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OPTIMIZATION AND MODELING OF FLOW CHARACTERISTICS  
OF LOW-OIL DDGS USING REGRESSION TECHNIQUES 

R. Bhadra,  R. P. K. Ambrose,  M. E. Casada,  S. Simsek,  K. Siliveru 

ABSTRACT. Storage conditions, such as temperature, relative humidity (RH), consolidation pressure (CP), and time, affect 
the flow behavior of bulk solids such as distillers dried grains with solubles (DDGS), which is widely used as animal feed 
by the U.S. cattle and swine industries. The typical dry-grind DDGS production process in most corn ethanol plants has 
been adapted to facilitate oil extraction from DDGS for increased profits, resulting in production of low-oil DDGS. Many 
studies have shown that caking, and thus flow, of regular DDGS is an issue during handling and transportation. This study 
measured the dynamic flow properties of low-oil DDGS. Flow properties such as stability index (SI), basic flow energy 
(BFE), flow rate index (FRI), cohesion, Jenike flow index, and wall friction angle were measured at varying temperature 
(20°C, 40°C, 60°C), RH (40%, 60%, 80%), moisture content (MC; 8%, 10%, 12% w.b.), CP (generated by 0, 10, and 20 kg 
overbearing loads), and consolidation time (CT; 2, 4, 6, 8 days) for low-oil DDGS. Response surface modeling (RSM) and 
multivariate analysis showed that MC, temperature, and RH were the most influential variables on flow properties. The 
dynamic flow properties as influenced by environmental conditions were modeled using the RSM technique. Partial least 
squares regression yielded models with R2 values greater than 0.80 for SI, BFE, and cohesion as a function of MC, temper-
ature, RH, CP, and CT using two principal components. These results provide critical information for quantifying and 
predicting the flow behavior of low-oil DDGS during commercial handling and transportation. 

Keywords. Dynamic flow properties, Flowabilty, Low-oil DDGS, Multivariate modeling. 

haracterizing bulk granular flow properties is im-
portant because physical (compaction) and envi-
ronmental (temperature and relative humidity, 
RH) variations affect bulk properties during stor-

age, transportation, and mixing (Knowlton et al., 1994). Dis-
tillers dried grain with solubles (DDGS), a coproduct from 
the corn-based ethanol industry, is a bulk granular commod-
ity that is handled and transported at commercial scale in the 
U.S. Because of its protein content (nearly 30% dry basis, 
d.b.) and other key nutrients essential for animal growth, 
DDGS has been used extensively as animal feed for rumi-

nants and non-ruminants (Spiehs et al., 2002). Due to this 
high demand as animal feed, DDGS adds to the overall prof-
itability of the corn ethanol industry. 

The typical dry-grind corn to ethanol conversion process 
results in DDGS with fat content ranging from about 8% to 
12% (d.b.). However, in the last decade, extraction of oil 
(corn oil) from DDGS has become lucrative for creating ad-
ditional profits without compromising the nutritional quality 
of DDGS. More than 50% of the operating dry-grind ethanol 
plants extract oil from DDGS (Shurson and Kerr, 2012). At 
present, in the dry-grind processing plants, corn oil is ex-
tracted from the thin stillage stream (with a potential of re-
moving approximately 30% of corn oil) or after condensed 
distillers solubles (CDS) is mixed with wet cake. Most of the 
plants use a combination of the above methods to extract ap-
proximately 65% to 70% of corn oil. This is also known as 
the “back-end” extraction method (Shurson and Kerr, 2012). 
The fat content in low-oil DDGS ranges from approximately 
4% to 6% (d.b.) with these extraction processes. Currently, 
corn oil is sold at $0.90 kg-1 for primary use in the biodiesel 
industry, thereby stimulating use of back-end extraction in 
the dry-grind ethanol process in order to produce low-oil 
DDGS (Jessen, 2013). 

Caking and cohesiveness among the particles in a bulk 
state are the primary disadvantages of DDGS during han-
dling and transportation. Environmental and storage condi-
tions may exacerbate the caking phenomenon in DDGS. 
Storage and transportation at high RH conditions and in low 
and high temperature environments could lead to particle 
caking due to moisture migration and formation of solid 
bridges. In addition to temperature and RH, consolidation 
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pressure (CP) and consolidation time (CT) could also signif-
icantly affect the bulk behavior of granular solids. McNeill 
et al. (2008) measured changes in bulk density due to over-
bearing pressures from 0 to 69 kPa for five feed ingredients 
(cracked corn, corn meal, soybean meal, cotton seed meal, 
and distillers dried grain without solubles). They found that 
distillers grains exhibited the highest level of packing among 
these five ingredients and that packing increased with in-
creasing moisture content. Teunou and Fitzpatrick (2000) 
found that tea and whey permeate powders showed higher 
powder cohesiveness when CT was increased. 

Ganesan et al. (2009) reported that reduced-fat DDGS 
(2.1% d.b.) had a slightly better flow behavior compared to 
regular (9.3% d.b.) DDGS. However, they classified both the 
reduced-fat and regular DDGS as “cohesive” powders. 
Many studies have quantified the flow challenges in regular 
DDGS (Ganesan et al., 2007; Bhadra et al., 2013) and ex-
plained how changing process conditions and storage sce-
narios could influence flow problems in regular DDGS, but 
no studies have quantified the flow problems of low-oil 
DDGS and their correlation with environmental and storage 
conditions. 

