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cONTROL OF FINAL STAGE OF HAY DRYING BY COLD

AIR
P Hutla!, P. Neuberger?, R. Adamovsky?, V. Sladky!

lResea”Ch Institute of Agricultural Engineering, Prague, Czech Republic
2Czech University of Agriculture, Prague, Czech Republic

The final stage of wilted forage by cold air has been widely spread in agricul-
tural primary production recently. Advantages of this technology, e.g. decrease
of weather effect on forage quality and reduction of losses due to rub off, are
often denied in practice by human factor by unsuitable way of operation. The
experiment described below verified ranking of the control system based on
local microprocessor regulator into the technology of final stage of forage
drying by cold air. The paper includes also knowledge obtained by practical
verification.

final stage of wilted forage; local microprocessor regulator; program

INTRODUCTION

In evaluation of technical background of agricultural primary production,
itmay be concluded that energy-demanding agricultural systems in the ma-
Jority of cases operate with insufficient control super-system. Efforts of some
Producers to automatize the whole process of final stage of drying using
Well-equipped electronic system regulators brings the complexity of the
Whole system, demandingness for the familiarity with operation and particu-
larl}’.high buying costs (Ha¥, 1987; Gugenham, 1990). The proposed
Sol“[}On of selected problem using local microprocessor regulator, marked by
rejlatIVe constructional simplicity, undemanding connection, simple operation,
llllgf}illrzliabilityvas well as relatively low price may be thal‘ soluliop Which will

8 technical, as investment demands of a user for providing solely

sel " ; o < ; :
qu:ﬁted functions and simultaneous fulfilment of requirements for the control
ity.
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A typical technology in agriculture, marked by decision regime, these gpo
also prerequisites for installation of regulator for final stage of forage dryip,
Free water comprised in forage is evaporating during drying similarly f()
water from free table into air. Evaporation of water bound in cell wallg i
already more difficult and chemically bound water cannot be released frop,
dried material without its decomposition. Researches carried out in the pag
were concentrated on knowledge and analysis of drying process (Stadky
et al., 1985; Sladky, Jirdsek, 1990).

A prerequisite for application of large-scale production technology during
hay drying is the use of complex mechanization which may work during
harvest only with wilted forage. The subsequent final stage of drying by colg
air on the slatted floor of hayloft is now most spread technology. A low
drying capacity of external air continuously motivates searching for suitable
technical means for its heating up. Suitable means are above all solar systems
using solar energy (S1 adky, Jirdsek, 1989). In the 1980s the possibili-
ties of the use of heat pumps (S 1 adky, Bradna, 1981; Sladky etal,
1984) were tested. Practical applications face too high investment costs. At
the present possibilities of combustion of wood waste for heating of drying
air (Sladky, Jirasek, 1990) are tested. Supplement of classic technology of
the final stage of forage drying by cold air should be the step which follows
after the full usage of drying capacities of external air. Practical materializa-
tion may have a form of the below described control system.

The proposed regulation of the drying process consists in the optimization
of switching of drying fans. Their activity is derived from parameters of
drying medium. From this viewpoint control algorithms for hayloft in tradi-
tional modification are in principle identical with those for haylofts with
a device for heating up of air, that is the most often with a solar jacket. As
in classic modification of hayloft the time suitable for drying by external air
is limited to about 5 hours a day (Slad ky, Bradna, 1984), optimization
of the running of fans is in this case particularly very important.

Regulation systems of drying fans were developed in the past from simple
analog models whose activity was derived from sensing of hay femperature
and relative humidity of imbibed air. In principle, the function of these S¥%°
tems is based on the principle of switching of fans when a relative ?,xumidﬂ)’
of air incoming into forage is lower compared with the equilibrium humidity
of air and forage (Fig. 1). This is given by known physical dependence
(Sladky etal, 1985). More advanced systems are based on micr«;pmceSSo[

regulators. The trials with sensing of air humidity outgoing ! hay
(Sladky et al., 1985) were carried out. One of the technical s¢
this problem is the device for measuring the temperature and air hu
a building (Hutla et al., 1985) where air outgoing from forage ¥
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7 I. Diagram of equilibrium hay moisture
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MATERIAL AND METHOD

