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ABSTRACT

MODELING THERMAL AND MECHANICAL EFFECTS OF EXTRUSION ON
THIAMIN RETENTION IN EXTRUDED WHEAT FLOUR

By

Maria Suparno

Average shear rate (7, ) of a twin-screw co-rotating extruder was investigated to
calculate shear history- a factor to model the mechanical effect (Rs) of extrusion. Fluids
with different flow behavior indices, which represent different feed materials, were
extruded at degrees of fill ranging from 0.4-1.0. Using mixer viscometry assumptions, 7,
was estimated and then modeled as a function of screw speed and degree of fill.

To calculate extrusion thermal effects on thiamin degradation (Rp), kinetic
parameters were obtained by heating flour, mixed with thiamin, at temperatures>100°C
in a shearless environment. Two methods (atmospheric and controlled-pressure) to obtain
the parameters were compared. The results from the two methods were not statistically
different. The parameters obtained from the controlled-pressure method had lower
standard error; for 25% moisture content flour, activation energy was 121.0 kJ/g-mol and
reaction rate at 80°C was 9.69E-5 min".

For extrusion, the same thiamin flour mixture was extruded at screw speeds of
100-300 rpm at two temperatures profiles. Rz was calculated using the thiamin kinetic
parameters. Rs was calculated by mathematically removing Rp from the total thiamin
retention. At higher temperature, thermal effects predominated over mechanical effects
for thiamin loss, while at lower temperature, mechanical effects slightly prevailed over

thermal effects. Mechanical effects caused 28.9% to 64.5% of total thiamin loss.
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INTRODUCTION

Extrusion is growing as a processing technology for food products, due to its
ability to combine several processes such as mixing, cooking, shaping and texturizing in
one energy-efficient process. The list of food products being produced with extruders
includes ready-to-eat cereals, beverage powders, pasta and snack products.

When some food materials are processed in an extruder, they are subjected to high
temperature in combination with severe shear. These conditions can be beneficial for
denaturing anti-nutritional factors, but can also be undesirable, because nutrients are
degraded to varying extents (Harper 1973, Bjoérk and Asp 1983). Consequently, for a
heat-labile nutrient, fortifying food materials pre-extrusion is necessary. A model to
predict the effect of the many variables of the extrusion process on thiamin degradation
would be helpful for designing processes.

Few studies have reported the total thiamin d egradation in e xtruded w heat and
corn flour (Beetner ef al. 1974, Guzman-Tello and Cheftel 1987, Ilo and Berghofer 1998,
Schmid 2002). Some of these researchers have modeled thiamin retention or thiamin
degradation rate as a function o f barrel t emperature, s crew speed or moisture c ontent.
However, the proportionate effects of shearing and heating on degradation were
unknown. By quantifying these two effects (thermal and mechanical), the significance of
each could be evaluated and the processing variables could be chosen for an optimum
condition.

Mechanical effect of extrusion could be represented by shear rate or shear history.
Due to the complexity of mixing in twin-screw extruders, calculating the velocity profile

or local shear rates in the extruder is not feasible. Thus, the average shear rate was



calculated. Mohamed et al. (1990) investigated average shear rate in an extruder at fully
filled extruder condition (1.0 degree of fill) using the mixer viscometry matching
viscosity assumptions. A more extensive study on average shear rate must be conducted,
because c ommercial t win-screw food extruders normally o perated at 0.4-0.8 degree o f
fill. Furthermore, their study only investigated one type of non-Newtonian fluid with flow
behavior index = 0.5. Thus, the first objective o f the present study was to investigate
average shear rate as a function of degree of fill, flow behavior index and screw speed.

To calculate the thermal effects of extrusion on thiamin, thiamin kinetic
parameters at high temperature must be available. To date, few studies have investigated
thiamin kinetic parameter in flour at high temperature. Hermann and Tunger (1966)
reported that moisture content of flour affected thiamin kinetic parameters. Therefore,
during high temperature heating, moisture content of flour must be maintained constant
to attain the correct kinetic parameter at the corresponding moisture content. Hence, the
second objective of this study was to determine thiamin kinetics parameters of thiamin in
wheat flour at temperature higher than 100°C.

Subsequent to quantifying the thermal and mechanical effects of extrusion on
thiamin retention, a model could be developed to predict thiamin retention in extruded
products. The model may save time and cost compared to trial-and-error experiments. In
addition, the m odel would b e useful for scale-up purposes or for o ptimizing e xtrusion
processing to achieve minimum thiamin degradation. Thus, the last objective was to
model the thermal and mechanical effects of extrusion on thiamin retention.

In summary, the objectives of this research were;



1) To model the average shear rate in the extruder as a function of screw speed, flow
behavior index and degree of fill (Chapter 2);

2) To determine the thermal kinetic parameters of thiamin in wheat flour at high
temperature (Chapter 3);

3) To model the thermal and mechanical effects of thiamin retention in the extrusion
process (Chapter 4).

Figure 1.1 summarizes the goal of this research.

Chapter 2:
Average shear rate in an extruder = f(screw speed, flow behavior index
and degree of fill)

Chapter 3:
Thiamin kinetics parameters:
= Reaction rate constant (k)
= Activation energy (E,)
* Moisture content parameter (b)

" !
Chapter 4: Chapter 4:
Modeling the mechanical Modeling the thermal effect
effect of extruder of extruder
— /)
V

A model to predict thiamin retention in extruded wheat flour

Figure 1.1. Flow chart to describe the goal of this research.



Chapter 1. Literature review
1.1. Food Extrusion

The use of extruders has been increasing over the past several decades in many
areas such as the aluminum, plastic and food industries. Several different types of
extruders are on the market, e.g., dry extruders, interrupted-flight screw extruders, and
single and twin- screw extruders. For over 25 years, single-screw extruders were
primarily used for products ranging from light density corn snacks, to dense, p artially
cooked, and formed pasta. However, as demand for new and high quality products has
increased, single screw extruders were no longer adequate. Twin-screw technology thus
gained popularity in the food industry because of its ability to produce different shapes,
colors, and textures. In food industry, the first application of using a cooking extruder
occurred in the mid- 1940s to produce an expanded cornmeal-based snack (Harper 1978).
Currently, cooking extruders are used for production of ready-to-eat cereals, snack foods,
beverage powders, soft/dry pet foods, pasta products, full or defatted soy flour, soup or
gravy bases, and confections.