The objectives of this research were: 
• To measure the dynamic flow properties of low-oil 

DDGS as influenced by moisture content (% w.b.), 
storage temperature (°C), relative humidity (%), con-
solidation pressure (kPa), and consolidation time 
(days). 

• To develop response surface models to predict and 
characterize the flow properties of low-oil DDGS as a 
function of storage and consolidation variables. 

• To characterize the flow properties of low-oil DDGS 
using multivariate component analysis and model the 
flow properties of DDGS using partial least squares 
(PLS) regression technique. 

MATERIALS AND METHODS 
SAMPLE COLLECTION AND EXPERIMENTAL DESIGN 

Samples of low-oil DDGS were collected from a com-
mercial ethanol plant (from one batch) and stored at 5°C un-
til the experiments. We assumed that the difference in low-
oil DDGS compositional quality between processing batches 
is negligible. The average fat content of the low-oil DDGS 
was found to be 5.36% (d.b.). Particle size and particle size 
distribution of the samples, before conditioning, were deter-
mined using a Rotap sieve analyzer (model RX-29, Tyler 
Manufacturing, Mentor, Ohio). The geometric mean diame-
ter (GMD) and geometric standard deviation (GSD) were 
calculated using ASAE Standard S319.4 (ASABE, 2009). 
Bulk density of low-oil DDGS was measured using a stand-
ard Winchester cup (Seedburo Equipment, Chicago, Ill.) 
setup, and true density was determined using a gas multipyc-
nometer (AccuPyc II 340, Micromeritics, Norcross, Ga.). 
Angle of repose was measured according to ASTM standard 
method D6393 (ASTM, 1999) for Carr (1965) indices using 
a powder characteristic tester (model PTR, Hosokawa Mi-
cron Powder Systems, Summit, N.J.). Physical property 
measurements were made in triplicate. 

The dynamic flow properties of DDGS were measured at 
different moisture, humidity, and consolidation conditions, 
as listed in table 1. Distilled water was added to the samples, 
which were then mixed for 30 min in a sample mixer for 
uniform distribution of moisture. After mixing, the samples 
were stored at 5°C for 72 h before the tests. The moisture 
content was increased to a higher level, and then the samples 
were spread out on a flat tray for drying to 8%, 10%, and 
12% (w.b.). For RH, temperature, CP, and CT conditioning, 
PVC columns (0.1905 m internal diameter, 0.3048 m height) 
were used. The PVC columns with samples were condi-
tioned in an environmental chamber, and fresh samples were 
used for each conditioning method. 

Zero consolidation pressure reflected no weights on the 
DDGS samples, but 10 and 20 kg consolidation weights 
were used on DDGS samples for 3.44 and 6.89 kPa, respec-
tively. Pressure from known consolidation weights was cal-
culated using the exposed surface area of low-oil DDGS in-
side the PVC columns. Because transportation of DDGS 
from the Midwest region of the U.S. to the coasts for inter-
national shipping takes one to two weeks, we used CTs of 
approximately one week and simulated overbearing pressure 
values in an industrial-scale DDGS pile. Temperature and 
humidity ranges were selected in order to simulate spring 
and summer conditions in the Midwestern U.S. (mostly 
ranging from 0°C to 40°C), and we added an extreme high 
temperature condition of 60°C for comparison. In summary, 
the full factorial design was comprised of three moisture lev-
els, three RH and temperature combinations, three CP levels, 
and four CTs (3 × 3 × 3 × 4 = 108 treatment combinations 
trials). Each treatment was made in triplicate, with a total of 
324 trials to measure the flow properties. 

DYNAMIC FLOW PROPERTY MEASUREMENT 
The dynamic flow behavior of low-oil DDGS was meas-

ured using an FT4 powder rheometer (Freeman Technology, 
Tewkesbury, U.K.) that quantifies the flow properties of 
powders in terms of the energy required to make them flow. 
The FT4 powder rheometer system consists of a vertical 
glass sample container (120 mm height, 50 mm internal di-
ameter) and a rotating blade (48 mm diameter, 10 mm 
height), which navigates through the sample up and down, 
and either in clockwise or anti-clockwise direction. The FT4 
calculates the flow properties by continuously measuring the 
forces causing deformation and flow of the powder imposed 
by the moving blade (Leturia et al., 2014; Bian et al., 2015). 
The flow properties described below were evaluated using 
the FT4: 

Basic flowability energy (BFE): The energy required to 
establish a specific flow pattern for a precise volume of par-
ticulate solid materials is called the basic flowability energy 
(BFE). It is a tool to measure the effect of moisture and ag-
glomeration on solid material flow. BFE is calculated from 

Table 1. Low-oil DDGS sample conditioning methods. 
Moisture 
Content 
(% w.b.) 

Temperature 
and Relative 

Humidity 

Consolidation 
Pressure 

(kPa) 

Consolidation 
Time 
(days) 

8, 10, 12 20°C at 40% RH, 
40°C at 60% RH, 
60°C at 80% RH 

0, 3.44, 6.89 2, 4, 6, 8 
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the work done in moving the blade at 100 mm s-1 tip speed 
during downward movement through the samples. 