fOIE?ier]r;mazqﬁl‘ltW()rk}ng s.n.e for the pu‘rposcs of testing was modified by the
k. sensori ;/Irg((:)m; Dlymg grate of the size 18 x 6 m was placed on 12
i RUKOV(ng. 2) \fVl[h electronic evaluating device JVA-01 (manu-
E . g u.mlbmk s.r.p.). The recording obtained gave informa-
e LOC%] m(.)“wug‘lt,‘ that is also on changes of moisture of dried
- uni; MRluoproc_cssor regulator, physically represented by micro-
AP, e S ‘12 with supplementary relay module (manufactured by
and o A Y.o.s.)i was connected with contactor control of drying fans
o mbinedg e converter type 9206 (manufactured by interNET s.r.0.) with

sensor to measure the temperature and relative air humidily.(I.:ig. 3)
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@ 4. Tested algorithm of the
, process of forage drying
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which was placed in sub-grate space of hayloft (Hutla, 1988). Vajye,
measured by this psychrometer were compared with those measured by lhé
control device THERM 2246 (manufactured by AMR GmbH which wasg alsg
used to measure the temperature and relative air humidity in the upper laye,
of dried matter.

Algorithm created for MRS 12 is in Fig. 4. Before starting of dryip,
regime the operator adjusts constants necessary for evaluation of drying Dl‘oc.
cess. After restarting of the control unit the program will count the zero valye
into the variable I. Then a minute stopping of fans follows. In another step
fans start running reversely (bracing of relay R2). Simultaneously with it the
time T} start to be counted. The time of their running corresponds to the valye
Tr set at the beginning. After its clapsing parameters f and @i are detecteq
and fans are stopped. By fulfilment of the condition @; < @b where @p s
definable value of relative humidity characterizing drying up of forage. Triple
fulfilment of this condition in intervals consisting of parts defined by the time
of testing Ts switches on the signalling of drying up. Not fulfilment of the
condition @i < @p orientates the program to the branch of drying. After I-min-
ute run-out of fans they are started by switching of the relay Ri. Parameters
of drying air @e and fc are determined after elapsing the time Ty. The condition
@i > Qe + A@ which decides on the running or switching off the fans and hence
also on the process of drying is the core of the program. Its utilization is
allowed by further contemplations.

Relative air humidity of external air @e together with temperature f. are
determining parameters of suitability of external air for forage drying. This
assertion is documented by charts of equilibrium hay moisture in Fig. 1. The
air passage through dried material transforms this parameter into the values
@c and .’ ¥

_If t." < fe is true and simultaneously @e > @e, the course of two

different processes in a dried material can be assumed:

1. moistening of air (specific air humidity is increased and also
drying up).

2. Process of dry or wet cooling (at wet cooling drying material is moistening
and specific air humidity is falling).

Both these processes may be affected by heat accumul
layers of dried material which occurs due to the change of par:
external air or due to biological processes in dried material.

Mathematical formulation of the drying process can be documen
energy balance:

Iyv2 = Iy + Ik

Msy . I(14x)2 = Msv - [(1+x)1 + Amy . ik

i(+x2 = i1 + (Al msy) . ik

Ai(14x)2.1 = Ax . ik

forage i

ation 1in different

ted on

5
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yrameters of

If zero enthalpy of liquid at the temperature o = 0 °C i i
ithal] 2 0= 0 °C is consider
get an equation in the form: ey

Aigo2,1 = Ax . cpk . (tk — to)
Ai+02,1 = AX . cpk . fe= gx 0

In the case when fk = 0, gk = 0 and i(4x) = i(1+x)2 = constant. This is :
isoenthalplc process. The given relation (1) can be applied to lhc- ca%i ‘htm
temperature e (temperature of external air) is equal to #, (tem : W of
forage). If this condition was not filled, energy balance wilPl be alr;eu’lfllj”l? °
by heat accumulated into (withdrawn from) dried material o allected

 Ai2,1 = Ax L opk - It gp = qrt gy )

where: +gp corresponds to the action when 1, > f
—gp corresponds to the action when f, < fc

For the case when forage is heated by drying air, the variant
Ai(14x)2,1 = gk — qp

can be applied.

Wet cooling occurs when the following inequality is fulfilled:

gk — Gp < i(1+x)RBI — {(14+x)1

Xl;iesr[e ;('HX)Z?E is chgthalpy of air in dew point corresponding to the state 1 of
ir. er this process most frequentl i i
: _ 0 y measuring air parameters
hez}tfmg Tre_changmg by some of other layers of dried mcateriaf( >
0 i .
pmces:(};olrn;quil'lty Pe ; ¢e was used as a controlling condition of the
) arking see Fig. 5), the running of fans
i © g the n g ans would be almost con-
! pect to the suitability of exte i { i
o [ y of external climate for drying. At
er moisture would be taken in the fi " liqui .
e \ orm of liquid, that is also
afx)g pOtC:nl?glllc]) the_: dew point. In another local cooling vapours are c:mdensed
b foméz toc;;lltmgt; rcsul}:s in adjustment of parameters of air outgoing from
3 @ e state which 11 thi i d
et el can fulfil t}XS unsuitably formulated condition.
3 > 5 L 3 1t o
g @e > Qe+ A@’ and suitably selected value Ag’

