DEVELOPMENT OF THE ENHANCED HALSEY MODEL
TO PREDICT EQUILIBRIUM MOISTURE CONTENT
(EMC) OF SUNFLOWER SEEDS WITH
DIFFERENT OIL CONTENTS
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ABSTRACT. Using the right equilibrium moisture content (EMC) relationship is critical for implementing successful aera-
tion strategies and for determining the safe storage moisture content of grains and oilseeds. The oil content of sunflower
seeds substantially affects the moisture equilibrium relationship, implying that a specific set of model parameters for each
oil content range should be obtained. To overcome this practical limitation, the Enhanced Halsey model was developed
incorporating a new parameter (D) to characterize the effect of oil content on the original Modified Halsey model. The
constants A, B, C, and D of the model were obtained for a wide range of temperatures, moisture and oil contents. The
simplicity of the Enhanced Halsey model and the possibility of adapting EMC as a function of oil content make the En-
hanced Halsey model valuable for engineering applications (e.g., aeration controllers) and for predicting the safe storage

moisture content of seeds with different oil contents, such as sunflower.
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rain equilibrium moisture content (EMC) and

equilibrium relative humidity (ERH) designate

the corresponding moisture and humidity values

at which grain is in moisture equilibrium with
the interstitial air (Maciel et al., 2015). The EMC depends
on the temperature, the relative humidity (RH) of the envi-
ronment, characteristics of the material (e.g., variety),
treatment of the samples (e.g., drying temperature, drying
and rewetting process), composition of the material, and
method used for obtaining the EMC/ERH relationship
(Bartosik, 2003; Brooker et al., 1992; Chen, 2000; Chen
and Morey, 1989a; Choi et al., 2010; Giner and Gely, 2005;
Jayas and Mazza, 1991; Pixton and Warburton, 1971a,
1971b).

The most frequently used empirical models to predict
ERH based on a set of grain-specific constants, tempera-
ture, and moisture content (MC) of the grain are the Modi-
fied Henderson, Modified Chung-Pfost, Modified Halsey,
and Modified Oswin models. ASABE Standard D245.6
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(ASABE, 2007) provides a description of the current mod-
els and their parameters (4, B, and C) for different agricul-
tural products.

It has been reported that the Modified Halsey equation is
a good model for high-oil products in general (Iglesias and
Chirife, 1976a, 1976b). Additionally, Maciel et al. (2015)
evaluated four empirical models to predict the ERH rela-
tionships of sunflower hybrids with seed oil contents (OC)
from 35.7% to 52.7% and concluded that the Modified Hal-
sey model (MHM) was the best. Mazza and Jayas (1991)
evaluated different models to predict EMC relationships for
sunflower seeds, hulls, and kernels and arrived at a similar
conclusion.

The original Halsey model (Halsey, 1948) described the
EMC relationship as a condensation of multilayers. Tem-
perature dependence was included by Iglesias and Chirife
(19764, 1976b) through an empirical exponential term. This
yielded the so-called Modified Halsey equation (eq. 1):

()

RH :exp{— exp(A+B><T)}

mc€

where

RH = relative humidity (dec.)

T = temperature (°C)

A, B, and C = constants of the product

MC = moisture content (% d.b.).