Stability index (SI): The stability test is a combination of 
repetitive conditioning and test cycles of identical parame-
ters, designed to assess if the powder is going to change its 
form (agglomerate, segregate, or break) as a result of being 
made to flow. This test does not involve using an external 
variable, such as flow rate or air velocity. Hence, any change 
in the flow energy is directly related to the change in powder 
flow properties. The stability test program includes seven 
test cycles. Stable samples result in similar measurements 
during the cycle of measurements. For stability measure-
ment, all test cycles were conducted at 100 mm s-1 blade tip 
speed with the blade moving transversely down the vessel. 
The stability index (SI) was calculated using the following 
relationship: 

 







=

(mJ) 1at test   consumedenergy  Total

(mJ) 7at test  consumedenergy  Total
SI  (1) 

An SI value of about 1 indicates a robust powder that is 
not affected by being made to flow; SI > 1 indicates a change 
in powder characteristics due to agglomeration, segregation, 
and moisture uptake; and SI < 1 indicates a change in powder 
characteristics due to attrition and de-agglomeration (Free-
man, 2011). 

Flow rate index (FRI): During handling, bulk particulate 
materials are sensitive to changes in flow rate. Characteriz-
ing the flow rate of powders can help improve the process of 
conveying powders during handling and processing. To as-
sess the flow rate, the flow energy of low-oil DDGS was 
measured at four different blade tip speeds during downward 
movement of the blade. The program begins by subjecting 
the powder to a standard flow rate of 100 mm s-1 (test 1), 
followed by measuring at 70 mm s-1 (test 2), 40 mm s-1 (test 
3), and 10 mm s-1 (test 4) blade speeds. From the flow en-
ergy, the flow rate index (FRI) was calculated using the fol-
lowing relationship (Freeman, 2007a): 

 







=

1at test energy  Flow

4at test energy  Flow
FRI  (2) 

The powder characterization based on FRI values is as 
follows: FRI > 3 indicates high flow rate sensitivity (very 
cohesive powder), 1.5 < FRI < 3.0 indicates average flow 
rate sensitivity (most powders fall in this range), FRI ≈ 1 in-
dicates flow rate insensitivity (powders with large particle 
size), and FRI < 1.0 indicates pseudoplastic or Newtonian 
flow rate (powders containing flow enhancers) (Freeman, 
2007b). 

Specific energy (SE): The SE value is obtained during 
upward movement of the blade through the powder. The SE 
is more dependent on the cohesiveness and mechanical in-
terlocking forces between particles. A measured SE value of 
<5 indicates low cohesion, 5 to 10 indicates moderate cohe-
sion, and >5 indicates high cohesion in powders (Freeman, 
2008). The SE is calculated from the flow energy using the 
following relationship: 

 







×
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Shear tests: To understand the condition at which low-oil 
DDGS initiates flow, the shear properties (cohesion and 
Jenike flow index, ffc) were measured under consolidation. 
Mohr circle analysis was applied to the relationship between 
the normal and shear stress (yield loci) to calculate the shear 
properties (Leturia et al., 2014). Shear tests were conducted 
using an FT4 shear head that induced both vertical and rota-
tional stresses. The normal stress was maintained constant 
throughout the measurements. 

Wall friction angle: This property measures the ability of 
powders, previously at rest, to flow in relation to the con-
tainer wall material. In this study, wall friction of low-oil 
DDGS was measured against stainless steel. A wall friction 
head attached to the FT4 powder rheometer imposed vertical 
and rotational stresses on the samples. As the powder bed 
resisted the rotation of the wall friction head, the torque in-
creased until the resistance was eventually overcome. The 
wall friction head continued to rotate at a fixed velocity for 
a predetermined period of time, depending on the powder 
material and shear level. This usually lasted for several 
minutes, typically 15 to 45 min. The torque required to main-
tain this rotational momentum was measured as the shear 
stress. From the relationship between normal stress (σw) and 
shear stress (τw), the wall friction angle (φ), was calculated 
using the following relationship (Leturia et al., 2014): 

 








σ
τ=φ −

w

w1tan  (4) 

STATISTICAL ANALYSES 
Statistical analysis, including least significant difference 

(LSD) testing at 95% confidence level (i.e., α = 0.05) to de-
termine significant differences between levels of independ-
ent variables (main effects) and interaction effects, was done 
with SAS (ver. 9.1, SAS Institute, Inc., Cary, N.C.). Re-
sponse surface modeling (RSM) to develop nonlinear regres-
sion models for flow properties as a function of independent 
variables was done with CurveExpert (Professional version 
2.0.3, CurveExpert, Madison, Ala.). Multivariate statistical 
analyses procedures such as principal component analysis 
(PCA), factor analysis (FA), cluster analysis (CA), and par-
tial least squares (PLS) regression were performed using 
Minitab (ver. 16, Minitab, State College, Pa.). 

