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VLIV RYCHLOSTI KLADIVEK A CASTIC NA PROCES
A ENERGETICKOU NAROCNOST MLETI

THE EFFECT OF SPEED OF HAMMERS AND PARTICLES
ON THE PROCESS AND DEMAND OF ENERGY IN GRINDING

P. Hnilica

Czech University of Agriculture, Praha, Czech Republic

ABSTRACT: Theoretically, the physical importance of constants in a previously experimentally confirmed relation between
specific consumption of energy and increase in specific surface in grinding of cereals in the hammer mill is approximately
derived. Both the quantities, characterizing the material and process, and the above-mentioned constants depend on a speed
of hammers. Approximate derivation is based on Rebinder’s theory of grinding applied to disintegration of individual particles
and used in energy balance of impact. The balance has been accomplished through Newton’s theory of inelastic impact. There
are indicated changes in relations following wave theory of impact for plastic materials and from Hertz’s theory of impact
and Mises’s hypothesis for lower circumferential speed of hammers. The result is influenced as by circumferential speed of
hammers, as by circumferential speed of circulation of particles in a grinding chamber and rheological properties of grain.
Another way of transfer of energy to particles is an air flow. There are also results of measurements of speed dependence of
theoretically studied quantities and relations, as well as the grindability of the material. The grindability of wheat and barley
within circumferential speeds of hammers 33 to 98 m.s™! grows with speed and was not influenced by the size of sieve
mashes. This is recommended as an indicator of technological quality of cereals. Derived theoretical relations and previous
and new author’s experimental results presented here were used for estimate of specific breaking energy of grain and efficiency
of energy transfer through the air. This inefficient process transfers 50 to 60% of energy. Moreover, the efficiency of making
of new surfaces during grinding by impact is calculated, both the ideal and actual ones for the experimental mill used. In the
ideal case it is almost ten times higher. Based on the results of the study, the discussion presents some of possibilities of
design of grinding devices aimed at energy saving.

hammer mill; specific consumption of energy; specific surface; theory of grinding; grinding capacity of cereals; technological
quality of cereals; speed of hammers; circulation of materials; efficiency of grinding; design of grinding devices

ABSTRAKT: Teoreticky je pfiblizné odvozen fyzikdln{ vyznam konstant ve dffve experimentdlné potvrzeném vztahu mezi
mérnou spotfebou energie a piiristkem mérného povrchu pfi mleti obilf na kladivkovém mlyné. Obé veli¢iny, charakterizujici
materidl i proces, i zmfnéné konstanty jsou zdvislé na rychlosti kladivek. Pfiblizné odvozeni vychdzi z Rebindérovy teorie
mleti aplikované na desintegraci jednotlivych ¢astic a vyuzité v energetické bilanci rdzu. Bilance je provedena s vyuZitim
Newtonovy teorie nepruzného rdzu. Jsou naznaceny zmény ve vztazich plynouci z vinové teorie rdzu pro plastické materidly
a z Hertzovy teoric rdzu a Misesovy hypotézy pro men3i obvodové rychlosti kladivek. Vliv na vysledek mé jak obvodova
rychlost kladivek, tak obvodova rychlost cirkulace ¢dstic v mlecf komofe a reologické vlastnosti zrna. Druhou cestou
prenosu energie na Cdstice je vzdusny proud. Jsou uvedeny také vysledky méfeni rychlostni zdvislosti teoreticky zkoumanych
veli¢in a vztahi, jakoZ i melitelnosti materidlu. Melitelnost p3enice a je¢mene v rozmezi obvodovych rychlosti kladivek 33
a2 98 ms™' s rychlosti roste a nebyla ovlivnéna velikosti ok mlecich sit. Doporucuje se jako ukazatel technologické kvality
obili. Odvozenych teoretickych vztahl a zde uvedenych i dfivéjSich autorovych experimentélnich vysledki je vyuZito k od-
hadu specifické lomové energie zrna a G¢innosti pfenosu energie vzduchem. Timto neefektivnim zplisobem se pfendsi 50 aZ
60 % energie. Dile je vypoctena dcinnost tvorby novych povrchl pfi mleti rdzem, idedlni a skutend u pouZitého experimen-
tdlntho mlyna. V idedlnim piipadé je téméi desetkrdt vy3si. Na zdkladé vysledki préice jsou v diskusi uvedeny nékteré
moZnosti feSeni mlecich zafizen{ s cilem energetickych uspor.

kladivkovy mlyn; mérnd spotfeba energie; mérny povrch; teorie mleti; melitelnost obilf; technologickd kvalita obilf; rychlost
kladivek; cirkulace materilu; icinnost mleti; feSeni mlecich zafizeni
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UvoD

Mleti piedstavuje technologicky proces s velkou
mérnou spotiebou energie. Ta zdvisi na mnoha fakto-
rech — na fyzikdlnich vlastnostech mletého materidlu
a celkové zméné jeho zrnitosti, na pouZitém principu
mleti a na konstrukci mlyna a mleci linky. Poslednf tfi
vyjmenované faktory urCuji cestu, jakou se energie na
materidl prendsi. Uginnost pienosu je mé&fitkem sp&s-
nosti konstrukce mlyna a vyfeSeni technologického
procesu.

