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A MATHEMATICAL MODEL FOR PREDICTING THE EFFECTS OF THE STEEPING PROGRAMME
ON WATER UPTAKE DURING MALTING

By JAN HOLMBERG, JAR]I J. HAMALAINEN

( Technical Research Centre of Finland (VTT), VTT Automation, P.O. Box 1301, FIN-02044 VTT, Finland)

AND PEKKA REINIKAINEN AND JUHANI OLKKU

{ Oy Lahden Polttinto Ab, P.O. Box 22, FIN-15141 Lahti, Finland )

Received 3 December 1996

A mathematical model was developed for water uptake during the steeping of barley. The model Is
based on laboratory scale experiments with various steeping programmes. The model consists of two
compartments, and the rate of total water uptake is assumed to depend on the distribution of water
in the grain. The root mean square error of the predicted process moistures was 0.61% in the in-
dependent validation data set (N = 20). The modsl can also be used for analysing the steeping process
and for the planning of steeping programmes in the malthouse.
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INTRODUCTION

Malting of cereal grains such as barley for producing raw
material for brewing, distilling and other applications is based
on controlled germination of the seeds. The germination
process is started by steeping the seeds in water. Steeping is
generally considered to be a crucial stage in malting from the
standpoint of process control, as it may be impossible to com-
pensate for inappropriate steeping afterwards. During steeping
the moisture content of the seeds rises to a level enabling the
biochemical reactions needed in germination, and is finally
adjusted to the optimal level for the reaction rates and proper
malt modification. Moreover, washing of the grains, removal of
dust and dirt and reduction of the number of possible harmful
microbes are done during steeping and are an essential pre-
requisite of good quality malt. Substances, activators or
inhibitors possibly involved in the onset of germination may
also be extracted out of the grains.’

Planning of the steeping programme is usually based on
results of small-scale trials and experience. A steeping pro-
gramme may consist of a single wet period, but in most cases a
combination of wet and dry periods of different lengths is
applied. The dry air rest periods are needed to overcome the
possible water-sensitivity of the grains. Steeping conditions can
further be influenced by controlling temperature, aerating the
water during the wet periods and removing carbon dioxide
during air rest periods.>¢

Mathematical models are widely used for the analysis,
simulation, optimisation and control of various processes.
However, only a few models for malting and closely related
processes have been published. Pietzsch et al. have proposed
two models describing barley moisture as a function of time at
a single constant temperature.® Sopade et al. studied Peleg’s
equation for modelling the water absorption of maize, millet
and sorghum during soaking.!® Kuusela ef al. and Hiamiildinen
et al. have defined a measure in the germination process called
the Malt Modification Value for describing the change in barley
structure during malting, and have also developed a model for
predicting it.** Coonce ef al. have modelled malt drying and
selected quality changes in the kilning process.! Hiamiildinen et
al. have formulated a model for describing the lipoxygenase
activity of malt under different kilning conditions.’

The present paper describes 8 dynamic model for simulating

the steeping of malting barley. The mode] describes the effects
of wet and dry periods and temperature on water uptake and
thus enables the planning of steeping programmes by
simulation.

MATERIALS AND METHODS

Experiments

Batches of eight 1 kg barley samples were steeped in a
micromalting unit (Joe White Malting System, Australia). Four
sets (A, B, C, D) of eight steeping programmes were applied
using temperatures between 10 and 20°C. A, B, and C were
applied at two temperatures and D at three temperatures (see
Table 1). Water uptake during the first 8 hours of the wet steep
stage was also measured at three temperatures (10, 12, 20°C).

Mathematical model

In order to describe water uptake into as well as within the
grain, the grains were assumed to consist of two compartments.
Compartment I (outer compartment) absorbs water during the
wet steep stage. Compartment 2 (inner compartment) absorbs
water from compartment | as long as the moisture content is
higher in compartment 1. The water transfer between compart-
ments | and 2 takes place both during the wet steep and air rest
stages.

Wet steep
Water uptake during wet steep is described by a differential
equation system

X1 (1) = ki(x® = xi(0)) + kxx2(0) - xa(8)) )
Xz (1) = kar(xi(t) - x2(1)), 2)
where
x1(f) = moisture content of compartment 1 at time ¢,
(g water/g dry grain)
x2(f) = moisture content of compartment 2 at time ¢,
(g water/g dry grain)

k1, k2 = transfer parameters
X' = saturation moisture
r=WiV>
Vi = volume of compartment 1
V2 = volume of compartment 2,

The total grain moisture is obtained from
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TABLE 1. Steeping programmes applied in the experiments

WATER UPTAKE DURING MALTING

Set A
Temperatures [°C) wet steep/air rest: (1) 12712, (2) 17/17

Grain Totaltime[h]in l.wet l.air 2. wet 2. air 3. wet
basket wet steep/air rest steep [h] rest {h] steep [h) rest [h] steep [h)