Food extrusion, by the definition of Rossen and Miller (1973), is a process in
which a food material is forced to flow, under different conditions of mixing, heating,
and shear, through a die designed to form and/or puff-dry the ingredients. Extrusion has
been extensively used in the food industry because it offers several advantages over the
processes it replaces. Extruders mix, cook, texturize, and shape food material in one
continuous, fully automated, and energy efficient process. A variety of shapes, textures,
colors, and appearances can be produced just by changing the die shape, minor

ingredients, or processing variables. Examples of processing variables are feed



ingredients, the amount of water injected into the extruder barrel, raw material feed rate,
screw speed, and barrel temperature. These are the equipment-dependant variables.
Equipment-independent variables such as moisture content of extrudate, pressure, shear
rate, shear history, residence time, and product characteristics change as a result of
modifications made to equipment-dependant variables.

Heat e nergy d uring e xtrusion c omes from different sources. One o fthe energy
inputs comes from viscous dissipation, which is the energy dissipated in the form of heat
caused by shear or friction between rotating screws and feed materials. This is referred as
the shear energy or the mechanical energy (Mohamed et al. 1990). An extruder is
usually equipped with electrically heated rods or a steam injection mechanism for adding
another energy input, the thermal energy to the process, thus helping to heat feed
materials to a temperature of up to 200°C in the barrel. A barrel is divided into three
zones: the feeding, kneading and final cooking zone. As materials enter the feeding zone,
they are pre-heated and may be injected with water or steam. Water is typically added in
this zone to alter the texture or viscosity of the material. The screws compress the low-
density raw materials and convey them to the kneading zone. In the kneading zone,
compression continues to expel entrapped air with decreasing screw pitch. As
temperature increases in this barrel section, pressure begins to build. The shear rates,
pressure, and temperature are highest in the final cooking zone. In this zone, the screw
pitch is the lowest, c ompressing the material to the greatest degree. Attheend ofthe
extruder barrel, the material exits through a die opening, where it expands rapidly as
pressure decreases. At this time, moisture in dough flashes off to steam, resulting in

product expansion. In these three zones, the combination of twin-lead screw, single-lead



screw, and kneading/mixing paddles determine the degree of conveying and compression.
Screws can be configured to create high shear or low shear. Assembling different screw
configurations varies products characteristics, thus creating potential for product
developments. T win-lead screws are usually placed in the feeding zone, and useful to
convey materials. Single-lead screws are used for compressing material and increasing
the degree o f fill in the extruder. T he kneading paddlescanbesetat30° 60°0or 90°
rotated from one another on the extruder shafts. The paddles are called forward kneading
paddles if they are set up in a way that the material will be moved towards the die
direction. Reverse kneading paddles will move the material away from the die direction,
thus increasing the degree of fill at that point. As raw materials moved towards the final
cooking zone, the screws are usually configured such that the degree of fill increases to a
maximum of 1.0.

In addition to its ability to manufacture a variety of foods in a continuous process,
an extruder is also effective in inactivating spoilage enzymes, trypsin inhibitors and
microorganisms (Harper 1981, Cheftel 1989). The intense thermal and mechanical energy
inputs during extrusion also trigger many chemical and nutritional changes, such as
starch gelatinization, protein denaturation, and degradation of vitamins, flavors, and
pigments (Bjérk and Asp 1983, Harper 1988, Killeit 1994). While starch gelatinization is
desirable for digestibility, degradation of vitamins is the undesirable side effect of
extrusion. In some food industry, to replenish vitamins d egradation, e xtrudatescanbe
sprayed with vitamins after extrusion. Maga (1989) summarized many of the problems
associated with this surface coating method. Some disadvantages are heterogeneous

distribution, loss due to dripping, additional processing cost and time, and increased



possibility of microbial contamination. Thus, the most common method implemented in
most food industry is to over-fortify the dry mix prior to extrusion (Ottaway 1993 and L.
Morel “pers comm.”). A predictive model would be useful to determine the retention of
these compounds to calculate the amount of vitamins to be added prior to extrusion.
Using the model, the optimum conditions could be determined where minimum
degradation is achieved. The resulting generalized model for vitamins degradation would

be helpful to minimize experimental time and cost in extrusion process design.
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1.2. Thiamin

Since 1943, all bread and grains products in the United States must be enriched
with iron and vitamin B complex (niacin, thiamin, and riboflavin) because these vitamins
are removed during flour milling. Folic acid (vitamin By) fortification of grain products
was mandated in 1998. The minimum standard for vitamin B content was established by
the Food and Drug Administration (Table 1.1) and reported by Fortitech (2001).

Table 1.1 Federal enrichment standards of vitamin B in mg/kg for cereal-grain products
(1998).

Grain products Thiamin Riboflavin Niacin Folic acid
(Vitamin B;) | (Vitamin B;) | (Vitamin B;) | (Vitamin By)

Pasta products 8.83-11.0 3.75 - 4.86 59.6-75.1 1.99 — 2.65
Bread, rolls, and buns | 3.97 2.43 33.1 0.95
Cornmeal 4.42-6.62 2.65-3.97 353-529 1.55-2.21
Flour 6.40 3.97 52.9 1.55
Rice 442 -8.83 2.65-5.30 35.3-70.6 1.55-3.09

Among these four water-soluble vitamins, thiamin is the most susceptible to
degradation by thermal processing. Thiamin, a water-soluble B-complex vitamin, is also
known as B;. It is necessary for normal functioning of the cardiovascular, nervous,
muscular, and gastrointestinal systems. The coenzyme thiamine pyrophosphate, the active
form of thiamin, participates in the breakdown of glucose and in the Kreb's cycle, the
central energy-yielding pathway o f the body. T hiamin also e nhances b lood circulation
and blood formation, and assists in hydrochloric acid production, which is necessary for
proper digestion. It also optimizes cognitive activity and brain function (Rindi 1996). In
addition, thiamin acts as an antioxidant by protecting the body from the degenerative
effects of aging, alcohol consumption, and smoking. A deficiency in thiamin results in a

disease called beriberi. This deficiency is common in Asia where rice is excessively




milled to create polished rice (Krishna 1999). Thiamin is mostly found in the rice bran,
which is removed during milling. Depending on the organ system affected by thiamin
deficiency, beriberi has been termed wet, dry or cerebral. Wet (cardiovascular) beriberi
symptoms include rapid heart rate, enlargement of the heart, severe swelling, difficulty
breathing, and ultimately congestive heart failure. The main features of dry (neural)
beriberi are abnormal reflexes, diminished sensation, and weakness in legs and arms. The
most severe deficiency in thiamin results in cerebral beriberi, also known as Wenicke-
Korsakoff syndrome. Symptoms are profound memory disorder, abnormal eye
movements and aphasia. A diet including thiamin is necessary to prevent beriberi. The
average dietary thiamin intake for young adult men and women is about 2 mg/day and 1.2
mg/day, respectively. The reference daily intake value recommended by the Food and
Drug Administration (1994) is 1.5 mg/day. Sources of thiamin are whole grain cereals,
legumes, nuts, lean pork, yeast, enriched bread and flour (Ottaway 1993).