The effect of OC on the ERH/EMC relationship was
previously investigated. Mazza and Jayas (1991) demon-
strated that EMC curves were coincidental when calculated
on an oil-free basis. Giner and Gely (2005) reported that
sunflower ERH increased with OC, and later Maciel et al.
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(2015) obtained specific sets of parameters for sunflower
seeds with four different OC values (from 35.7% to
52.7%). Using the right EMC relationship is critical for
implementing successful aeration strategies (Thorpe, 2002).
Because OC affects the EMC relationship of sunflower
seeds, adjusting the EMC relationship based on OC is im-
portant for targeting a specific MC during aeration. Proper
EMC relationships are also important for determining the
safe storage moisture content (SSMC) of grains. It is gener-
ally accepted that storage molds grow very slowly at RH
values lower than 70%; thus, safe storage conditions are
achieved when the product is stored at MC in equilibrium
with RH of 67% or less in the interstitial air (Abadia and
Bartosik, 2013). In recent years, the OC of sunflower seeds
in Argentina (and in most sunflower-producing countries)
has substantially increased, but the trade MC remains at
11% (SAGyP, 1994). Recommendations for SSMC are
controversial because there is a wide OC range (from 39%
to 55%) in the sunflower seeds currently available in the
market (ASAGIR, 2010), implying that there is also a wide
range of SSMC values. Because trading sunflower below
the market MC implies a weight reduction in the delivered
grain and a monetary loss for farmers and grain elevators,
the consequence is that sunflower seeds with high OC are
stored at the unsafe condition of 11% MC. As a result, eve-
ry year there are storage bins with quality losses due to
fungal spoilage and even fire damage.

To improve the postharvest management of sunflower
seeds, better prediction is required of the EMC relationship
adjusted by OC. Two approaches could be implemented:
(1) develop a specific set of parameter values for hybrids
with different OC values, or (2) incorporate OC as a factor
to improve EMC prediction for sunflower seeds. The sec-
ond approach seems to have practical advantages because
the OC is usually known (or can be easily determined) and,
once a single set of parameters is obtained, the EMC curve

can be easily adjusted with the OC. Thus, the goal of this
study was to develop an Enhanced Halsey model (EHM) by
incorporating OC as a variable in order to improve the
EMC prediction for sunflower hybrids.

METHODOLOGY
EXPERIMENTAL DATA

This study used experimental data generated by Maciel
et al. (2015). A summary of the experimental procedure
states that four plots of the same sunflower hybrid (Agrobel
967) were exposed to different levels of defoliation, which
caused different OC values in the seeds: 35.7%, 44.6%,
48.6%, and 52.7% (dry basis). From each set of seeds, sub-
samples were exposed to two treatments (desorption and
adsorption) and then conditioned to specific MC values
(about 6%, 9%, 14%, 17%, 21%, and 25% d.b.; tables 1
and 2). Next, the conditioned samples were placed in glass
jars of 370 mL capacity and hermetically sealed with rub-
ber caps. A temperature and RH sensor (Vaisala
HMD60U/Y-M210276en-A) was inserted through the rub-
ber cap into the glass jar to accurately measure the tempera-
ture and RH of the interstitial air. The sealed jars, with
grain samples and temperature and RH sensors, were
placed in a temperature chamber (ING.MAS, Rosario, Ar-
gentina) with a programmed decreasing temperature cycle
from 35°C to 8°C, allowing 24 h to achieve sorption equi-
librium at each temperature. Grain MC was measured be-
fore and after the EMC experiment by the oven method in
triplicate (ASABE, 2003). For each ERH/EMC pair of data,
four replicates were considered. Tables 1 and 2 summarize
the EMC/ERH experimental data.

MODEL CONSTRUCTION
The literature indicated that the MHM was best for pre-

Table 1. Equilibrium temperature, RH, and MC data for desorption experiments using sunflower seeds with four oil contents (average of four

replicates) (from Maciel et al., 2015).

