means
of ultrasonic technology. The v vs. SFC of each sample can be
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FIG. 5. IR variation with SFC for all samples crystallized at 20, 25, and
30°C with 550 kHz (a, c, and e, respectively) and 1 MHz transducers
(b, d, and f, respectively). n, nn, l, ll, and s for samples 1, 2, 3, 4, and
5, respectively. For abbreviations see Figures 3 and 4.

FIG. 6. FWHM variation with SFC for all samples crystallized at 20, 25,
and 30°C with 550 kHz (a, c, and e, respectively) and 1 MHz transduc-
ers (b, d, and f, respectively). n, nn, l, ll, and s for samples 1, 2, 3, 4,
and 5, respectively. For abbreviations see Figures 3 and 4.



predicted by the linear regression parameters described in Table
3. This means that by measuring the v of a specific sample at a

chosen crystallization temperature (20, 25, or 30°C) using trans-
ducers of 550 kHz or 1 MHz of frequency, we can calculate its
SFC. It is obvious from this statement that these regressions are
system, temperature, and transducer specific. 

To analyze whether the crystallization temperature and the
transducers used to perform the experiment had an effect on
the linear regression parameters found, a one-way ANOVA test
was performed on the slope and y-intercept values of v vs. SFC
data. No significant differences were found in these parameters
between the crystallization temperature and transducers used.
Taking these results into account, a unique equation can be de-
rived describing the relationship between v and SFC. The
global equation obtained is:

v = 2.601 SFC + 1433.0 [1]

The SE in the y-intercept is ±16.48 and in the slope is ±0.7160.
However, a one-way ANOVA test of the slopes and the y-inter-
cepts of Table 3, made to compare differences between sam-
ples, showed that they were significantly different. Therefore,
Equation 1 is sample dependent, and more accurate results will
be obtained if SFC is calculated with the particular equations
shown in Table 3.

Figure 8 compares SFC values obtained using the ultrasonic
technique (measuring TF, and therefore velocity) and the p-
NMR method for samples crystallized at 25°C. The ultrasonic
data were calculated using the particular correlation values of
the specific linear regression of each sample crystallized at a
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FIG. 7. Velocity variation with SFC for all samples crystallized at 20,
25, and 30°C with 550 kHz (a, c, and e, respectively) and 1 MHz trans-
ducers (b, d, and f, respectively). n, nn, l, ll, and s for samples 1, 2, 3,
4, and 5, respectively. For abbreviation see Figure 4.

TABLE 3 
Parameters of the Linear Fit Between the Ultrasonic Velocity (v) and the Solid Fat Content (SFC) Values for All
Samples Crystallized at 20, 25, and 30°C for Measures Made with 550 kHz and 1 MHz Transducers

Regression values (v = a + b SFC)
Tc = 20°C

550 kHz 1 MHz

Sample a b R2 a b R2

1 1405.1 3.2920 0.9631 1412.9 3.0540 0.9566
2 1418.4 3.2057 0.9653 1429.8 2.9944 0.9667
3 1432.0 2.5401 0.9650 1445.4 2.5514 0.9698
4 1427.6 2.9836 0.9588 1440.0 3.2037 0.9786
5 1461.4 2.2012 0.9701 1470.8 1.8639 0.9664

Tc = 25°C
550 kHz 1 MHz

Sample a b R2 a b R2

1 1411.8 2.0454 0.9398 1423.7 2.2904 0.9454
2 1417.7 3.2828 0.9615 1432.7 3.0013 0.9654
3 1430.8 1.9748 0.9317 1447.9 1.7131 0.9222
4 1429.3 2.5902 0.9656 1444.1 2.5519 0.9616
5 1448.1 1.2106 0.7207 1463.2 2.3569 0.7813

Tc = 30°C
550 kHz 1 MHz

Sample a b R2 a b R2

1 1402.8 3.3332 0.9480 1417.8 3.3964 0.9463
2 1419.8 2.5400 0.9742 1436.9 2.3777 0.9630
3 1427.9 1.3104 0.9550 1440.2 2.7025 0.9762
4 1430.1 1.2435 0.9646 1444.7 2.4269 0.9718
5 1432.2 3.6806 0.9250 1446.1 4.1117 0.9519



specific crystallization temperature and using a specific trans-
ducer (Table 3). These data show that no significant differences
were found between the values obtained with the ultrasonic and
the p-NMR methods. Therefore, we can use ultrasonic spec-
troscopy to determine SFC on-line accurately in a simple way.
It is important to notice here that when the samples reached
their plateau in the SFC curve, no measurements were possible
using the ultrasonic technology owing to the high attenuation
of the wave. However, the attenuation observed was not depen-
dent only on the SFC of the sample. For example, we can ap-
preciate in Figures 8a and 8b (sample 1) that the attenuation
starts at approximately 17% whereas in Figures 8e and 8f
(Sample 3) the attenuation starts at about 22%. 

From the data reported in this work, we can reach several
important conclusions. The crystallization process of fats can
be monitored using ultrasonics. Specific relationships exist be-
tween the ultrasonic velocity and SFC that enable the measure-
ment of SFC during crystallization in an 8-cm thick sample.
Therefore, this new technology can be used to perform on-line
measurements. 
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FIG. 8. Comparison between SFC values measured with p-NMR (nn) and
ultrasonics (n) for samples crystallized at 25°C. Sample 1 (a, b), sample
2 (c, d), sample 3 (e, f), sample 4 (g, h) and sample 5 (i, j) with 550 kHz
and 1 MHz transducers, respectively. For abbreviations see Figure 4.