Zavislosti procesu mleti na fyzikdlnich vlastnostech
materidlu se vyuZiva k testovani technologické kvality
obili. Vysledkem testu je tzv. mleci tvrdost, vyjadfova-
nd napf. jako index tvrdosti pSenice (wheat hardness
index) (Obuchowski, Bushuk, 1980).
Vzhledem ke sloZitosti procesu vznikd otdzka, jaky je
piesny fyzikdlni smysl této veli¢iny. Zde vypracovand
teorie na ni pomize odpovédét a také posoudit, zda by
lepSim ukazatelem nebyla tzv. melitelnost. PouZiva se
u nerostnych surovin a je snadno méfitelnou veli¢inou.
Melitelnost je imérnd Gcinnosti vyuZiti energie potieb-
né ke tvorb& novych povrchd, jak bude ukdzdno dile.
MiiZe byt proto duleZitou informaci pro konstrukéni
praxi.

Mleci test na laboratornim mlyné poskytuje odhad
o chovani materidlu v technologickém zafizeni pru-
myslovych rozméri, stejné jako obrusovaci test na la-
boratorni loupaéce. Kvili porovnatelnosti vysledki
riznych méfeni se testy musi délat na standardnich
strojich standardnim postupem (C h u n g etal., 1975).
K elementdrnim déjim ve mlynech maji nejbliZe testy
vyuZivajicf fez nebo drcenf jednotlivych zrn. Méné ¢as-
to pouZivané penetraéni testy se nejvic pribliZuji ob-
vyklym metoddm méfeni tvrdosti konstrukénich mate-
ridld ve strojirenstvi. Jejich vysledky maji vieobecné
vZity vyznam, ale u zrna vyZaduji draZ§i aparatury.
Mély by mit pfednost ve védecké praci, nebot jsou
nejlépe fyzikdlné definovdny. UmozZiiuji napf. zjistit
distribuci tvrdosti v zrnu (Katz et al., 1959).

Vysledky procesu mleti i mlety materidl jsou po-
mérné dobfe charakterizovany pfiristkem mérného po-
vrchu a mérnou spotiebou energie. Melitelnost je podle
CSN 72 1085 definovéna jejich pomérem. Vice o ni
uvadf literatura (D i n t e r, 1984). Pro méfeni melitel-
nosti obili by mohl byt vhodny kladivkovy mlyn do-
hodnuté konstrukce, protoze ke krmnym tceliim se pre-
viazné mele na strojich tohoto principu. Ke
standardizaci testovaci metody je tieba zndt velidiny,
které vysledek ovliviiuji.

V kladivkovych mlynech je lom zrna dynamicky.
Desintegrace probihd pfi krdtkodobych a intenzivnich za-
tizenich, protoZe rdzové rychlosti jsou obvykle dost vyso-
ké. Tato zatiZeni vyvoldvaji v materidlu velmi sloZité d&je
(Curran etal., 1977): nukleaci a riist trhlin nebo dutin
a jejich propojeni vedouci k fragmentaci.

Mileci proces v kladivkovém mlyné md dv¢ fize —
desintegra¢ni a segrega¢ni. Ob& jsou ovlivnény pohy-
bem ¢&astic materidlu v mlecim prostoru. Diky nému se

distribuuje rdzova rychlost, na niZ zaleZ{ desintegra&n{
uc¢inky. Segregacni fize je ovlivnéna proto, Ze statistic-
kymi charakteristikami pohybu je urcena frekvence do-
padt a distribuce Ghli dopadu &dstic na sito. Pohyb
¢astic proto rozhodujicim zpisobem ovliviiuje rych-
lostni konstanty obou d&ji (Hnilica, 1984, 1985,
1988b). Zavisi na proudéni vzduchu v mleci komore.

Vzdusny proud vyvoldva otdéejici se kladivkovy ro-
tor. Diky proudéni vzduchu a pohybu &astic v ném
vznikd zdvislost mleciho procesu na parametrech kon-
strukce mleciho prostoru. Lze odhadovat, které z kon-
strukénich parametri mohou mit vliv na zlepSenf d&in-
nosti mleti, ale ty, které maji vliv nejvét§i, mohou
ukdzat aZ experimenty a teoretické vypocty. Ty také
ukdZi pravdépodobny smér dalitho konstrukéniho vy-
voje mlecich stroji a zafizeni.