Thiamin consists of pyrimidine and thiazole rings, linked by methylene bridge

(Figure 1.2).

T CH,
/—I—CHz- CH,- OH X
CH, -

Pyrimidine Thlazole

Figure 1.2. Chemical structure for thiamin (Ottaway 1993).
X = CI', HCI (Thiamin hydrochloride)

X =NO5" (Thiamin mononitrate)

X = H3P,0¢ (Thiamin pyrophosphate)



Thiamin occurs in natural foods either in its free form or in a combined form as a
protein complex: a phosphorus-protein complex or the pyrophosphoric acid ester: co-
carboxylase (thiamin pyrophosphate). Thiamin is commercially available for addition to

food in the form of thiamin hydrochloride and thiamin mononitrate.

1.3. Thiamin analysis in wheat flour

Techniques for analyzing thiamin in food products are well-documented. The
thiochrome method is the standard chemical method approved by the Association of
Official Analytical Chemists (AOAC, 1995) and the American Association of Cereal
Chemists (AACC, 2000). Results obtained by the thiochrome method are equally as
precise as those obtained by High Performance Liquid Chromatography (HPLC), which
is another accurate, rapid and sensitive method (Toma and Tabekhia 1979, Kamman et al.
1980, Abdel 1992). In this study, the thiochrome method was chosen because of its
accuracy within 5% (Labuza and Riboh 1982), and because the necessary equipment was
readily available. The thiochrome method involves oxidation of thiamin to thiochrome by
adding an oxidizing agent such as potassium ferricyanide under alkaline conditions. In
the absence of other fluorescing substances, the thiochrome fluorescence under UV light
is linearly proportional to the amount of thiamin present following a standard curve.
McFarlane and Chapman (1941) stated that different grain products contain different
proportions of organic materials, thus making the optimal amount of oxidizing agent
unique to each grain product. An investigation of the thiochrome method for soft wheat
flour was recently published by Moore and Dolan (2003). They were the first to optimize

the protocol for soft wheat flour analysis. They found that the maximum level of
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potassium ferricyanide added to aqueous thiamin-HCl extract was ranged from 4.84 to
100 pg per pg thiamin solution. A higher or lower amount of agent would decrease the
fluorescence reading. Therefore, for our study, a level of 37.28 ug potassium ferricyanide
per pg thiamin solution was chosen for optimal range. Another finding was that mixing
potassium ferricyanide with sodium hydroxide as oxidizing agent yielded a lower
experimental error than adding the potassium ferricyanide and sodium hydroxide
separately to the thiamin extract. Their improved, accurate, and optimized protocol for

soft wheat flour analysis was followed in the present study.

1.4. Thiamin stability

Dwivedi and Amold (1973) summarized the factors affecting thiamin degradation
in food products, which includes pH, temperature, oxidation-reduction potential of
systems, sulphites and bisulphites content, presence of aldehydes, amine and radiation. At
pH < 5.0, thiamin i s quite stable t o h eat and o xidation; however above pH >5.0, itis
easily destroyed by heat. In the presence of heat, thiamin degradation involves the
cleavage at the CH ‘bridge’ between the pyrimidine and thiazole molecules. Thiamin is
very sensitive to sulphites and bisulphites especially at high pH. This is the cause of most
thiamin degradation in vegetables blanched with sulphites and in meat products where
sulphites and bisulphites are usually used as preservatives. Van der Poel (1956) reported
that when thiamin was heated in a glucose solution, a brown discoloration and fluorescent
compound was produced, which resembled a Maillard reaction of sugars and amino
acids. Thiamin’s participation in Maillard reaction may be important in the loss of

thiamin during heat processing. Its participation is believed to be caused by its
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nitrogeneousity (Van der Poel 1956, Hermann and Tunger 1966). The breakdown of
thiamin, especially during heating, release off-flavors and odors, some which are

unpleasant.
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Chapter 2: Average shear rate in a twin-screw extruder as a function of degree of
fill, screw speed and flow behavior index

2.1. ABSTRACT

Shear rate is critical in calculating viscous dissipation for cooking extruders.
Shear r ate profiles in t win-screw e xtruders are d ifficult to m easure and predict due to
extruder complexity and the changing rheological properties of the product. Alternately,

average shear rate (7, ) can be estimated using mixer viscometry assumptions.

Screw speed was varied at 50, 100, 200, 300, 400 rpm in a twin-screw extruder
for fluids with different flow behavior indices, which represent different feed materials.
Degree of fill was varied from 0.4-1.0. A modified matching viscosity technique was

used to estimate ¥, .

Average shear rate was modeled as a function of extruder constant (k’), screw
speed and an empirical parameter alpha. Effect of degree of fill was significant on alpha
and extruder constant. Thus, both were incorporated in the average shear rate model. The
model predicted average shear rate well for average shear rate <200 s”'. The average
shear rate estimated with this method may be useful for model mechanical effects during

extrusion of cereal products.
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2.2. INTRODUCTION

Shear rate in an extruder can be used to evaluate viscous dissipation, which is the
main source of energy to cook the material in the extruder (Mohamed et al. 1990). The
shear rate term is also needed for calculation of shear history — a potentially useful
factor tracking the material process history during extrusion.

Quantifying shear rate in a twin-screw extruder is complex, because the screw
configuration usually varies along the barrel. As a result, shear rate also changes along
the extruder barrel. Another two factors which further complicate the calculation of local
shear rate are that two flows are present in a twin-screw extruder: drag flow, which is
proportional to screw speed, and pressure flow, which opposes the drag flow as a result
of high pressure at the die (Mohamed et al. 1990). The opposing flows and the mixing
disrupt the velocity profile. Moreover, the local shear rates in each screw flight are
unknown because of the large clearance between the screw root and the barrel. Often, the
maximum shear rate is estimated as the screw tip velocity divided by the clearance.
However, this maximum shear rate could be much larger than the average shear rate.
Therefore, for approximations of shear rate in a twin-screw extruder, an average shear
rate term can be used.

