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Abstract

SEVERA, L., LOS, J.: Onthe influence of temperature on dynamic viscosity of dark beer. Acta univ. agric. et silvic.

Mendel. Brun., 2008, VI, No. 2, pp. 303-308

Temperature dependence of dark beer dynamic viscosity have been evaluated. The beer samples have
been tested in the wide range of temperatures (from 2 to 90 °C) by means of rotary viscometer. The dy-
namic viscoity ranged from 3.91 to 1.01 mPas. Arrhenius equation have been used to model experi-
mental data with satisfying match R? = 0.993. Heat gradient in the gap of measuring cell have been de-

scribed and evaluated.

beer, viscosity, modeling

In the breweries, beer processing laboratories,
testing laboraties, etc. viscosity plays an important
role in the quality policy. It helps to quantify the qua-
lity of the malt and beer raw products, gives insight
into filter times and gives an indication of the foam
behavior of the finished beer. One of the reasons
for this increased importance is the development of
high-performance measuring systems which enable
arapid, accurate and fully automatic viscosity deter-
mination. Generally speaking, we can define four
production areas in which the viscosity is impor-
tant. First, in the incoming inspection of the malt.
Here, viscosity measurement reveals the quality of
the malt. Second, in the characterization of the wort
quality in the brewhouse. Third, in the filtering
process, and fourth, in the finished product. As can
be seen, the subject of viscosity is part of the whole
brewing process and it has a considerable influence
on the product quality.

Beer has an almost ideally viscous behavior and
is therefore a Newtonian liquid (Steffe, 1996). This
makes it possible to determine the malt and beer vis-
cosity using relatively simple measuring principles.

In this work the viscosities of dark beer were meas-
ured as a function of temperature. There have been
several studies that have looked at the viscosity - tem-
perature relationship in aqueous sugar solutions,
and allow experimentally determined and predicted
viscosity by different models to be compared (Kerr

and Reid, 1994; Maltini and Anese, 1995; Maltini and
Manzocco, 1997). Another work (Hlavag, 2007) was
focused directly on the influence of temperature on
viscosity of dark beer.

In this study Arrhenius equation was used to de-
scribe experimental data.

MATERIAL AND METHODS

BEER SAMPLE

The special dark 12° bottom fermented beer was
brewed in the laboratory brewery. The beer was
brewed by infusion way with mashing temperature
of 52 °C and gradual heating to 62, 65, 70, 72, and
78 °C. The malt with following composition was
used: Czech malt 14.4 kg, Bavarian malt 3.1 kg, ca-
ramel malt 1.4 kg, and coloured malt 0.6 kg. Draw-
ing-off in the copper was followed by wort boiling
with filling of 200 g of hop in 3 doses. The first dose
was represented by 50 g of Premiant KH 6.43 hop,
the second dose by 100g of Tr3ice hop, and the third
dose by 50g of B+S KH 8.7 hop. The beer wort was
flowed to cylindrical-cone tank through countercur-
rent plate heat exchanger with final temperature of
9 °C. The main fermentation was proceeded at 9 °C
(3 days), 6 °C (3 days), and 3 °C (1 day). The post-fer-
mentation was proceeded at 1°C until 38" day:
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VISCOSITY MEASUREMENT
Dynamic viscosity # [Pas], which is the ratio of
shear stress 7 [Pa] and share rate y [s™'] as shown in
Eq.1

n= ;f [Pas] (Eq. 1)

was measured on the digital rotary viscometer An-
ton Paar DV3-P. Generally, the dynamic viscosity
depends on several quantities or variables, such as
physical-chemical structure of the sample, tempe-
rature, pressure, time, and shear rate. Eqation 1 then
can be expressed as

WL p, t, ) =77 [Pas]. (Eq.2)

Measuring device of the rotary viscometer was
of parallel cylinder geometry. The aparatus was
equipped with law viscosity adapter. Usage of this
adapter is necessary due to rather law values of
measured data. Measuring of dynamic viscosities of
law-viscosity fluids with use of other adapters were
found to be irrelevant (by measuring defined refe-
rence samples).