RESULTS AND DISCUSSION 
PHYSICAL PROPERTIES OF LOW-OIL DDGS 

The moisture content of the low-oil DDGS (as received) 
was 11.56% (SD = 0.08%) w.b. The other physical proper-
ties are presented in table 2. The particle size of low-oil 
DDGS was lower than that of the regular DDGS samples re-
ported by Kingsly et al. (2010). The particle size distribution 
of low-oil DDGS was narrow (fig. 1): up to about 30% of 
samples were retained on the smaller sieve sizes (100 to 840 
μm), and less than 5% of samples were retained on sieve 
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sizes larger than 840 μm. The narrow particle size distribu-
tion of low-oil DDGS could result in less segregation during 
handling than with regular DDGS samples. The bulk and 
true densities of low-oil DDGS (table 2) were higher than 
the published values for regular DDGS (Kingsly et al., 
2010). In terms of storage vessel design, low-oil DDGS 
would require less space compared with regular DDGS, 
which translates into lower cost to hold the same mass com-
pared with regular DDGS. Based on Carr’s (1965) classifi-
cation of powder flow based on the angle of repose, low-oil 
DDGS could be classified as a powder with poor flowability 
(46° to 55°) because the average angle of repose was found 

to be 49.17°. Typically, a small GMD of bulk material re-
sults in a higher angle of repose, indicating greater potential 
flow problems. The GMD of low-oil DDGS that was used in 
this study (table 2) is almost half the GMD of regular DDGS 
reported in the literature. Poor flowability indicates that 
when low-oil DDGS is loaded in industrial-scale hoppers, 
arching, rat-holing, and cohesiveness of the particles will be 
present. This will lead to loss of product during shipping and 

possibly safety concerns for the workers at the plant 
(Jenike, 1964; Bhadra, 2009). 

 

MAIN AND INTERACTION EFFECTS ON FLOW  
PROPERTIES OF LOW-OIL DDGS 

Table 3 summarizes the main effect analysis on the in-
dependent variables for all flow properties of low-oil 
DDGS samples measured using the FT4 powder rheome-
ter. Low BFE values indicate better flow for bulk solids 
(Bian et al., 2015), and the BFE of low-oil DDGS at 8% 
MC was significantly lower (709.51 mJ) than the samples 
at 12% MC (721.19 mJ). As expected, at low moisture con-
tent, the low BFE value indicates that less energy is re-
quired to displace or move low-oil DDGS powders. FRI 
above 3.0 indicates cohesive tendencies in powders, and 
values between 1.5 and 3.0 indicate average flow in pow-

ders (Freeman, 2007a). The FRI was 4.1 for 12% MC sam-
ples. Furthermore, table 3 shows that high levels of RH, tem-
perature, and CT yielded FRIs greater than 3.0, suggesting 
cohesiveness of low-oil DDGS samples. These values indi-
cate the potential for particle caking and arching when 
loaded in industrial-scale hoppers during storage and 
transport of low-oil DDGS at varying environmental condi-
tions. Similarly, the SE values (5 < SE < 10) also indicate 
that increase in moisture content increases the interparticle 
cohesion of low-oil DDGS and may affect the bulk flow of 
DDGS. Moisture content had a significant effect on the SI of 
low-oil DDGS samples. The increasing trend of SI with 

Table 2. Physical properties of low-oil DDGS. 
Parameter Value[a] 

Geometric mean diameter (dgw, mm) 0.36 (0.23) 
Geometric standard deviation (-) 0.23 (0.01) 

Bulk density (kg m-3) 488.30 (1.41) 
True density (kg m-3) 1353.30 (0.00) 

Porosity (%) 63.92 (0.01) 
Angle of repose (°) 49.17 (0.67) 

[a] Values in parentheses are standard deviations. 

Figure 1. Particle size distribution of low-oil DDGS samples. 

Table 3. Main effects of flow properties due to temperature, RH, moisture content, consolidation pressure, and consolidation time for low-oil 
DDGS samples.[a] 

Independent 
Variables Value 

SI 
(-) 

BFE 
(mJ) 

FRI 
(-) 

SE 
(mJ) 

Cohesion 
(-) 

Jenike Flow 
Index (ffc, -) 

Wall Friction 
Angle (°) 

Moisture content 
(% w.b.) 

8 1.29 c 709.51 c 2.01 c 5.28 b 0.41 c 5.80 a 27.69 c 
10 1.31 b 715.48 b 3.02 b 5.37 b 0.62 b 5.16 b 28.49 a 
12 1.35 a 721.19 a 4.10 a 5.76 a 0.85 a 3.64 c 28.13 b 
SD 0.01 1.05 0.09 0.21 0.03 0.52 1.14 

Relative humidity 
(%) 

40 1.31 a 715.24 ab 2.28 c 5.43 a 0.61 b 5.10 a 28.46 a 
60 1.31 a 715.35 a 3.34 b 5.48 a 0.61 b 4.87 b 28.24 a 
80 1.31 a 715.50 a 4.01 a 5.44 a 0.62 a 4.77 b 28.10 a 
SD 0.01 1.19 0.09 0.18 0.03 0.41 1.10 

Temperature 
(°C) 

20 1.31 a 715.25 a 2.68 b 5.43 ab 0.51 c 5.21 a 28.45 a 
40 1.31 a 715.39 a 3.29 b 5.43 a 0.65 b 4.87 b 28.03 a 
60 1.32 b 715.47 a 4.16 a 5.48 a 0.70 a 4.72 c 28.09 a 
SD 0.00 1.18 0.00 0.22 0.03 0.51 1.13 