35.7% Oil 44.6% Oil 48.6% Oil 52.7% Oil

Temp. ERH EMC Temp. ERH EMC Temp. ERH EMC Temp. ERH EMC
()] (%) (% d.b.) (°C) (%) (% d.b.) (°C) (%) (% d.b.) (°C) (%) (% d.b.)
123 423 8.1 11.3 41.9 7.4 12.1 47.7 6.6 11.3 49.2 6.4
12.3 61.2 11.2 12.2 64.5 10.5 11.0 68.5 9.1 11.4 66.8 8.3
132 74.3 16.7 11.8 77.0 16.0 12.1 78.1 12.6 11.3 713 11.0
11.4 77.1 214 11.9 79.4 19.8 114 79.6 16.7 11.6 82.6 14.9
12.6 77.0 24.7 11.9 79.6 21.7 12.5 80.2 19.6 11.5 80.9 18.8
13.4 77.1 26.6 11.2 78.9 24.5 11.5 83.4 222 11.0 82.1 22.7
19.3 44.0 8.1 19.6 443 7.4 19.7 49.2 6.6 20.5 52.3 6.4
19.3 61.2 11.2 20.1 65.0 10.5 19.3 69.5 9.1 20.1 67.4 8.3
18.8 74.0 16.7 19.6 71.5 16.0 19.8 78.6 12.6 19.9 77.6 11.0
18.7 71.5 21.4 20.1 79.7 19.8 19.8 81.0 16.7 20.1 83.2 14.9
18.9 71.7 24.7 18.6 79.9 21.7 20.3 81.6 19.6 20.2 82.7 18.8
19.0 71.5 26.6 20.2 80.5 24.5 19.3 83.7 222 19.9 82.4 22.7
25.4 43.9 8.1 24.5 432 7.4 309 50.1 6.6 243 50.7 6.4
25.5 60.7 11.2 24.7 64.6 10.5 30.7 69.6 9.1 25.1 67.5 8.3
24.8 73.5 16.7 25.0 77.0 16.0 31.2 79.7 12.6 249 77.1 11.0
24.8 71.5 21.4 24.9 79.9 19.8 31.0 83.2 16.7 25.2 82.8 14.9
24.7 71.5 24.7 25.6 80.2 21.7 31.3 84.2 19.6 25.0 82.4 18.8
25.0 77.9 26.6 24.0 80.8 24.5 30.6 84.6 222 244 83.3 22.7
35.6 46.0 8.1 353 44.9 7.4 353 49.6 6.6 34.5 51.5 6.4
355 61.7 11.2 353 64.9 10.5 349 68.1 9.1 34.6 67.3 8.3
35.4 74.3 16.7 354 77.6 16.0 355 77.9 12.6 347 77.1 11.0
35.0 78.9 21.4 355 80.7 19.8 35.1 82.1 16.7 34.4 833 14.9
35.6 79.3 24.7 359 81.5 21.7 35.7 83.6 19.6 349 83.9 18.8
35.6 79.3 26.6 35.4 82.7 24.5 35.4 85.0 22.2 34.6 84.9 22.7
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Table 2. Equilibrium temperature, RH, and MC data for adsorption experiments using sunflower seeds with four oil contents (average of four

replicates) (from Maciel et al., 2015).