eic :
e)stensivzsfo‘l’\éhle;yzf(glflr% bil()w the dew point occurs due to its contact with
alon in ¢laggic assage frfq-c_c e bc ralh.er considered as a breakdown situ-
O materi,] folloi,;&lgc o & Iitis admitted that the temperature of a layer
Process of b CO‘ - e t@xnperature of‘exterl.or with certain time delay, classic
01?13, gradual ch; " u,lg " the case Olf continuous running cannot occur and
atiop Would be EiEes of weather during a day can take place. Critical situ-
1€ failure afte Ct;g. - ic Broment Whﬁ_in fans were stopped working due to
clenuy - (rw.ft:;;:mmng of dally- drying. The forage layer may be insuffi-
1th respect to the increase of ) after their repeated starting
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slatted floor

@4- measuring site

5. Diagram of measuring in the hayloft

and in relation to drying air it can behave like cooler with a surface tempera-
ture lower than is the temperature of dew point. The problem of finding the
value (p: forces to search for similar condition. As mentioned above, the
value @; can be detected sufficiently simply, that is relative air humidity
outgoing from dried forage after starting the reverse motion of fans. Simple
substitution of (pe* for the value @;is not possible because @i is finding during
the process only similar to the finding of @c . Both these processes differ
particularly by parameters of entering air. In reverse run of fans air enters the
layer of forage whose temperature is usually higher than fe and relative hu-
midity, on the contrary, is lower than the value @e. This is caused by warm
air inside the building. In a sunny day its jacket has a function of solar
collector of low efficiency. In enumeration of differences reverse arrange-
ment of layers of drying forage with respect to the direction of drying alf
flow cannot be omitted. It follows from the mentioned facts that in relation
Qe > Qe+ AQ’ in substitution of measured variable Qe for @i, A@’ has o b?
modified to A¢. This substitution leads to the relation @i > Qe + A® which 18
a part of the flow chart.

Measurements carried out (for example see Tab. T) verified tl
@ in all cases. Decrease in A@’ to the lower value A follows
inequality.

When the condition @i > @e + A@ was not fulfilled, drying is stopp®!
after an hour of putting out of operation, the whole decision process

i % . - i i h ; urlng
into operation again. In the opposite case the forage 1s aerated an hour- D

e value (Pi,<
from this

85
1507 3 1118
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L Measured values of relative humidity of hay

Relative humidity of material v,

Date

Vo1 Y2 Vro3 Vo4 Vros Y06 Vii
(%) (%) (%) (%) (%) (%) (”/Inl)
27. 9. 1995 30.89 33.66 27.62 29.88 28.94 - 30.20
28. 9. 1995 32.06 35.87 31.33 35.48 32.06 - ;»’%;6
2. 10. 1995 25.01 25.45 26.73 24.06 24.08 - 75()8
9. 10. 1995 15:75 11.85 18.41 17.12 11.62 (721 I%.?X
11, Parameters of air in hayloft during drying on 9 October 1995
Measurement | Time * 2o
No. (h) t, (08 L ‘Pc‘F [l* (Pi* 5 @;
O (%) (°O) (%) (°O) (%) O (%)
1 11:00 | 193 68.9 17.8 82.0 23.0 56.0 16.8 79.4
2 13:00 | 20.4 58.3 18.3 74.0 24.0 515 19.2 71-’>
3 15:00 | 19.8 67.0 19.4 71.4 20.7 61.4 20.5 ()5-;

R e . o .
Inlstht:nce mte]rcvlzﬁ parameters of drying air are tested in 15-minute intervals
ase of their abrupt significant cha ing i "
¢ upt a nge, drying is br :
whole decision process is started again e i
It has i ;
. Ott‘ofalr)](: empltl)aSIZke; that the process which was denoted in direct
g s as a breakdown, can be 1 5 i
. ; . , ca in reverse run of fans recorded ver
oc:,]urs ;lsy, partxcula}ly a‘l the beginning of a day of drying. This QilU'lt;/OI)i
- thea rgsult of lh§ function of hayloft jacket in principle idcnl{ca] Lwith
B above-mentioned solar collector. The given results can be doc
y examples from Tab. I1. L .