Consolidation 
pressure 

(kPa) 

0 1.30 a 714.95 b 2.01 b 5.38 b 0.60 a 4.88 a 28.06 b 
10 1.31 a 715.20 b 2.11 b 5.42 b 0.61 a 4.92 a 28.45 a 
20 1.31 a 715.96 ab 3.35 a 5.61 a 0.63 a 4.90 a 27.81 b 
SD 0.00 1.20 0.05 0.22 0.03 0.47 0.21 

Consolidation 
time 

(days) 

2 1.31 a 714.92 a 2.01 c 5.32 c 0.60 b 4.95 a 28.36 a 
4 1.31 b 714.85 a 2.02 c 5.37 cb 0.60 b 4.92 a 28.17 ab 
6 1.31 b 715.19 a 3.57 b 5.42 b 0.60 b 4.89 a 27.81 b 
8 1.32 a 716.51 a 4.21 a 5.72 a 0.64 a 4.73 b 27.96 b 

SD 0.00 1.13 0.09 0.22 0.03 0.47 1.10 
[a] Values followed by the same letter are not significantly different among levels for independent variables for a particular flow property; SI = stability 

index, BFE = basic flowability energy, FRI = flow rate index, SE = specific energy, and SD = standard deviation. 



60(1): 249-258  253 

moisture content (SI > 1) could be due to the agglomeration 
of low-oil DDGS particles at higher moisture levels and 
could have an influence on the flow pattern during bulk han-
dling. 

Jenike flow index (ffc) values, defined as the ratio of ma-
jor consolidation stress to unconfined yield strength, were 
obtained from the Mohr circle plot of failure under varying 
stress levels. Values between 2 and 4 in Jenike flow index 
(ffc) classification indicate “cohesive” powders, and values 
between 4 and 10 indicate “intermittent flow” powders 
(Jenike, 1964). For all storage and consolidation variables, 
the ffc was approximately between 4 to 5, indicating “inter-
mittent flow” behavior. However, the moisture level of 12% 
(w.b.) showed a low ffc value of 3.64, strongly suggesting 
cohesive flow characteristics at high moisture levels. Thus, 
this is indicative that moisture content plays a major role in 
determining caking and possible arching problems in low-
oil DDGS samples when discharged from industrial-scale 
hoppers. Although a significant decrease in wall friction an-
gle was measured between a CT of 6 days (27.81°) and 8 
days (27.96°), the magnitude of the differences were small. 
The average wall friction angle for low-oil DDGS was ap-
proximately 28°. Particulate material with higher wall fric-
tion angles would require a steeper conical hopper section to 
achieve mass flow from bins. However, in this study, within 
the range of parameters tested, there was no definite trend in 
the measured wall friction angle. Furthermore, with smaller 
differences in the magnitude of measured values, the param-
eter range tested in this research would not affect the design 
of hoppers for low-oil DDGS. 

For CP as the independent variable, SI, cohesion, and ffc 
did not show significant differences among levels, as indi-
cated in table 3. The CT also showed no significant differ-
ence among levels for BFE, and RH showed non-significant 
differences among levels for SI and wall friction angle prop-
erties. These differences suggest that, based on the levels se-
lected in this study, variability in flow properties was more 
likely for independent variables such as moisture content, 
temperature, and RH rather than CP and CT. 

Interaction effects of various conditions on flow charac-
teristics of low-oil DDGS are given in table 4. For conven-
ience, only the interaction effects that had a significant effect 
on at least one flow characteristics are listed. Significant in-
teraction effects (p < 0.05) were observed among the inde-
pendent variables (moisture content, temperature, RH, CP, 
and CT). Overall, interaction effects indicate that these inde-
pendent variables synergistically affect the properties that 

influence flow behavior. Most importantly, the combined in-
teraction of moisture content, relative humidity, CT, and CP 
showed significant effects on most of the dynamic flow 
properties of low-oil DDGS samples. This indicates that a 
combination of these effects will affect the handling and 
transportation of low-oil DDGS. 

RESPONSE SURFACE MODELING (RSM) OF  
FLOW PROPERTIES OF LOW-OIL DDGS 

Based on the results of interaction effects and main ef-
fects, response surface modeling was conducted for flow 
properties as a function of the independent variables for low-
oil DDGS samples. As indicated in the previous section  
(table 3), there was no clear correlation between BFE with 
CP and CT, indicating that they are not essential independent 
variables required to predict BFE. Similar results were ob-
served for flow properties such as SE, SI, FRE, cohesion, ffc, 
and wall friction angle. The results for interaction effects and 
main effects indicated that most of the flow properties were 

Table 4. Interaction effects (p values) due to external variables on the flow properties of low-oil DDGS.[a] 

Interaction[b] 
SI 
(-) 

BFE 
(mJ) 

FRI 
(-) 

SE 
(mJ) 

Cohesion 
(-) 

Jenike Flow 
Index (ffc, -) 

Wall Friction 
Angle (°) 

MC × RH NS NS NS NS NS NS NS 
MC × CP NS NS NS 0.002 NS NS NS 
RH × CT NS NS NS NS NS NS NS 
MC × CT NS NS NS NS NS 0.04 NS 

MC × RH × CT NS NS NS NS NS NS NS 
CP × CT NS NS NS <0.0001 NS 0.01 NS 

RH × CP × CT NS 0.01 0.01 NS 0.01 NS NS 
MC × CP × CT NS 0.008 0.01 <0.0001 0.01 0.003 0.006 

MC × RH × CP × CT <0.0001 <0.0001 0.01 0.002 <0.0001 0.001 NS 
[a] Interactions are considered significant when p-values < α (0.05) and are given in bold font; NS = non-significant interaction. 
[b] MC = moisture content, RH = relative humidity, CP = consolidation pressure, and CT = consolidation time. 