Li et al. (1996) developed an analytical model for predicting shear rate of a twin-
screw extruder. Their approach was to treat the extruder as a mixer and the paddles as
non-circular shaped bobs. However, the raw material’s flow behavior index data must be
known for this model. For some fluids, flow behavior index is easily determined by
testing it in a rheometer. In contrast, when material such as flour is processed in an

extruder, its flow behavior index changes significantly as flour is transformed to dough.

16






Therefore, an average shear rate model relatively independent of flow behavior index
(material rheology) would be more convenient.

The mixer viscometry method to determine average shear rate in a mixer has been
fully developed by Mackey et al. (1987), and has been used by many researchers (Rao
and Cooley 1984, Briggs 1995, Lai et al. 2000). This technique involves comparing the
power consumption curves of a Newtonian fluid and a non-Newtonian fluid during
mixing in identical equipment. If both fluids require the same power, the Newtonian
viscosity (4) must be equal to the non-Newtonian average apparent viscosity
(7) (Metzner and Otto 1957). Apparent viscosity and average shear rate are related by an
appropriate m odel e quation for non-Newtonian fluids. U sing the e quation, the average
shear rate in the mixer can be determined.

This technique has been used in evaluating performance of commercial
equipment, such as a scraped-surface heat exchanger (Steffe 1996). However, Mohamed
et al. (1990) presented the first study using the matching viscosity concept to calculate
the average shear rate in an extruder. They determined the average shear rate and
extruder constant (k) in the twin-screw extruder using one non-Newtonian fluid for each
type of screw (single-lead, twin-lead and paddles) at 100% fill. Cha et al. (2003) applied
Mohamed’s method and conducted another extrusion study at 40% fill using a different
non-Newtonian fluid and a combination screw configuration. Both studies predicted

average shear rate and modeled it as a function of screw speed and constants.
7, =k'N* 2.1)
where y, is the average shear rate (s, K’ (rev’) is a constant unique for the given type

of geometry and mixer (extruder) and must be determined from experimental data, o is a
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constant to account for material conveying in the extruder, and N (rev/s) is the screw
speed.

Degree of fill in an extruder is a measure of what proportion of the barrel void
volume is filled with raw material. Degree of fill ranges from 0 to 1.0. Mohamed et al.
(1990) investigated the average shear rate in a 1.0 degree of fill extruder and provided a
range of average shear rates in the extruder. Since a commercial food extruder is
commonly operated at a range of 0.4-0.8 degree of fill, it is necessary to determine the
effect of degree of fill on average shear rate.

Lai et al. (2000) showed that k' in a mixer viscometer is virtually independent of
the flow behavior index above a certain minimum speed. The same advantage may apply
to extruders.

To date, no studies were found relating average shear rate in an extruder to degree
of fill and material rheology. Hence, the objectives of this research were

1) To develop a method to measure extruder degrees of fill;

2) To determine the average shear rate in an extruder at various screw speeds, flow
behavior indexes (material rheology) and degree of fill,

3) To determine the significance of screw speed, degree of fill and flow behavior

index on the extruder constant (k') and alpha (o);

4) To model the extruder constant and alpha as a function of the significant variables

in 3).

5) To determine the accuracy of the model.
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2.3. MATERIALS AND METHODS
2.3.1.Rheometer

Fluids with flow behavior indexes () ranging from 0.2 to 1.0 were chosen. The
Newtonian fluid (n=1) was corn syrup (Sweetose 4300, A.E Staley Mfg. Co. Decatur,
IL). The non-Newtonian fluids were two types of methylcellulose food gum (The Dow
Chemical Co., Midland, MI); 2.8% (w/w) A40M Methylcellulose® and 8% (w/w) K99
Methylcellulose®.

The fluids were analyzed for their rheological parameters before they were
extruded. Plot of shear stress versus shear rate at three different temperatures were
obtained using a concentric cylinder Haake VT 550 rheometer (Haake, Paramus, NJ).
Using a power-law model,

oc=Ky" 2.2)
The effect of temperature on K was determined using the Arrhenius relationship,

—Eq
K=K,eRT (2.3)

For Newtonian fluids (n=1) the consistency coefficient is known as the

Newtonian viscosity (x). For non-Newtonian fluids, the apparent viscosity (7) is,

n== 24)
/4

Replacing the shear stress term (o) with Eq.(2.2), the viscosity becomes a

function of shear rate,

n=Ky" 2.5)
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2.3.2.Extruder

A laboratory scale twin-screw extruder with co-rotating, intermeshing screws
(model MPF-19, APV Baker, Grand Rapids, MI), 19-mm barrels, and 3-mm circular die
opening was used for the experiment. The barrel length:diameter ratio was 25:1. The
screws were configured to cause high shear by combinations of twin-lead, single-lead and
paddles (Table 2.1).

2.3.2.1.Hydraulic diameter and void volume

The hydraulic diameter was calculated as (Komolprasert and Ofoli 1990)

D,=4%V, /%A, (2.6)
Wetted volume (V) and wetted area (A4, ) for each screw type were calculated using

equations in Mohamed et al. (1990). The screw configuration used in this study was the
same as that in Cha et al. (2003). Their calculated hydraulic diameter of 2.25 mm for 0.4
degree of fill extruder was used in the present study. In the present study, calculation of
hydraulic diameter at different degree of fill was replaced with a more convenient and
straightforward method of plotting individual power consumptions lines for each degree
of fill.