RESUL TS

In th
e o ~ 5 C tact ~
da Proper course of testing of the automatic control process, in accor-

NCe with
the tec ic ire
e yg; hnological requirement the forage moisture should be re-

: ng the air flow fi
Vis 30 %g e air flow from the value of average initial relative humidity

i to the vz { -
humldlty » fOrZ value for stor age (below 20%). The data on average relative
“’nldity ge vii was obtained by averaging of the values of relative

found i
1 - A
n the laboratory of n samples taken at random during storage
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The moisture content of material during drying was identified by (hree
control samplings. Samples for laboratory evaluation were taken from diffe,.
ent layers of stored material. The values found, including average values, gy,
in Tab. L

Recorded increase of average relative humidity from 27 September 1995
to 28 September 1995 was caused by forced aeration under unfavourap),
weather conditions. In the time of running time constants of the program were
verified. Subsequent decrease in vii was obtained during automatic control of
the process.

Based on parameters @i, Pi's Pe, q)e*, fe, fe , 1, fi obtained from testing of
the process of drying controlled after the given algorithm, thermal processeg
inside the dried material can be considered. The results of measurements op
9 QOctober 1995 can serve as an example. The diagram of measuring sites ig
in Fig. 5.

DISCUSSION

The possibility of the control of drying process by local MIiCroprocessor
regulator on the basis of detecting the parameters of incoming and outgoing
air was tested in one section of large-capacity hayloft. Realized technical
solution allows the application for four hayloft sections. The regulator, in-
cluding the used sensor for sensing of relative air humidity during (esting,
showed trouble-free running.

The system of control applied in operating experiment in minimizati
interventions of attendance provided the reduction in relative humidi
approximately 500 mm layer of forage from the value correspondi
wilted state to parameters suitable for storage. Its testing was not
with greater layer of dried material with respect to the advanced seas(
will require corresponding change of set constants (prolongation of ti

m. Thih‘
me of

aeration).
Data from Tab. II can be used for the following reflections:

Measurement No. 1: (Fig. 6)

\l Cycle

112— 21,: process characterizing reverse passage of air before the !
of drying.

; . ; : . ) be
Resultant recording is corresponding to wet cooling of air. It cannot. 1
omitted that acration by reverse motion of fans occurred after thel leP_P‘;
working. Cooling of surface and lower layer of forage and heating of i
req

layer by passing biological processes can be assumed. Under these pre

188
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Ai/ Ax
(kJ /g)

v (kI/kgsv)

6. Measurement No. [ in i-x diagram of moist air

sites .thc? combination of dry and wet cooling with heating and drying cannot
be eliminated. B wH

11— 21: process characteristic for moistening of air by water
Measurement No. 2: (Fig. 7)

1 e . -~ ~ T 1~ 3 &

22— 225: the process in which the heat withdrawn from ingoine air used

except evaporation of liquid from for i i dried material,
quid from forage, also for heating of dried material

”le C()“diti()ll gk — « 1 - €( €rI¢ c age
/' ]P = 1(1+X)RBI [(1+x as i § 4 l i i o
. )1 was not [Ul l” Cre g Fa
was not m()]SthL/d. ’ l ‘OI Wi

172— 2: the process identical with 1, — 2;.

g ! ™ @
o2
DA% i
o e v

o )
My

P98t

M
“ Measyre :
ment No. 2 in i-x diagram of moist air
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8. Measurement No. 3 in i-x diagram of most air

Measurement No. 3: (Fig. 8)

13, — 23,: the process whose resulting form cannot be described only as
moistening of air by water. It consists of simultaneous heating of drying air
from previously heated forage and its moistening by water. The variant
i1 = AX . cpk - tk + gp = gk + gp of the relation (2) is applied.

13 — 23: the process identical with 13, — 23;.

An example of recordings of processing which took place within a single
measuring day confirm the justification to use decision conditions in algo-
rithm of the drying process. The proposed algorithm can hardly b aterial-
ized without using microelectronics. Application of local microprocessor
regulator in the given experiment proved the usability of these sii iple elec-
tronic devices for control of stationary technological lines in agricultural
primary production.

The knowledge presented were obtained under the financial sup
Grant Agency of the Czech Republic within solution of the |
504/94/0907 ,,Study of Basic Elements of Regulation of Agriculft
Systems* (Hutla, Adamovsky, 1996). Practical part of the
carried out from September to October 1995 in co-operation W
pany Agrotel, a.s., Rudn in the building of large-capacity hayloft of
Chrastany.