Figure 2. Effect of moisture content on basic flowability energy (BFE) 
of low-oil DDGS at 95% confidence levels. 
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not significantly affected by CP and CT. Response surface 
modeling with the most promising flow property variables 
showed no correlations with CP and CT. Moisture content 
(% w.b.) versus BFE showed a clear linear trend (fig. 2), in-
dicating that MC is an important variable that influences the 
flowability of low-oil DDGS samples. The dimensionless 
MC/RH ratio was used as the independent variable for fur-
ther response surface modeling. Plots for other input variable 
combinations that did not yield any definitive pattern are not 
shown. 

The MC/RH ratio and temperature (°C) were used as in-
dependent variables to predict BFE values. Simplified quad-
ratic, power model C, and linear regression models were 
used to predict BFE as a function of (MC/RH, temperature). 
Results of RSM and details on parameter estimates are given 
in table 5. Based on lower standard error values, power 
model C most appropriately represented optimum BFE as a 
function of (MC/RH, temperature), as shown in figure 3a. 
Additionally, because nonlinear models do not follow the 
law of sum of squares (i.e., total sum of squares = regression 
sum of squares + residual sum of squares), R2 is not a valid 
estimate of model performance for nonlinear models. Stand-
ard error is more robust and appropriate for both nonlinear 
and linear models (Ott and Longnecker, 2000). However, for 
FRI as a function of (MC/RH, temperature), a linear model 
with R2 of 0.98 and standard error of 0.11 was the best se-
lected regression model compared to quadratic models (low-
est standard error of 0.07) because polynomial models, like 
simple quadratic models, are often complicated and tend to 
overfit the data. For cohesion as a function of (MC/RH, tem-
perature), power model D was the optimum model due to its 
lowest standard error value (0.04). For ffc, the linear model 
showed a reasonable R2 of 0.70 and standard error of 0.61, 
and it was chosen over the quadratic model due to its simple 

structure. Three-dimensional (3D) surface plots of BFE, co-
hesion, ffc, and FRI as a function of (MC/RH, temperature) 
using power model C, power model D, and a linear regres-
sion model, respectively, are presented in figure 3. These 
models will be useful in predicting the bulk flow character-
istics of low-oil DDGS if the environmental and/or handling 
conditions are known. Although these flow properties de-
pend on many intrinsic characteristics, these models give a 
quick evaluation of the flow behavior. 

MULTIVARIATE ANALYSIS OF LOW-OIL  
DDGS FLOW BEHAVIOR 

Multivariate analysis is an effective modeling technique 
when multicollinearity exists among independent variables 
and dependent variables (Johnson, 1998). Hence, for this 
study, where we found significant interaction effects be-
tween independent variables for low-oil DDGS and signifi-
cant Pearson correlation coefficients between flow proper-
ties (response variables), as seen in table 6, multivariate 
analysis was appropriate. According to Abdi (2003), when 
the dependent variables outnumber the independent varia-
bles, as in this case (five independent variables and eight 
flow properties), multivariate analysis is the logical ap-
proach to data classification and regression modeling. There-
fore, we conducted the multivariate analyses principal com-
ponent analysis (PCA) and partial least squares (PLS) mod-
eling. The PLS score plot allowed us to classify the entire 
dataset (including dependent and independent variables) 
based on only MC levels, as shown in figure 4, while other 
independent variables (i.e., RH, temperature, CP, and CT) 
did not yield such results. Thus, the classification test results 
agreed with the previous RSM results in which MC was the 
most correlated variable for all the flow properties of low-
oil DDGS in this study. 

Table 5. Prediction RSM regression models for selected flow properties of low-oil DDGS.[a] 
Flow Property Model Equation Standard Error 

BFE Power model C Y = a × x1
b + c × x2

d 0.11 
(mJ)  a = 21.10, b = 0.30, c = 705.94, d = 0.04  

 Linear (R2 = 0.79) Y = a + b × x1 + c × x2 2.30 
  a = 674.72, b = 0.41, c = 133.35  
 Simple quadratic Y = a + b × x1 + c × x2 + d × x1

2 + e × x2
2 1.24 

  a = 645.59, b = 0.89, c = 323.24, d = -0.004, e = -419.36  
FRI Power model C Y = a × x1

b + c × x2
d 0.11 

(-)  a = 0.05, b = 1.035, c = 6.43, d = 1.08  
 Linear (R2 = 0.98) Y = a + b × x1 + c × x2 0.10 
  a = -0.50, b = 0.06, c = 7.13  
 Simple quadratic Y = a + b × x1 + c × x2 + d × x1