] 48/0 48 — — — —
2 40/0 40 — - — —
3 24/0 24 — — — —
4 20/0 20 — - — —
5 16/0 16 — — — —
6 14/0 14 — —_ — —
7 12/0 12 — — — —
8 10/0 10 — — — —

Set B

Temperatures [°C) wet steep/air rest: (1) 1212, (2) 14/14

Grain Totaltime (h]in 1.wet l.air 2. wet 2 air 3. wet
basket wet steep/air rest steep (h] rest [h] steep [h] rest [h] steep [h]

1 38 23 8 1 — —
2 an 2 7 2 — -
3 28/8 19 8 1 — —
4 2478 15 8 1 —_ —
5 228 13 8 1 — —
6 2018 11 8 1 — —
7 1917 10 7 2 — —
8 18/8 9 8 1 — —
Set C

Temperatures [°C] wet steep/air rest: (1) 10/10, (2) 12/12

Grain Totaltime fh)in l.wet loair 2.wet 2. air 3. wet
basket wet steep/air rest steep [h) rest (h] steep [h] rest [h] steep [h]

1 50/26 18 8 5 18 1
2 49/25 17 8 5 17 !
3 48/26 16 8 5 18 2
4 46/26 14 8 5 18 1
5 44/26 12 8 5 18 1
6 3018 B 18 1
7 2917 10 17 2
8 28/18 9 18 1
Set D

Temperatures [°C] wet steep/air rest: (1) 12712, (2) 13/11, (3) 20/20

Grain Totaltime (h}in l.wet l.air 2. wet 2. air 3. wet
basket wet steep/air rest steep [h] rest (h} steep [h] rest {h] steep (h]

] 48/22 23 14 2 8 1
2 46/22 21 14 2 8
3 4521 20 14 2 7 2
4 44122 19 14 2 8 |
5 36722 1" 14 2 8 1
6 34722 9 14 2 8 |
7 33121 8 14 2 7 2
8 3722 7 14 2 8 |
W)= r x,(1)+ L x.(t)
- L4r ! 1+r ~ &)

All the parameters were initially assumed to depend on the
temperature. Process moisture »” (ratio of the mass of water to
wet grain weight) is obtained by the equation y” = y/(1 + y).
The analytical solution of the system (1)-(2) for constant
parameter values is given in Appendix A.

Air rest

It was assumed that the total grain moisture, y, does not
change during the air rest stages, and that only water transfer
from compartment | to 2 takes place. The model for the air rest
stage is

X1 (1) = kaea(0) - x1(2)) 4)

X3 (1) = kar(a(e) - x2(1)). (5)

and its analytical solution for constant k: and r is given in
Appendix B.
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Identification and validation of the model

The model structure was selected by cross-validation, so that
the data set was divided into a parameter estimation set and a
validation set chosen by randomly picking one grain box out of
eight from each set of experiments. The selection of the model
consisted of deciding which of the parameters, k), k2, x* and r,
depend on the steeping stage and steeping temperature. The
parameters were estimated by minimising the mean square
prediction error (MSE) among parameter estimation data, i.e.,

) 1 & - 2
min MSE(6) = N Z(y, - yi(B)) , 6)
]
where

yi =observed total moisture content in the measure-

ment i,
§i(8) = predicted total moisture content in the measure-

ment i,

8 = vector of parameters,
N =number of observations.

The model structure was chosen based on the MSE among the
validation data.

RESULTS AND DISCUSSION

Parameter estimation and model identification

All parameters were initially assumed to be independent of
the process stage, but the prediction error was significantly
decreased when a different value of k> was assumed for wet
steep and air rest. The parameters were also first assumed to be
linearly dependent on temperature. Based on model identi-
fication by comparing the predictions for the validation data, it
was sufficient merely to allow the saturation moisture to
depend on temperature. The estimated parameter values are
shown in Table II. The obtained equation for the saturation
moisture is

x'=0.017T + 0.72, (Y]

where T = temperature [°C]. The root mean square error
(RMSE) among the parameter estimation data was 0.020 in

TABLE 11, Parameters of the water absorption model

Temperature
coefficient
Parameter Symbol Value [17°C)
Transfer parameter of ky 9.5
compartment |
Transfer parameter between ki 0.065
compartments 1 and 2 in
wet steep
Transfer parameter between k': 0.13
compartments | and 2 in air rest
Ratio of compartment volumes: r 0.53
Saturation moisture £ 0.72 0.017

Fi1G. 1. Mustration of the proportions of outer (V1) and inner (}73)
compartment volumes.
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FIG. 3. Three examples of experiments used for parameter estimation: (a) set A, basket 1, 17°C, (b} set B, basket 1, 14°C, (c) set C, basket 1, 10°C.