The temperature of the sample was maintained
by connecting the external thermoregulator unit.
The viscosity measurements were performed in
the wide range of temperatures (2-90 °C). Heating/
cooling medium (water) was circulating through
the casing of the outer cylinder.

To avoid the influence of temperature gradient
in the sample, the temperature was changed (and
measurement performed) in following manner.
The sample was exhibited to the effect of the tem-
perature-controlled media for 3 minutes (between
individual temperature steps). According to under-
mentioned relations and theory of temperature gra-
dient in the gap, this time is sufficient for achieve-
ment a temperature steady state in the sample as well
as the measuring cell elements.

Arrhenius model (Steffe, 1996) was used to study
the temperature dependence of viscosity.

T(x, t)=£E(x,t)TO(tft’)dt’with E(x, )= o

If the gap thickness (e) is much lower than the dia-
meter of cup and bob, curvature and end effects can
be neglected.

A simplified approach consists in establishing
a heat balance in the gap divided in two equal parts.
Half of the fluid is considered to be at the same tem-
perature as the inner cylinder and the other half at
the temperature of the outer cylinder. The inter-
nal energy variation of the inner cylinder and half

RESULTS AND DISCUSSION

DETERMINATION OF THE TEMPERATURE
GRADIENT IN THE GAP

For the measurments performed under different
temperatures (with constant change of the tempera-
ture), the influence of measuring cell geometry on
the temperature gradient through the gap should be
considered. Similar problem (for starch-based food
products) was solved in Lagarique ctal. (2007). Theo-
retically, the objective is to predict, from the outer
cylinder temperature (T,), the temperature gradient
through the gap as well as the inner cylinder tem-
perature (T,) when the outer cylinder is heated or
cooled while the inner cylinder ismoving and torque
recorded (see Fig. 1). Both the inner and the outer cy-
linders are metallic and thus these parts are much
better conductors than the fluid flowing in the gap.
Since heat transfer by radiation can reasonably be
neglected, the problem is then linear.

Rotating inner
cylinder (Ti)

Cooled or heated
outer cylinder (To)

(|

1: Schematic of the measuring geometry

The fluid temperature at a position x in the gap
and at time t, T(x,t), can be deduced from the unit-
step response F(x,t), which would be the tempera-
ture at this point if the outer cylinder temperature
was sharply raised from Oto 1 °C.

OF(x, t)

(Eq.3)

of the fluid is then equal to the heat flux through
the gap. The heat flux is estimated, as for steady state,
by the temperature difference between the outer
and the inner cylinders divided by the resistance by
conduction in the gap:

dr, _ (T, T)
d el
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where 4, p and ¢ are, respectively, the fluid thermal
conductivity, density and specific heat, and m,, ¢
and A are, respectively, the inner cylinder mass,
specific heat and vertical surface.

t
Fix=ef)=1—-exp (——j with 7=
T

Moreover, the temperature profile between
the outer and the inner cylinders will be assumed li-
near. Eq. 5is also reported by several authors (Rohse-
now, Hartnett, & Ganic; 1973). Comparable unit step
response could be obtained from classical analyti-
cal solutions of heat transfer between infinite plates
(Carslaw & Jaeger, 1959).

In particular, for a linear increase in tempera-
ture characterised by a heating rate, dT/dt, the in-
ner cylinder temperature follows a first order ramp
response. After a transient phase, the inner cylinder
temperature has the same evolution as the outer cy-
lindertemperature (same heating rate) but with delay
equal to the time response of the system 7. The tem-

By using this approach, the unit-step response of
the inner cylinder temperature is

m c |4 +pc el2
s e Eq.5
Ve (Eq.5)
perature difference in the gap is then equal to (dT/
dt) z.

INFLUENCE OF TEMPERATURE ON DYNAMIC
VISCOSITY

The values of dark beer dynamic viscosity [mPas]
measured under different temperatures [°C] at share
rate of 34 s are listed in Table I. The values of beer
viscosity referred in literature (Hlava¢, 2007; Friso
and Bolcato, 2004) are slightly lower, because of dif-
ferent beer samples used (lager beer instead of dark
beer).