2 + e × x2
2 0.07 

  a = -1.50, b = 0.08, c = 13.59, d = -0.0002, e = -14.25  
Cohesion Power model D Y = a + x1

b × x2
c 0.04 

(-)  a = -.88, b = 0.51, c = 0.80  
 Linear logarithmic Y = a + b × ln(x1) + c × ln(x2) 0.05 
  a = 0.02, b = 0.75, c = 1.19  
 Simple quadratic Y = a + b × x1 + c × x2 + d × x1

2 +e × x2
2 0.08 

  a = -2.298, b = 0.03, c = 13.21, d = -0.000203, e = -16.57  
Jenike flow index Linear (R2 = 0.70) Y = a + b × x1 + c × x2 0.61 

(ffc, -)  a = 12.51, b = -0.08, c = -24.94  
 Simple quadratic Y = a + b × x1 + c × x2 + d × x1

2 + e × x2
2 0.59 

  a = -1.50, b = 0.08, c = 13.59, d = -0.000169, e = -14.25  
Wall friction angle Full quadratic Y = a + b × x1 + c × x2 + d × x1

2 + e × x2
2 + f × x1x2 0.47 

(°)  a = -5.16, b = 0.34, c = 88.97, d = -0.001, e = -156.40, f = -1.63  
 Simplified quadratic Y = a + b × x1 + c × x2 + d × x1

2 + e × x2
2 0.52 

  a = 17.48, b = -0.17, c = -55.42, d = 0.0009, e = 66.57  
[a] The best models are indicated by bold type for each flow property; x1 and x2 are the independent variables temperature (°C) and MC/RH, respec-

tively, Y is the corresponding flow property, and a to f are the parameter estimates for each model. 
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PRINCIPAL COMPONENT ANALYSIS (PCA)  
OF LOW-OIL DDGS FLOW BEHAVIOR 

Using the covariance matrix method, PCA showed that 
two components were sufficient to represent maximum var-
iability in the entire dataset without significant loss of infor-
mation (Johnson, 1998). This also evident in figure 5a, 
where the maximum difference in eigenvalues was observed 
after the first two principal components, indicating that just 
two principal components were sufficient to transform the 
entire multivariable dataset. PCA also yielded loading plots 
with the most influential variables in the entire dataset. In 
figures 5b and 5c, the loading values and the length of the 
lines parallel to the x-axis or y-axis indicate the degree of 
influence of the independent variables. Figure 5b shows that 
the most influential independent variables were MC (% 
w.b.), RH (%), and temperature (°C), with PCA scores of -
1.0, 0.75, and 0.76, respectively. These results support the 
RSM results in which MC, RH, and temperature were se-
lected as key independent variables to model all flow prop-
erties. Furthermore, these results prove that environmental 
conditions play a major role in influencing the bulk flow 
characteristics of low-oil DDGS. With flow (dependent) var-
iables, the PCA loading plot showed BFE (loading score of 
0.98) and wall friction angle (loading score of -1.0) as the 

most influential flow properties (fig. 5c). BFE and wall fric-
tion angle had the highest influence with loading scores 
above 0.98; for SE, cohesion, FRI, and SI, the degree of in-
fluence was below 0.90. A loading score above 0.90 is typi-
cally needed to conclude a significant degree of influence 
from independent variables. BFE also yielded favorable 
RSM results, with a low standard error of 0.11 with power 
model C (table 5), indicating that the PCA and RSM results 
agree with each other. 

Figure 4. PLS score plot classified based on independent variables. 

 

(a) (b) 

(c) (d) 

Figure 3. Response surface plots of (a) BFE, (b) cohesion, (c) ffc, and (d) FRI of low-oil DDGS samples. 
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PARTIAL LEAST SQUARES (PLS) REGRESSION  
MODELING OF LOW-OIL DDGS FLOW BEHAVIOR 

PLS modeling reduces the predictors (independent varia-
bles) to a much smaller set of uncorrelated components 
(smaller in comparison to the original set of independent var-
iables) and performs least squares regression on the new 
components instead of the original dataset. PLS modeling is 
highly useful where there is sufficient collinearity between 
more than two predictors. The low-oil DDGS flow proper-
ties data contained significant amounts of interaction effects 
between predictors, as shown in table 4. In the PLS regres-
sion modeling, flow properties (SI, BFE, FRI, cohesion, and 
ffc) were modeled as a function of MC, temperature, RH, CP, 
and CT using two principal components. The results from 
the PLS regression yielded R2 values between 0.62 and 0.97 
for all flow properties (table 7). Cohesion (0.97) and BFE 
(0.94) yielded R2 values greater than 0.9 with only two prin-
cipal components. The corresponding PLS model parameter 
estimates and detailed statistics are given in table 7. With 
high R2 values, the data in table 7 confirm that two principal 
components are optimum to predict flow properties as a 
function of the independent variables used in this study. The 
goodness of fit of the PLS regression models was checked 
with a cross-validation method in which the ith observation 
 

was deleted and the PLS model was developed from rest of 
the dataset (n−i) (Srivastava, 2002). Loading plot results of 
PLS regression modeling confirmed that MC, temperature, 
and RH are the most influential independent variables that 
influence SI, BFE, FRI, cohesion, and Jenike flow index. 
The R2 values for linear models from the RSM technique 
ranged from 0.70 to 0.98 (table 5), similar to the R2 range of 
0.77 to 0.98 for PLS modeling for SI, BFE, cohesion, and ffc 
in table 7. However, unlike 3D RSM, PLS modeling has the 
ability to incorporate multiple independent variables in order 
to develop a regression model for a single response variable. 