The lines at bottom indicate the wet steep (up) und air rest (down) stages.
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F1G. 4. An independent steeping experiment used for model validation: set C, basket 5, 12°C. The lines at bottom indicate the wet steep (up) and
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F1G. 5. Effect of steeping temperature on average grain moisturc. The lines at bottom indicate the wet steep (up) and air rest (down) stages.
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FI1G. 6. Effect of steeping temperature on out-of-steep moisture using a constant steeping schedule.

moisture content (0.72% in process moisture). According to the
model, water transfer from compartment 1 to 2 is faster during
the air rest stage than during the wet steep stage since the value
of k'2 is higher than the value of %..

The estimated value for r was 0.53 which means that the
proportions of ¥ and V: of the total volume are 35% and 65%,
respectively. Figure 1 illustrates the proportions of ¥ and Va.
Note that no special geometrical shapes for the compartments
are assumed in the mathematical model. Figure 2 shows the
water uptake during the first 8 hours of steeping. Compartment
i rapidly reaches the saturation level, after which the water
transfer from compartment 1 to 2 limits the total water uptake.
This kind of dependence can be thought to describe the real
situation in grains. At first the embryo and outer Jayers near the

grain husk rapidly take up water until fully wetted. The inner
parts of the grain are moistened slowly because of the hard
physical structure of the endosperm.

Figure 3 shows three examples of steeping programmes used
in the parameter estimation. The first programme consists of a
single wet steep stage. There are two wet steep stages in the
second, and three wet steep stages in the third programme. The
saturation level of compartment 1 is highest in the first example
(50%) and lowest in the third example (48%) due to differences
in the steeping temperatures. The second and third examples
also show how the absorption rate of compartment 2 increases
slightly when the steeping stage changes from wet steep to air
rest. This is due to the twice higher value of &: in the air rest
stage.
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F1G. 7. Comparison of a single wet steep stage schedule with a schedule comprising five wet steep stages: sieeping temperature 12°C, out-of-steep
moisture 44.1%. The lines at bottom indicate the wet steep (up) and air rest (down) stages.

Model validation

Figure 4 shows a model prediction for an independent
experiment which was not used for parameter estimation. The
measured moisture content is predicted quite accurately.
RMSE for the whole validation data set was 0.018 in moisture
content (0.61% in process moisture). This accuracy is sufficient
from the standpoint of process control.

Simulation results

The model can be used for planning steeping programmes.
The user can simulate the effects of steeping temperatures and
lengths of steeping stages on grain water uptake. For instance,
an increase in the steeping temperature increases the average
grain moisture (Figure 5). Using the sume schedule (44 h total
time/26 h in air rest), the out-of-steep moisture increases from
43.1% to 47.3% when the temperature is increased from 10°C
to 20°C (Figure 6).

Figure 7 compares a single wet steep stage schedule with a
theoretical schedule comprising five wet steep stages. The
schedule was searched using a heuristic procedure for mini-
mising the steeping time. The steeping temperature and the out-
of-steep moisture is the same in both cases, 12°C and 44.1%,
respectively. The single wet steep stage takes 40 h, i.c., 8h
longer than the schedule with five wet steep stages. The
predicted difference in total grain moisture is 2% at 1= 32 h.
Since compartment 1 rapidly reaches saturation level during the
wet steep stage and water transfer from compartment | to 2
then limits water uptake, total water uptake can be accelerated
by also using air rest stages.

In practice, a steeping programme comprising several wet
steep stages may be uneconomical. However, with a simulation
model one can analyse by how much the steeping time could
theoretically be shortened or, equivalently, by how much the
out-of-steep moisture could be raised by increasing the number
of steeping stages.

CONCLUSIONS

A mathematical model was developed for predicting water
uptake during the steeping of barley. The model is based on
carefully designed experiments of various steeping conditions
which include variations in both temperature and schedule.

The model reflects the physical properties of grain water
uptake. It was assumed that the grain consists of two compart-
ments and that the rate of total water uptake depends on the
distribution of water in the grain. The larger the difference in
moisture content between the outer and inner compartments,
the faster water is absorbed. Furthermore, the simulation
results support the hypothesis that the water transfer rate
between compartments is slightly higher during air rest than
during wet steep. A rise in water temperature increases the
saturation moisture of the grain.

The model can be used for planning steeping programmes,

i.e. the temperatures and durations of wet steep and air rest
stages. Different programmes are needed because of differences
in barley varieties, crops and requirements for malt quality. The
simulation model developed can be used for testing various
alternatives in order to achieve an optimal solution.
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APPENDIX A
Assuming the temperature to be constant during wet steep,
the analytical solution of (1)-(2) is

x,(1) = Aexp{A,1} + Bexp{A,t} + x’

x:(:)=kl(A(A, +k, +k,)explA s} + Al

B(A, +k, +k,)exp{d,0}) + x*,

where the eigenvalues A, and A, are

A =_k, +k:2(l+r)z

and the constants 4 and B are

("' *";"”)): —kkyr, (A2

Lk (0)-x") - (x(0)-x*)(A, + K + ;)

A4 -
A=A

(A3)
Be=x(0)-x'-A