Volume of screws (Table 2.2) was measured by water displacement. The void
volume (V,) of the extruder was calculated using equation:

V, = Barrel volume + die volume + die plate volume - @7
(total screws volume + end screws volume) '
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Table 2.1. Screw configurations and volume

Screw configuration Volume (cm?)
Feed port | 8D Twin Lead Screw 40.0
7x30° Forward Kneading Paddles 11.2
4D Twin Lead Screws 20.0
4x60° Forward Kneading Paddles 6.4
4x30° Reverse Kneading Paddles 6.4
2D Twin Lead Screws 10.0
6x60° Forward Kneading Paddles 9.6
4x30° Reverse Kneading Paddles 6.4
1D Single Lead Screw 5.9
v 7x90° Kneading Paddles 11.2
Die |[2D Single Lead Screws 11.8
Total screws volume 138.9
Table 2.2. Extruder and screw flight data
Variable Value
Twin-lead volume (cm®) 2.5
Single-lead volume (cm?) 2.95
Paddles volume (cm®) 0.8
End screw volume (cm?) 0.574
Barrel length (cm) 1.9
Barrel surface area (cm?) 5.352
Barrel volume (cm’®) 245.7
Die size (cm) 0.3
Die volume (cm?) 0.8
Die plate volume (cm”®) 12.0
Void volume (cm’) 118.4
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2.3.2.2.Energy balance in extruder
Total energy input generated by the extruder motor was separated into four energy
types (Harper 1981):

AE = AE, + AE; + AE, + AE, (2.8)
where AE is the mechanical energy input (J), AE,, is the viscous energy dissipation in
channel, AE; is the viscous energy dissipation in flight clearance due to drag flow,
AE, is the pressure energy and AE, is the change in kinetic energy. Since change in

velocity in an extruder is small, AE, is assumed negligible (Harper 1981). Eq. (2.8)
become

AE = AE, + AE; +AE, 2.9)
\_Y_J

total viscous dissipation

Eq. (2.9) can also be represented in rates by dividing each term by time:

P,=E,+(P*Q) (2.10)
where Py, is the power input (J/s) from the motor to the screw shafts, E, is the rate of
viscous dissipation and P*Q is the rate of pressure increase, where P is pressure (Pa) and
Q is volumetric flow rate (m>/s). Power input to the screws can also be calculated using
the measured torque value during extrusion runs and the manufacturer’s correlation.

P, =2.64*(%Load — % Base Torque)* N (2.11)

Another form to present power consumption for mixers is by a dimensionless power

number:

N, =——r 2.12
Po pN3Dh5 ( )
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2.3.2.3 Extrusion run

Fluid was prepared in batches of approximately 10 kg for each extrusion run.
Density was measured. The fluid extrusion was conducted at temperatures ranging from
10-25°C depending on the type of fluid. A water-cooling jacket around the extruder
barrel was utilized to cool the barrel when necessary. During extrusion runs for each
fluid, the temperature was maintained constant. After fluid flow output was at steady-
state, % torque (load and non-load), pressure at die, temperature of fluid at feed inlet and
at die outlet, and mass flow rate were measured. Die temperature was measured using a
handheld T-Type needle thermocouple (Cole-Parmer, Vernon-Hills, IL) inserted into the
die hole. The weight of the extruded fluid was measured for 30 seconds to obtain mass
output flow rate. The density of extruded fluid was measured. The fluid density and
temperature used for calculation were the averages between inlet and outlet fluid
densities and temperatures, respectively.

Data were collected at a set of five screw speeds of 50, 100, 200, 300 and 400 rpm
for each fluid. Duplicate experiments were conducted on different days.

2.3.2.4.Degree of fill

To investigate the effect of degree of fill on k', fluid degree of fill was varied. For
each fluid, three ranges of degree of fill were chosen: 1.0, 0.7-0.9 and 0.4-0.6. The range
was approximated for degree of fill <1.0 because exact degree of fill could not be set

beforehand. However, exact degree of fill was measured at the end of each extrusion run.

Degree of fill of 1.0 (fill 1) was ensured visually as the fluid was poured manually
into the feed inlet. A funnel with a ball valve attached on top of the extruder feed inlet

was utilized to achieve degree of fill less than 1.0. The procedure to measure the exact
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degree of fill was as follows: After measurements were recorded at one screw speed (N)),
the ball valve was closed to stop feeding of fluid, and the screw speed was increased to
300 rpm to force the remaining fluid in the barrel out of the die. The fluid exiting the die
at this time was collected for 10 minutes and weighed (m,;). The screw speed was then
increased from N, to N, for the next desired screw speed. At this time, the fluid feed rate
was arbitrarily increased to maintain a degree of fill approximately the same as at N;. The
same procedure was repeated for each screw speed. At the end of the procedure for 400
rpm (Ns), the barrel was opened, and the tared shafts with screws attached were removed
and weighed (m;) to obtain the fluid remaining on the screws. Fluid remaining on the

barrel was scraped and weighed (m;).
Measured degree of fill was calculated as follows:

m, +m, +m,

Degreeof fill =
P,

2.13)

Preliminary measurements taken at 50, 100, 200 and 300 rpm for corn syrup showed that
my+mj differ by only 5% over all screw speeds. Therefore, m, and m; were only
measured at the end of the set of 5 screw speeds (50, 100, 200, 300 and 400 rpm), rather

than after each screw speed.

For each screw speed, log Np, (calculated using Eq.(2.12)) was plotted versus
measured degree of fill to obtain a regression line. The regression equation was used to
interpolate Np, at an exact 0.4 and 0.7 degree of fill. Thus, fill 2 was established at 0.7

and fill 3 at 0.4.
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2.3.2.5. Estimation of average shear rate by matching viscosity method (Mohamed et al.
1990)

According to Metzner and Otto (1957) and Steffe (1996), when mixing a
Newtonian fluid in laminar flow (Ng. < 63) and assuming that surface tension, elastic and

vortexing effects are insignificant, power consumption is inversely proportional to

Reynolds number.
A
N, =— 2.14
Po NRe ( ) 3
where
Ny, = D.Np (2.15)
H

Mohamed et al. (1990) added another parameter to the general mixing model
(2.14) for twin screw extruders to account for the conveying and thorough mixing. Thus,

the model becomes

4
(Nge)’

N,, = (2.16)

where A and B are constants depending on the screw configuration. A and B were
determined using linear regression of log Np, with log Ng. of the Newtonian fluid (corn
syrup).