Table 6. Pearson correlation coefficients (p < 0.05) between flow
properties of low-oil DDGS samples.[a] 

Flow Property Relationship r R2 p-Value 
BFE × SI 0.897 0.805 <0.0001 
FRI × SI 0.767 0.588 <0.0001 
SE × SI 0.653 0.426 <0.0001 

Cohesion × SI 0.892 0.796 <0.0001 
ffc × SI -0.840 0.706 <0.0001 

Cohesion × SE 0.612 0.375 <0.0001 
ffc × SE -0.577 0.333 <0.0001 

BFE × FRI 0.777 0.604 <0.0001 
BFE × SE 0.683 0.466 <0.0001 

BFE × Cohesion 0.968 0.937 <0.0001 
FRI × SE 0.526 0.277 <0.0001 

FRI × Cohesion 0.777 0.604 <0.0001 
ffc × FRI -0.747 0.558 <0.0001 

ffc × Cohesion -0.866 0.750 <0.0001 
[a] BFE = basic flow energy, SI = stability index, FRI = flow rate index,

SE = specific energy, CBE = conditioned bulk density, and ffc = Jenike 
flow function. 

Table 7. Parameter estimates from PLS regression modeling for
selected response variables as a multivariate function of all
independent variables for low-oil DDGS samples.[a] 

 
SI 
(-) 

BFE 
(mJ) 

FRI 
(-) 

Cohesion 
(-) 

ffc 
(-) 

Parameter estimates[b]     
Constant 1.1360 684.440 1.857 -0.651 10.4139 

MC 0.0170 2.8880 0.074 0.1220 -0.5143 
Temperature -0.00005 0.0030 -0.00001 0.000055 -0.0002 

RH -0.00005 0.0030 -0.00001 0.000055 -0.0002 
CP 0.0029 0.0500 0.00077 0.00134 0.0064 
CT 0.001 0.2550 0.00626 0.0055 -0.0350 

Model statistics      
F statistic 695.91 2325.03 262.82 5636.29 550.81 

R2 0.811 0.94 0.62 0.97 0.77 
PLS components 2 2 2 2 2 

[a] Interactions are considered significant when p-values < α (0.05);  
SI = stability index, BFE = basic flow energy, FRI = flow rate index, 
and ffc = Jenike flow index. 

[b] MC = moisture content, RH = relative humidity, CP = consolidation 
pressure, and CT = consolidation time. 

(a) 

(b) 

(c) 

Figure 5. PCA results: (a) scree plot showing requirement of two com-
ponents to summarize the low-oil DDGS dataset, (b) loading plots with 
influencing independent variables, and (c) loading plots with influenc-
ing flow properties. 
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Therefore, for both the dynamic and shear flow properties, 
the environmental variables have a more significant effect 
than the handling or storage conditions, such as consolida-
tion pressure or consolidation time. However, if low-oil 
DDGS is stored longer than the period tested in this study, 
there could be higher cohesion between particles due to con-
solidation. 

CONCLUSIONS 
This study considered the effects of consolidation pres-

sure and consolidation time, varying storage temperature, 
and relative humidity on the flow properties of low-oil 
DDGS. The key results obtained from the study are: 

• Higher values of BFE and cohesion at elevated mois-
ture content indicated potential caking and flow prob-
lems in low-oil DDGS. 

• The MC, RH, and temperature variables showed sig-
nificant influences on the flow properties of low-oil 
DDGS. 

• In RSM modeling, BFE and cohesion = f(temperature, 
MC/RH) yielded predictive nonlinear models with 
standard error values around 0.04, and FRI and Jenike 
flow index = f(temperature, MC/RH) yielded predic-
tive linear models with R2 > 0.82 and standard error 
around 0.10. These two models will help predict BFE 
and cohesion values with known temperature, MC, 
and RH values. 

• In PLS modeling, flow properties such as SI, BFE, and 
cohesion = f(MC, temperature, RH, CP, and CT) 
yielded useful predictive models (R2 > 0.80) with only 
two principal components. 

• Multivariate PCA revealed that MC, RH, and temper-
ature were the most significant variables in modeling 
the flow property dataset, but there was no trend with 
CP and CT within the selected ranges of CP (0, 3.44, 
and 6.89 kPa) and CT (2 to 8 days). 

• In both RSM and PLS modeling, BFE and cohesion 
were the favorable flow variables that yielded success-
ful regression models with the given ranges of inde-
pendent variables. Thus, for practical purposes, these 
dynamic flow variables are preferred to predict flow 
issues without investing in additional flow properties. 

These observations and models will vitally help the quan-
tification and prediction of flow behavior of low-oil DDGS 
during handling and transportation. 
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