35.7% Oil 44.6% Oil 48.6% Oil 52.7% Oil

Temp. ERH EMC Temp. ERH EMC Temp. ERH EMC Temp. ERH EMC
(°C) (%) (% d.b.) (°C) (%) (% d.b.) (°C) (%) (% d.b.) (°C) (%) (% d.b.)
11.4 323 6.2 13.4 473 7.9 9.9 51.7 7.1 11.6 46.9 6.0
11.7 53.4 9.4 12.9 63.1 10.1 9.8 68.3 9.3 11.9 69.7 8.7
12.1 65.6 12.1 13.0 74.4 13.9 10.0 79.1 12.6 11.6 77.8 12.1
12.2 72.1 14.4 12.6 77.2 17.4 9.8 78.5 15.6 11.4 80.6 14.7
12.4 77.4 18.1 13.2 87.0 22.5 10.1 80.3 17.9 11.7 84.2 18.3
13.8 717.1 21.7 12.7 79.2 25.6 9.9 79.6 22.7 12.0 81.8 22.1
18.5 33.7 6.2 19.9 48.9 7.9 19.0 52.8 7.1 19.3 47.9 6.0
18.7 53.2 9.4 19.5 62.9 10.1 19.6 68.5 9.3 19.4 69.6 8.7
19.2 65.7 12.1 19.9 74.7 13.9 19.7 78.7 12.6 19.3 78.6 12.1
18.5 71.7 14.4 19.6 78.1 17.4 19.5 79.3 15.6 19.3 81.5 14.7
18.2 77.3 18.1 20.0 84.3 22.5 19.7 81.1 17.9 19.4 84.1 18.3
19.2 76.9 21.7 18.0 79.4 25.6 19.2 81.1 22.7 19.6 82.5 22.1
25.7 34.0 6.2 24.4 473 7.9 31.6 54.5 7.1 25.4 49.1 6.0
26.0 53.7 9.4 24.6 62.3 10.1 32.0 68.8 9.3 25.7 70.2 8.7
26.2 64.9 12.1 24.9 73.5 13.9 31.8 79.0 12.6 254 77.4 12.1
26.0 71.5 14.4 24.6 71.7 17.4 322 80.9 15.6 24.8 81.1 14.7
259 76.2 18.1 24.7 84.2 22.5 32.0 82.5 17.9 24.7 84.4 18.3
26.3 77.2 21.7 24.8 78.8 25.6 31.9 83.7 22.7 25.1 82.8 22.1
355 35.6 6.2 34.8 47.8 7.9 34.5 53.5 7.1 345 49.7 6.0
355 54.8 9.4 349 63.1 10.1 34.6 69.1 9.3 34.8 70.3 8.7
36.0 65.4 12.1 353 73.5 13.9 35.1 78.8 12.6 34.6 77.7 12.1
35.6 72.1 14.4 352 78.4 17.4 35.1 81.0 15.6 343 81.4 14.7
35.5 76.5 18.1 35.1 83.4 22.5 352 83.6 17.9 34.2 84.9 18.3
35.9 77.9 21.7 35.7 81.7 25.6 34.6 84.3 22.7 34.4 84.5 22.1

dicting the EMC relationship of sunflower seeds (Maciel et
al., 2015; Mazza and Jayas, 1991); thus, this model was
selected as the basis to develop the enhanced model, named
hereafter the Enhanced Halsey model (EHM).

A nonlinear mixed model, which included a random ef-
fect associated with the sensor inside the chamber run, was
used to separate the error variation from the variation in-
duced by the use of different sensors and different chamber
runs. This model allowed considering the heterogeneity of
variance or correlation between errors but required an intri-
cate stepwise selection of the random structure along with
the structure of the error variance and covariance matrix,
prior to testing the significance of the fixed parameters. The
basic assumption was that the three original parameters (4,
B, and C) follow a linear relationship with OC; thus, each
original parameter in equation 1 was replaced with a linear
equation depending on OC. A random effect of the sensor
inside the chamber run on parameter 4 was also included.
The first fitted model was:

RH :exp(—exp[(A+SA +a;)+(B+Sp)xT
+(D+8p)xOC+(E+Sg)xOCxT |
+[MC(C+SC)+(F+SF)xocD

2

where

RH = relative humidity (dec.)

T = temperature (°C)

OC = oil content (% d.b.)

MC = moisture content (% d.b.)

A, B, and C = original parameters of MHM

D, E, and F = new parameters of EHM that incorporate
the OC effects on the original parameters 4, B, and C,
respectively

61(4): 1449-1456

S4, Sz, Sc, Sp, Sk, and Sr = sorption effects on each pa-

rameter

a; = random effect of sensor i on parameter 4 in each

chamber run.

Experimental data (summarized in tables 1 and 2) were
used to fit the new model with the non-linear mixed effect
package (nlme) of the R program (R Development Core
Team, 2012), and the homogeneity in the residual variance
was checked with residuals plots. The likelihood ratio test
in nested models was used to select the appropriate struc-
ture of variance and covariance errors and the structure of
random effects parameters. Once these structures were
found, the Wald test was used in a stepwise evaluation to
discard non-significant fixed effects until the definitive
EHM was obtained.