Once the power number of the non-Newtonian fluid was determined, the
correlated Reynolds number was calculated using the established regression equation

from Eq.(2.16). The matching viscosity method was applied,

p=n=Kp," 2.17)
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Finally, the average shear rate was calculated by solving for shear rate,

1
Fo=( —Lp )i (2.18)
K e’"
The procedure is summarized in Figure 2.1.
1. Obtain Np, = f(Ng.)
A Newtonian 3. Equate Np, from (2) to get the
log Np, \ fluid corresponding Ng, from (1).
*\ 4. Solve for Newtonian viscosity that
A Log N > would give the same power
3 consumption
4 Non- D,Np
Newtonian H= N
fluid Re
log N, \
Log Screw S;a ed 5. Match the viscosities
p=n=Ky,">
2. Obtain Np, for non-Newtonian 6. Solve for average shear rate
fluid at certain screw speed . -
=)

Figure 2.1. Matching viscosity method to determine average shear rate (Steffe 1996).
Once the average shear rate was calculated, the non-linear model (Eq.(2.1)) was
transformed to linear regression equation below to determine the extruder constant (k')
and o. Regression analysis was done using Excel®.
log 7, =logk'+alogN (2.19)

Correlations between k' and the fluid’s flow behavior index, and k' and degree of fill
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were determined. The effects of degree of fill, screw speed and flow behavior index on k'

were analyzed using PROC REG in SAS software to determine each significance.

2.4. RESULTS & DISCUSSIONS
2.4.1. Rheometer

2.4.1.1. Newtonian fluid

Plots of shear stress versus shear rate for Corn syrup are presented in Figure 2.2
at temperatures of 24, 35 and 44°C. The graph shows that the viscosity of the fluid,
represented by the slope of the line, is constant with increasing shear rate. This verified
that com syrup is a Newtonian fluid, with n ~ 1. Table 2.3 summarizes the results

obtained from regression analysis.
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Figure 2.2 Plot of Shear stress versus Shear rate for Corn syrup.
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Table 2.3. Rheological properties of Corn syrup based on the model o = uy

Temperature (°C) p (Pas) n R’
24 28.62 1.04 0.99
35 7.20 1.04 0.99
44 2.71 1.05 0.99

The temperature dependency of the viscosity was determined from regression

ED . . .
from Figure 2.3. The slope was & and the intercept was the log of reference viscosity.

The temperature dependence equation was

1117

pu=(1.568*10"%)e 7

4 -
v
g 2+t ——
-

y=11117x - 34.089
R*>0.99
0 T ;
0.003100 0.003200 0.003300
1T (1/K)

0.003400

Figure 2.3. Consistency coefficient versus reciprocal temperature for corn syrup.
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2.4.1.2 Non-Newtonian fluids

Plots of shear stress versus shear rate for one of the non-Newtonian fluids
(A40M) at temperatures of 25, 37 and 43°C are presented in Figure 2.4. The curved lines

on the graph show that the apparent viscosity changed with shear rate. Table 2.4

summarizes the data obtained by power-law fit.

800
37°C
A 000

= e v
& oth ,,W 43°C
= )
8
&
/]
]
g
=
77

0 T T T T T T T T

0 20 40 60 80 100 120 140 160
Shear rate (1/s)

Figure 2.4. Shear stress versus shear rate for 2.8% A40M Methycellulose.

Table 2.4. Rheological properties of 2.8% A40M Methycellulose based on the model
o=Ky"

Temperature (°C) K (Pas") n R’
25 179.48 0.302 0.99
37 139.64 0.321 0.97
43 124.35 0.313 0.95

A plot of the consistency coefficient versus temperature is presented in Figure 2.5

E, )
based on the Arrhenius relationship in Eq.(2.3). The slope was —& , and the intercept

was the reference consistency coefficient. The complete equation was given by
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1921.7

n=(2.839*10")e T y (2.21)

5.5
3
’ y=1921.7x - 1.259
R*>0.99
4.5 : :
0.0031 0.0032 0.0033 0.0034
1T (1/K)

I*;iigure 2.5. Consistency coefficient versus temperature for 2.8% A40M Methycellulose.

Table 2.5 summarizes the rheological parameters, temperature and shear rate
dependence of all fluids used for extrusion.

The rheological properties of the non-Newtonian fluids used in the present study,
especially those of type A40m were very difficult to reproduce when doing replicate
preparations. Slight differences in hydration and mixing procedures altered the
consistency coefficient and flow behavior index. Despite using similar gum
concentration, the rheological parameters were different, as seen in Table 2.5, and thus

the non-Newtonian fluids were not treated as replicates.
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Table 2.5. Rheological parameters of fluids used for extrusion and their temperature and

shear rate dependence
Fluid Flow Consistency | Temperature and shear rate dependance
behavior | coefficient
Index (n) | (K) at 25°C,
Pas"
1445
2.8% A40M =1.075% T *y"!
Methylcellulose® | 024 137.18 |\ 7 4
1921.7
2.8% A40M =(2.839%107 ) *e T *y!
Methyleellulose® 0.28 179.48 | n=( ) 7
8% K99 0.60 219 | 7=(098%107) % T 2y
Methylcellulose® ’ )
8% K99 0.67 756 | n=(T854107)%e T 4
Methylcellulose® ) '
11,980
4300 Sweetose® =(1.006*%107'%)*e T
Corn Syrup (Staley) | 24.9 ( )
11,117
4300 Sweetose® =(1.568*%10"%)*e T
Comn Syrup (Staley) | % 29.04 h=( )
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2.4.2. Extruder
All extrusion data can be found in Appendix 2.A.

2.4.2.1. Degree of fill

Dimensionless power number for all fluids was calculated using Eq.(2.12). Figure
2.6 shows an example plot of power number versus measured degree of fill. The best fit
lines on the power number vs. degree of fill plot were linear for corn syrup with 0.63 < R?
<0.88. Therefore, the relationship between log power number and degree of fill was
assumed linear in the range of 0.4 and 1.0 degree of fill for all fluids. Using linear
regression, trend lines were obtained for all screw speeds (Table 2.6). The trend lines

were then used to predict the power number at 1, 0.7 and 0.4 degree of fill.

9.000
/‘ -
8.500 o 8
o =] — | 0 100 pm
g o
< / A 200 ipm
-9
¥ 8.000 /A'r o 300 rpm
A
X 44/0/«
7.500 —
X
70000 T T T T T T

04 0.5 0.6 0.7 0.8 0.9 1 1.1
Measured Degree of Fill

Figure 2.6. Plot of Power number versus measured degree of fill for corn syrup.

2.4.2.2. Estimation of average shear rate by matching viscosity method (Mohamed et al.
1990)
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Figure 2.7 shows the plot of the Power number versus Reynolds number for
degree of fill of 1, 0.7 and 0.4 for Com syrup. Table 2.6 summarizes the slopes (B) and

the intercept (A) obtained by linear regression.