T: Dynamic viscosity values measured under different temperatures

%;eg]lperamre 2 | 5 | 75|10 |125] 15 | 20 | 25 [ 30 | 35 | 40 | 45 | 50 | 65 | 80 | 90
ngl‘;;’:]lty 391(3.61(336(317[3.02|281|253|221(201| 19 173|157 |147|1.25| 1.1 |1.01

Dynamic viscosity of dark beer is influenced by
many factors. If we consider that beer acts as New-
tonian fluid (Stefe, 1996), the important role, beside
temperature, which will be discussed below in de-
tails, has the chemical composition, volume ratio of
beer components and other factors. The correlation
of selected beer components with beer and malt vis-
cosity was commented e.g. in (Li et al., 2004; Jin et al.
2004).

Influence of temperature on beer dynamic visco-
sity was modeled. Modeling provides a means of
representing a certain quantity of rheological data
in terms of a simple mathematical expression. Many
forms of the equations are possible and one mas-
ter model, suitable for all situations, does not exist
(Steffe, 1996). The influence of temperature on
the viscosity of Newtonian fluids can be expressed
in terms of an Arrhenius type equation involving
the absolute temperature (T), the universal gas con-
stant (R), and the energy of activation for viscosity
(E):

a

E
= =4 =3 Eq.6
u=AT) eXP(RTj (Eq.6)
E, and A are determined from experimental data.

Higher E values indicate a more rapid change in vis-

cosity with temperature. Considering an unknown
viscosity (u) at any temperature (T) and a reference
viscosity (u,) ata reference temperature (T), the con-
stant (A) may be eliminated and the resulting equa-
tion written in logarithmic form:

(#)- G2
Inj—|=|-2|-|=—-—=|
lLtr R T 7—;'

Figure 2 shows the plot of experimental and com-
puted data of the viscosity-temperature dependace.
Arrhenius model exhibited satisfying agreement
with experiement and R? = 0.993. The value of ac-
tivating energy has been set as E, = 14902 and A =
0.0031.

Generally, the behavior of beer can be successfully
compared with other similar Newtonian fluids. For
example, the viscosity models, activation energies,
and processing properties described in (Nindo et al.,
2004) for fruit juices are well applicable for beer as
well. Above stated beer characteristics can be used
for describing many processes and performing many
operations, such as modeling, simulation and opti-
mization of beer technologies. Example of practical
use of such data is included in (Dilay et al., 2005).

(Eq.7)
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2: Experimental and modeled dependance of beer viscosity on temperature

SOUHRN
Vliv teploty na dynamickou viskozitu ¢erného piva
Byla sledovina dynamicka viskozita pfesné definovaného ¢erného piva pii riiznych teplotach. Pivo
bylo povazovino za newtonovskou kapalinu. Viskozita mé&¥ena pfi teplotich od 2 do 90 °C se pohy-
bovala vrozsahu 1,01 az 3,91 mPas. Pro mé&¥eni reologickych hodnot byl pouzit digitdlni rota¢ni vis-
kozimetr s geometrii mé&fici komory vilec - valec. Zjisténd experimentalni zavislost bylamodelovana
pomoci Arrheniova vztahu. Bylo dosazeno velmi uspokojujici shody experimentu s modelem R? =
0,993. Popsan a hodnocen byl téZ teplotni gradient v meziprostoru mezi valci méfici komurky:

pivo, viskozita, modelovani

SUMMARY

Viscosity of dark beer, which is acting as a Newtonian fluid, has been monitored under different tem-
peratures. Viscosity measured in the range 2-90 °C changed from 3.91 to 1.01 mPas. Rotary viscome-
ter with parallel cylinders geometry has been used to measure the values of dynamic viscosity. Docu-
mented values are in general accordance with literature data (Friso, 2004). Arrhenius type equation
hasbeen used to model measured data and satisfying accordance R?=0.993 has been found. Perfomed
analysis results in validation of Arrhenius model as a powerfull tool for describing a viscosity-tem-
perature dependance of dark beer. Parallel cylinder measuring geometry has been evaluated in temrs
of heat gradient in the gap of measuring cell. Theoretical description of temperature difference in
the gap (with delay equal to the time response of the system 7) has been developed and found to be
equal to (dT/dt) z.
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