PERFORMANCE COMPARISON OF ENHANCED
AND MODIFIED HALSEY MODELS

Two of the most used statistics to compare model per-
formance are the mean relative percentage deviation
(MRD) and the maximal restricted likelihood residual
standard error (SE) (Bartosik and Maier, 2007; Chen, 2000;
Chen and Morey, 1989b; Mazza and Jayas, 1991). Howev-
er, because the data in this study showed heterocedasticity,
SE was a function of the predicted HRE value. In addition,
the SE does not take into account the variation introduced
by the sensor random effect (;), so it was decided to use
the mean prediction error (MPE), which is an alternative to
the SE that incorporates both the error variance function
and the variation induced by the sensors:

MRD =@Z(—|y_ ﬁ'}
N y

3)
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“

where
N = number of data points
vy = observation (HRE)
7 = model prediction for y.

RESULTS AND DISCUSSION
DEVELOPMENT OF ENHANCED HALSEY MODEL

First, the most complex model (eq. 2) was fitted, and
from the residuals plot it was observed that the error vari-
ance increased with fitted values, showing heterocedasticity
in the data (cone shape) (fig. 1a).

Several variance functions were fitted to take into ac-
count the heterocedasticity of the data, and the best was an
exponential function:

var (E;) = Gezexp(ZSﬁi) 5)
where

E; = error of observation y;

G2 = common error variance

0 = parameter of the exponential function

¥ = model predicted value for observation y;.

The inclusion of this variance function in the model im-
proved the residual plot, and the p-value from the likeli-
hood ratio test (p = 0.0002) confirmed that the inclusion of
the error variance function was necessary (fig. 1b).

The Wald test showed that the sorption effect was not
significant for Sr (p = 0.2622), Sc (p = 0.6521), Sg (p =
0.0742), and S (p = 0.0694), but it was significant for Sp
(p < 0.0001) and S4 (p = 0.0350). The OC effect was not
significant for parameters F (p = 0.3597) and E (p =

Standardized residuals

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Fitted values

()

0.3439), but it was significant for parameter D (o = 0.05).
Therefore, the reduced fitted model, including an exponen-
tial variance function for the errors, was:

RH:exp(—exp[(A+SA +al~)+B><T

6
+(D+5p)x0C]+MCC) ©

where

RH = relative humidity (dec.)

T = temperature (°C)

A, B, C, and D = constants of the product

OC = oil content (% d.b.)

MC = moisture content (% d.b.)

S4, Sp = sorption effect on parameters 4 and D

a; = random effect of sensor i on parameter 4 in each

chamber run.

The results showed that the sorption effect was significant
for parameters A (independent) and D (related to OC). How-
ever, the magnitude of hysteresis decreased with OC (from 2
to 4 percentage points of RH for 35.7% OC to <1 percentage
point of RH for 48.6% OC) (fig. 2). This observation was
consistent with Maciel et al. (2015), who found that for low
OC a set of adsorption and desorption parameters was need-
ed, while for high OC the hysteresis effect was not signifi-
cant. Hysteresis was significant in the present study; thus, a
set of adsorption and desorption parameters is offered. How-
ever, because the magnitude of the hysteresis effect was low
(with limited practical consequences in particular for high
0CQ), a set of combined parameters is also offered. The final
model and parameters are shown in equation 7 and table 3
and resulted in MPE and MRD of 0.041 and 5.19, respective-
ly (for the model with Ads/Des parameters).

()

exp(A +Bx T+Dx OC)
RH =exp| - C
MC

Standardized residuals
o
1

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Fitted values

(b)

Figure 1. Standardized residuals of EHM versus fitted values (ERH, dec.) (a) without and (b) with correction of error variance heterogeneity.
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Figure 2. Desorption (solid lines) and adsorption (dashed lines) EMC/ERH relationships for sunflower seeds with 35.7% OC (black lines) and
48.6% OC (gray lines) at 20°C. Note that the Ads/Des lines for 48.6% OC are overlapped.

Table 3. Sunflower seed parameters for the Enhanced Halsey model (EHM) obtained in this study and for the Modified Halsey model (MHM)
from Maciel et al. (2015) and from ASABE Standard D245.6 (ASABE, 2007), and their MPE and MRD statistics.