9
©
R
@ 8| -
-
O 1.0 fill degree
& 0.7 fill degree
A 0.4 fill degree
7 T T T T T
-3.2 -3.0 -2.8 -2.6 24 2.2 -2.0
Log Re

Figure 2.7. Plot of Power number versus Reynolds number for corn syrup.

Table 2.6. Equations correlating Power number and Reynolds number for corn syrup at
three different degrees of fill

Degree of fill Equation N, = 'N—i_a R?
1 Ny, = % 0.99
0.7 N,, = % 0.99
0.4 N, = Al,—g% 0.95
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By assuming that at a constant speed, the power number would be the same for all
fluids during mixing if the fluid viscosities are the same, the Reynolds number for non-
Newtonian fluids could be calculated using the correlated equations in Table 2.6. Then,
the equivalent average shear rate was determined using Eq.(2.18). Figure 2.8 shows a plot

of average shear rate versus screw speed for one of the non-Newtonian fluids (A40m, n

=0.24).

Y
S

¢ 1.0 Degree of fill

0 0.7 Degree of fill

—

W

o
L

A 0.4 Degree of fil y =35.52x

Average shear rate (1/s)
2

W
(=]

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0
Screw Speed (1ps)

Figure 2.8. Plot of average shear rate versus screw speed for 2.8% A40M Methycellulose
(n=0.24)(Curve equation = y, =k'N%).

All calculated average shear rates are given in Appendix 2.B. The results of linear

regression of Eq. (2.19) are displayed in Table 2.7.
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2.4.2.3. Extruder constant

Table 2.7. Summary of regression analysis (Eq.(2.19)) (extruder constant and alpha)

Overall extruder constant

a Overall model

Flow
behavior| Fill

index | degree | Logk' |Std Error| k' (rev’!) | Value |Std Error| R? Std Error
0.24 1.0 1.550 | 0.0355 | 35.52 0.747 | 0.0648 | 0.98 0.0476
0.24 0.7 1.267 0.0454 | 18.48 0914 | 0.0830 | 0.98 0.0609
0.24 0.4 0.995 0.0848 9.89 0.936 0.155 | 0.92 0.0114
0.28 1.0 1.654 | 0.0587 | 45.13 1.048 0.107 | 0.97 0.0788
0.28 0.7 1.462 | 0.0574 | 28.98 1.410 0.105 | 0.98 0.0769
0.28 0.4 1.268 0.117 18.55 1.601 0.214 | 0.93 0.157
0.60 1.0 1.407 0.0412 | 25.52 0.671 0.0412 | 0.96 0.0552
0.60 0.7 1.132 | 0.0140 | 13.56 1.263 | 0.0257 | 0.99 0.0188
0.60 0.4 0.943 0.0299 8.77 1.736 | 0.0546 | 0.99 | 0.0400
0.67 1.0 1.557 | 0.0757 | 36.14 0.987 | 0.0757 | 0.94 0.101
0.67 0.7 1.239 | 0.0668 | 17.33 1.721 0.122 | 0.99 0.0896
0.67 0.4 0.753 0.0536 5.66 2.086 | 0.0979 | 0.99 0.0719

The value of k' shown in Table 2.7 was an “overall” k' for all screw speeds. An

increasing trend was observed with increased degree of fill. The regression results

showed an excellent fit for all the data with minimum R® of 0.92. Alpha decreased with

degree of fill for all fluids. This result suggests that a low degree of fill allowed more

mixing of the fluid in the extruder, thus increasing the alpha value.

Research on mixer viscometry showed that speed did not affect the mixer constant

above a certain minimum speed (Castell-Perez and Steffe 1990, Mackey et al. 1987). Lai

et al. 2000) added that mixer constant was independent of flow behavior index also. To
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investigate whether a similar trend would be observed for an extruder, k' was calculated

at each screw speed using the known alpha obtained from regression analysis.

7
k'=-"2 2.22
N (2.22)

Figures 2.9, 2.10, 2.11 show the relationship of k' and screw speed (rps) at fill degree of

1.0, 0.7 and 0.4 respectively.

60
40 D}é& o
b
20
0 : T -
0 2 4 6 8

Screw Speed (rps)

Figure 2.9. Extruder constant (k') vs. screw speed of non-Newtonian fluids with varying
flow behavior index (n) at 1.0 degree of fill.

Mohamed’s k' values for 1.0 degree of fill were 19.4 rev’' for single-lead, 28.0
rev’' for feed-screws and 42.8 rev’' for 30F paddles (Mohamed ef al. 1990). In the present
study, the screw configuration was a combination of single-lead, twin-lead and paddles.
Figure 2.9 shows that most of the k' values fell in the range of 20-40 rev/s (within the
range of Mohamed’s results) after screw speed of 1.667 rps (100 rpm) for 1.0 degree of
fill. A different trend is observed for n=0.28 where k' still increases after 3.33 rps (200

rpm). This inconsistency was caused by decreasingly small torque differences at higher
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screw speeds. When the power number was low, the Newtonian viscosity was low. Thus,
average shear rate increased (Eq. (2.17)), and so did the extruder constant. A possible
reason for the drop in torque reading was that type A40m fluid’s texture was slippery and
slimy. Its slipperiness might act as a lubricant, yielding a lower torque difference at

higher screw speed.

40 1 - a ~0- n=0.24

S O N —0-n=0.28
o —a g —0— n=0.60

20 - Q -~ 'lA\\\ —— . P O B ) n=0.70

PN D —
0 T T T
0 2 4 6 8
Screw Speed (rps)

Figure 2.10. Extruder constant vs. screw speed of non-Newtonian fluids with varying
flow behavior index (n) at 0.7 fill degree.

37



60

A -0-n=0.24
- —{0—n=0.28
= ~0—n=0.60
20 o. _— o s > - ——n=0.70
Sl ”’/
0\8\ \I:l
o e Qe T - _’,_,;—;,&:——__O'_—_‘g
D S —— ¢
& =B ————A————————A
0 : . :

Screw Speed (rps)

Figure 2.11. Extruder constant vs. screw speed of non-Newtonian fluids with varying
flow behavior index (n) at 0.4 fill degree.

Very apparent trends are observed in Figures 2.10 and 2.11 where the k' is
relatively constant above screw speed of 1.667 rps (100 rpm). A different trend is
observed for n =0.28. The same justifications as mentioned above might cause this
behavior. For this reason, fluid of n = 0.28 was not included in further calculation and
analysis.