) '\}jCCl was

List of used symbols

) — enthalpy of moist air before passing through dried forage
) — enthalpy of moist air after passing through dried forage @
5
NN L
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I = enthz‘ll‘-py of liquid (water) evaporated from forage (J)
i = spec;fjc enthalpy of liquid evaporated from forage (J.kg™' 5.v.)
R - specific enthalpy of moist air in the state 5 Jkg™!sy) o

f1sxRBn ~ specific enthalpy of moist air in the de i
( state n (J.kg™' 5.v.) S
. — difference of ific ies ; . .

Ai+021 . specific enthalpies (1 + x)ke of st air ]
- ~ weight of dry air (k) )kg of moist air (J.kg™ s5.v.)
Ak — weight o.f liquid evaporated from forage (kg)

—change in specific air humidit

through forage (g.kg™ s5.v.)

ook — specific thermal capacity of water (under constant

rived from the

y accepted during its passage

(].kg"_K’l) pressure)

f — temperature (°C)

i — temperature of liquid = temperature of dried material (C)

f — temperature of dried material (°C)

@ — specific heat deposited into or withdrawn fr ried f i
e whor, 5o (Ll rom dried forage in the

gk - spjccn‘lc heat in liquid before evaporation (J.kg™')

A — difference of relative air humidities (%)

Ve — relative humidity of dried forage

Drying:

Te — external temperature (°C)

Qe — relative humidity of external air

le

— air temperature after its passing through dried material °O)

Qe - relative air humidity after its passing through dried material (%)

Testing (reverse motion of fans):

fi i
— air temperature under the grate after i i
. after its passi g
: material (°C) H pussing throueh
i — relative air humidit ter i
. y under the grate after its passi
: " s passing through
1
e TP 5
P emperature of air ingoing into forage (°C)

= relative humidity of air ingoing into forage (%)
Refere ces
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Rizeni dosouseni sena studenym vzduchem.

Scientia Agric. Bohem., 28, 1997 (3): 171-185.

1 Zemé-
<d repub-

V prici je prezentovdn experiment, jehoZ cilem bylo ovéfeni moZnosti fizeni
procesu sudeni zavadlé pice studenym vzduchem lokalnim mikroprocesorovym regu-
latorem.

Pro ulely experimentu byla stavba seniku doplnéna montazi tlakovy
elementl napojenych na vyhodnocovaci zafizeni pod rot seniku (obr. 2). Tato Gpravd
umoznila priabginé sledovéni tbytku hmotnosti suSeného materialu.

Funkci pouzitého programu pro regulitor MRS 12 nastifiuje VY VOjovy

Teoretické odtivodnéni rozhodovacich kroki uvadi vztahy (1) a (2), na ktere navazuj
ké diagram

ch véhovych

diagram 4

rovnovazné vlhkosti sena (obr. ). y

Samotny pokus pouZiva jako vstupni informaci pro rozhodovaci procesy I‘C“‘“Y“‘
vlhkost venkovniho vzduchu @ a netradi¢ng i relativni vihkost vzduchu v «-ﬂlPL'jiClho
ze sudené hmoty pii reverznim chodu ventilatord @i Pfi zjiStovani posledné Jnl?HQ;
vané veli¢iny se jedna o prostup suSiciho proudu vzduchu v opacném smyslu néZ Pré
klasickém provétrivini. Spousténi ventildtord v tomto reZimu, jak ukazuji éﬂs(fV
konstanty ve vyvojovém diagramu, je ¢asové omezené na dobu zjistovan _golf@b”yc

5
oy 171-1E
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Vstupnfch sign':ilfl pro pfoces automatického fizeni. Za vyhodu tohoto usporadani lze
Ovaioval moznv()xt snimani rtznych vstupnich signdlt jednim senzorem, ktery je
umiSté” v podroStovém prostoru (obr. 3 a 5). o
pro tvahy 0 Fcrmodynmnicky’ch procesech probihajicich ve vrstvé sugeného ma-
eridlu byly zjislovany veli¢iny @i, @i , @, Qc ', fe, te', fi, §i'. Mista jejich zjistovani
sou zobrazena na obr. 5. Ze vzorku takto ziskanych dat (tab. 1) ;r')fc‘llz'lzi uvahy
Uvedené v Casti Diskuse, vcetné jejich grafické podoby na obr. 6, 7 a 8. “
Funkcnost fidiciho procesu dokladd sniZeni relativni vlhkosti sufeného materidlu
2302 % na hodnotu vhodnou pro skladovéni. Vysledky jejiho laboratorniho zjisto-
yéni jsou uvedeny v tab. 1. ‘ o

dosousent zavadlé pice; lokélni mikroprocesorovy reguldtor; program
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