Oil content Parameter
Model Source Basis Sorption (% d.b.) A B C D MPE MRD
EHM This stud: d.b. Des. 3,325728 -0,002396 1,079093 -0,035057
Y Ads. 35710527 2,992831 -0,002396 1,079093 -0,028352 0.040 4.95
Ads./Des.  35.7t052.7 3.126885 -0.002397 1.067407 -0.031661 0.041 5.19
MHM Maciel et al., w.b. Des. 35.7 2.589510 -0.002956 1.362325 - 0.029 3.54
2015 Ads./Des. 44.6 2.882406 -0.001605 1.580176 - 0.033 3.65
Ads./Des. 48.6 2.634855 -0.003180 1.603767 - 0.039 4.20
Ads./Des. 52.7 2.433091 -0.002736 1.552026 - 0.039 3.98
ASABE, 2007 d.b. Ads./Des. 47.0 3.2945 -0.0143 1.8641 - 0.127 17.20
where (ASABE, 2007) were developed for sunflower seeds with

RH = relative humidity (dec.)

T = temperature (°C)

A, B, C, and D = constants of the product
OC = oil content (% d.b.)

MC = moisture content (% d.b.).

FITTING AND COMPARISON OF MODIFIED
AND ENHANCED HALSEY MODELS

Figure 3 plots the experimental (symbols) and predicted
ERH data using the EHM (solid red line) with the Ads/Des
set of parameter values shown in table 3 (for 20°C), indi-
cating that the model predicted reasonably well the mois-
ture relationship of sunflower seeds for different OC values
(MPE and MRD of 0.041 and 5.19, respectively). As ex-
pected, when the model was fitted for a specific OC
(Maciel et al., 2015) (dashed blue line), the error decreased
(MPE from 0.029 to 0.039 and MRD from 3.54 to 4.20).
Even though the error is lower, the difference with the error
of the EHM is small. Thus, given that the error difference
between the two models is low, it is important to consider
the practicality of using a more general but simple model
versus using the MHM and developing a specific set of
parameters for each OC. On the contrary, using the single
set of parameters currently offered in the ASABE Standard
could lead to large errors (black solid lines), particularly for
low OC samples (MPE of 0.57 and MRD of 17.2). This is
because the parameters offered in the ASABE Standard

61(4): 1449-1456

OC of about 47%.

EFFECT OF OIL CONTENT ON EQUILIBRIUM
MOISTURE CONTENT RELATIONSHIP

Figure 4 shows the EMC/ERH curves for different OC
values (from 35% to 55%) at 20°C predicted with the
EHM. The effect of OC on the ERH was greater at low MC
than at high MC. Additionally, the ERH increased by
5 percentage points when the OC increased from 35% to
40%; however, the ERH only increased by 3.8 percentage
points when the OC increased from 50% to 55%, indicating
that the effect of OC on ERH was greater at low OC levels.

OIL CONTENT AND SAFE STORAGE
MOISTURE CONTENT

Figure 5 shows that the recommended SSMC (ERH of
67%) derived from the EHM for sunflower seeds at 20°C
decreased from 13.0% to 7.6% as the OC increased from
35% to 55%. In general, for each 5 percentage point in-
crease in OC, the SSMC decreased by 1.1 to 1.6 percentage
points. The Sunflower Quality Standards of Argentina
(SAGyP, 1994) historically set the market MC at 11% (sol-
id black line in fig. 5), implying that seeds with OC of
about 35% might be safely stored at any temperature, seeds
with OC of about 40% could be safely stored only at tem-
peratures below 30°C, and seeds with OC above 40% can-
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Figure 3. Observed (symbols) and predicted ERH values with the Enhanced Halsey model with the Ads/Des parameters (solid red line), with the
Modified Halsey model (dashed blue line) with the parameters from table 3 for a specific OC (Maciel et al., 2015), and with the Modified Halsey
model with the ASABE Standard parameters (black solid line) for OC of (a) 35.7%, (b) 44.6%, (c) 48.6%, and (d) 52.7% at 20°C.
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Figure 4. Predicted ERH values with the Enhanced Halsey model for sunflower seeds with different oil contents: yellow = 35%, blue = 40%,

red = 45%, green = 50%, and violet = 55% (isotherm of 20°C).