These plots suggest that the average k' at screw speed above 1.667 rps (100 rpm)
for 1.0, 0.7 and 0.4 degree of fill was 32.23 +5.38, 16.49 +2.48 and 8.2 +2.15 rev’,
respectively (excluding data of n=0.28).

Effect of screw speed and flow behavior index on k'

Figures 2.9, 2.10 and 2.11 show that k' does not change significantly above screw
speed of 1.667 rps (100 rpm) for all fluids but one. This observation was confirmed by
statistical analysis (PROC REG in SAS) at 95% confidence level, which proved that

screw speed did not significantly affect k' (P = 0.902). Flow behavior index effect on k'
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was also not significant (P = 0.426). These results were similar to those found in mixer

viscometers, where angular velocity and flow behavior index did not influence the mixer

constant.

Effect of degree of fill on k'

On the other hand, degree of fill affected k' significantly (P < 0.0001). Because

flow behavior index and screw speed were not significant factors affecting k', all the k'

values were fitted as a function of degree of fill only. The best fit was a power law fit ( R?

= 0.86). Figure 2.12 shows that k' increased with degree of fill. The equation of the line

(2.23)

was
k' = 30.39* Degree of fill'**
60
y =30.39x"°% R
R’ =0.857
40 o -
>
£
5 $
) N ﬁ/i,
O 1 T 1 |l T
0 0.2 0.4 0.6 0.8 1 1.2
Degree of fill

Figure 2.12. Effect of degree of fill on extruder constant.
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2.4.2.4. Evaluation of equation’s exponent (alpha)

Table 2.7 shows that alpha ranged from 0.671 to 2.086. Statistical analysis
showed that degree of fill and flow behavior index significantly affected alpha (P<0.01).
Alpha was fit using multiple linear regression as a function of degree of fill and flow
behavior index, yielding R? of 0.79. Alpha increased with n and decreased with degree of
fill.

It was mentioned earlier that a model that was independent of flow behavior index
was preferred due to the difficulty in determining flow behavior index during extruder
cooking. Another alpha model was therefore proposed, where alpha was fitted with linear

regression as a function of degree of fill only (Figure 2.13, R’ = 0.457).
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y =-1.308x +2.145
R?=0.457
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Figure 2.13. Effect of degree of fill on alpha.
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2.4.3. Average shear rate model
Two average shear rate models were developed following Eq.(2.1). For both
models, k' = 30.39* Degree of fill"*® (Figure 2.12).

Model 1 incorporated the flow behavior index in alpha,

}-,a =kuN(-l.BOS'degreeofﬁlHl.47l‘n+1.404) (2‘24)

Model 2 accounted for degree of fill only,

s ka(-l,BOS * degree of fill + 2.144 )
a

/4 (2.25)

A student t-test, paired with two-tailed distribution, was performed to determine if there
was significant difference between the two models. The result showed that inclusion of
flow behavior index did not change the predicted average shear rate model significantly
(P=0.03). Therefore, using the second model (Eq.((2.25)), average shear rate was

predicted at all points and then compared to the experimental average shear rate data

(Figure 2.14).
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Figure 2.14 shows that the model predicted the average shear rates relatively well
for average shear rate <200 s'. However, at higher average shear rates, the predicted
value underestimated the experimental value for fluid n=0.67. For fluid of n=0.67, the
alpha values obtained were higher than those of other fluids (Figure 2.13). Because the

model ‘averaged’ the k' and alpha values, the predicted average shear rate would be

underestimated.
3 400
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Figure 2.14. Predicted average shear rate versus the experimental average shear rate data.

42



2.4.3.1. Fluid suitability

The most challenging task in this study was to find a non-Newtonian fluid
suitable for extrusion. This fluid must be thick enough to generate sufficient torque
response, and yet had to flow continuously without yield stress. In the present study, the
fluid concentration chosen for type A40M and K99 methylcellulose was at its maximum
allowable concentration. If the concentration was higher than 2.8% and 8.0%
respectively, the fluids would not flow continuously from the feeding funnel.

In addition, the present study determined a more selective criteria when using
fluid with higher n value (0.6 and above). Based on two preliminary extrusion run data, it
was concluded that fluid with high n, must have a consistency coefficient lower than 50
Pa s" at 25°C, otherwise the calculated average shear rate value would be out of a

reasonable range, based on Eq.(2.26).

L

Fu= (L) (2.26)
2.5. CONCLUSIONS

This study presents an investigation of average shear rate and extruder constant in
a twin-screw extruder, following Mohamed et al. (1990)’s method. A new procedure to
measure the fluid degree of fill in a twin-screw extruder was also developed in this study.
Average shear rate was a function of two constants (extruder constant and alpha) which
were dependent on degree of fill. Extruder constant increased with degree of fill, while
alpha decreased with degree of fill.

A new model independent of flow behavior index was proposed. The model is

useful to determine average shear rate at a known degree of fill in an extruder if using the
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same screw configuration. The model was more accurate at average shear rate <200 s’
than at higher average shear rate. The model was used to calculate shear history in
extrusion of wheat flour (Chapter 4).

This study answered some questions raised in Mohamed et al. (1990). Although
the model developed in this study was not highly accurate at the higher screw speeds, the
novel methods to determine average shear rate are fundamentally sound and lay a basis
for follow-up studies. Results of this study show that choice of fluid and torque response

are important factors to ensure high torque response to obtain reasonable average shear

rate data.

2.6. FUTURE WORK RECOMMENDATIONS

Follow-up studies should investigate more non-Newtonian fluids with thicker
viscosity (following the fluid selectivity mentioned above) for better torque response at
higher shear rates.

Since die size affected the machine production capacity, its effect on average
shear rate should also be determined.

Lastly, Mohamed ef al. (1990) investigated the effect of one type of screw flight
at 1.0 degree of fill. Changing degree of fill using only one type of screw flight and their

effect on average shear rate should be investigated.

2.7. ACKNOWLEDGMENT
Many thanks to Dow Chemical and Staley for their generous donations of

Methocel® methylcellulose and Sweetose® corn syrup, respectively.



2.8. NOMENCLATURE

A,  wetted area, i is an index for each screw flight, m
A constant Eq.(2.16)

B constant Eq.(2.16)

D, hydraulic diameter, m

E, activation energy (Joule/g-mole)

E, viscous dissipation (J/s)

AE  mechanical energy input (J)

AEy  viscous energy dissipation in channel (J)

AE; viscous energy dissipation in flight clearance due to drag flow (J)
AE_ energy to increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>