not be safely stored at 11% MC. When the Sunflower Qual-
ity Standard of Argentina was originally established (be-
ginning of the twentieth century), the OC of hybrids was
substantially lower than today (about 40%). This implies

1454

that the market MC of sunflower seeds should be adjusted
as a function of the OC to promote safe storage conditions
for this oilseed. The EHM should be a valuable tool for
predicting the SSMC of sunflower seeds with different OC,
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Figure 5. Safe storage moisture content (% w.b.) (ERH of 67%) predicted with the Enhanced Halsey model for five oil contents (35%, 40%,
45%, 50%, and 55%) and temperatures from 10°C to 40°C, and the market MC (11%) for sunflower in Argentina.

which, up to the present, could only be determined by ob-
taining specific sets of parameter values for hybrids with
different OC.

IMPLICATIONS FOR ENHANCED HALSEY MODEL

Using a unique EMC/ERH relationship for sunflower
seeds in aeration controllers could lead to severe overdry-
ing if the aerated seeds have high OC, and vice versa. In
addition, the SSMC could be misestimated by up to 5 per-
centage points if the effect of OC is not considered. These
are typical problem of using the MHM with a single set of
parameters. A specific set of parameters for each OC must
be used if a more precise EMC prediction is required, but
these parameters might not be available. Developing specif-
ic parameters implies conducting EMC/ERH experiments
with specific laboratory equipment (precision ERH sensors,
oven, precision scale, etc.), which requires a considerable
amount of time for processing and conditioning the grain
samples, conducting the experiments, and performing the
statistical analysis. The EHM combines reasonable preci-
sion with practical adjustment of the EMC to different OC
values. It only requires the OC of the sunflower seeds,
which is usually known because OC is a factor in the offi-
cial marketing standard. Thus, the EHM results are valua-
ble for engineering applications, such as aeration control-
lers with fan operating strategies based on the EMC/ERH
relationships, or for determining the SSMC. The parame-
ters of the EHM presented in this study were developed
from experimental data for a single hybrid; additional re-
search is required to test the robustness of the model and
better refine the model parameters. Another consideration
is the use of adsorption, desorption, or combined (ads/des)
sets of parameters. For low OC sunflower seeds, hysteresis
should be considered, but for high OC seeds, the combined
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parameters (ads/des) might be appropriate. Thus, users
must analyze the advantages and disadvantages of the EHM
and consider hysteresis for their particular applications. If
high precision is required, a specific set of parameters
might be necessary; if not, the EHM adjusted by OC with
the set of parameters offered in this study might be appro-
priate.

There are other products for which compositional val-
ues, especially OC, fluctuate due to genotype and pheno-
type variations (e.g., soybean, rapeseeds, etc.), leading to
substantial changes in the EMC relationship. For these
products, the EHM could also be implemented to improve
EMC prediction in a simple and practical fashion.

SUMMARY AND CONCLUSIONS

The Enhanced Halsey model incorporates a new pa-
rameter (D) to characterize the effect of oil content in the
original Modified Halsey model. The Enhanced Halsey
model predicted reasonably well the effect of oil content on
the ERH of sunflower seeds when compared to the tradi-
tional Modified Halsey model with a specific set of param-
eters for a particular oil content. Hysteresis was significant
for low oil content seeds but became meaningless at high
oil content. Users must analyze the precision required in
EMC prediction before deciding to use the Modified Hal-
sey model with a specific set of parameters for each oil
content or using the Enhanced Halsey model. The possibil-
ity of adapting the ERH as a function of oil content makes
the Enhanced Halsey model valuable for engineering appli-
cations (e.g., aeration controllers) and for predicting the
safe storage moisture content of products with large varia-
tion in oil content, such as sunflower seeds.
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