Vysledky zde uvedené byly ziskdny pro tcely vy-
zkumného tkolu, ktery sledoval problém sniZeni ener-
getickych vstupl vyroby krmnych smési. Jednu jeho
etapu autor fesil, proto Ize nékteré dalsi podrobnosti
najit v pfislusnych vyzkumnych zpriavach (Hnili -
ca, Kacerovsky, 1987, Novotny, 1988).
Tento piispévek navazuje na piedchozi praci (Hnili -
ca, 1994) s dirazem na analyzu pfiin vysoké energe-
tické ndrocnosti kladivkovych mlynd. K tomu je nutné
zndt vliv rychlosti kladivek. S tim v§im je automaticky
spojen problém testovéni kvality zrna.

Teorie rychlostni zavislosti

Teoretické vyfeseni zdvislosti mérné spotieby ener-
gic mlyna na pfiristku mé&rného povrchu a rychlosti
kladiv predpoklada:

— dostate¢nou znalost fyziky fragmentace jednotli-
vych &éstic pfi riznych rychlostech rdzu,

— dostate¢né piesny teoreticky popis pfenosu energic
na mleté Castice,

— znalost statistiky pohybu &astic v mlecim prostoru,
nebo pro priblizné feSeni alespofi praimérné obvodové
rychlosti cirkulace Cdstic.

Dosavadni vysledky autorova vyzkumu procesu
mleti i fyzikdlnich vlastnosti zrna umoZiuji urdité
zpresnéni pohledu na tuto zdleZitost.

Energetickou spotfebu mleti se v jednoduché
a kompaktni formé pokousely zdivodnit uZz klasické
teorie Rittingerova a Kickova, pozdéji Bondova, Re-
bindérova, Charlesova a dalSich. Velmi zajimavy je
Rumpfiiv pokus (R um p f, 1973) formulovat zikon
mleti velkych skupin jednotlivych ¢astic s pouZitim
teorie podobnosti a poznatkd Griffthovy lomové me-
chaniky. Vysledkem jeho tvah je bezrozmérova krite-
ridlnf funkce

L [Ex b
SE'ﬁmax_fZ (1

Bmax ‘x

kde: St - novy povrch vytvofeny na jednotku dodané energie
(méfitko vyuZiti energie)
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Bmax — maximdlni specifickd povrchovd energie materidlu (lo-
movi energie); je to materidlovd konstanta

x - velikost (charakteristicky rozmér) drcené Céstice
E, - energie dodand na jednotku objemu ¢dstice
I; - charakteristicky rozmé&r i-té, uZ existujici trhliny

v &éstici; pfesnéji distribuce velikosti takovych trhlin

Rumpf neuvédi tvar funkce f5, ktery neni jednodu-
ché odvodit. Zejména je t&zké zndt distribuci /;. Uvadi
n&které experimentdlni vysledky Sg s rlizné velkymi
Casticemi pri rizném zpusobu zatéZovani a dokumen-
tuje sloZitost problému.

Velkym pokrokem jsou studie fragmentaCnich pro-
cesll pfi rdzovém zatéZovini kovi (Barbee et al,
1972), polymeri (Curran et al, 1973) a hornin
(Shockey etal, 1974) pfi jednorozmérném Sifeni
deformaénich vin. Rust trhlin a dutin v materidlu ma za
nasledek pokles primérného modulu pruZnosti v da-
ném misté a velmi sloZity obraz v $ifeni deforma&nich
vin. Na zdklad& ziskanych experimentdlnich poznatkd
s modelem, ktery citovani autofi vypracovali, se poda-
filo pro tento relativné jednoduchy pfipad vyfesSit dis-
tribuci velikosti fragmentd v dobré shodé s experimen-
tem. Lze fici, Ze funkce f, v rovnici (1) bude feSenim
pravé popsaného problému Sifeni vin v trojrozmérném
t€lese. Zatim je bohuZel nutné se spokojit s experimen-
tdlnfmi funkcemi a pfibliZnymi zplsoby feSeni (lomo-
vé funkce s energetickou bilanci).

K prvni aproximaci feSeni pienosu energie v kladiv-
kovém mlyné& se nabizi klasickd Rebindérova hypotéza,
aplikovand na lom jednotlivych Cdstic. Je jednoduchd
a z klasickych hypotéz nejpfesnéjsi. Podle ni se energie
dodand na jednotku hmoty E, /p spotfebovdva na pruZ-
né deformace této hmoty k mezi pevnosti w a na tvorbu
nového mérného povrchu As,

Ev/p=w+ﬂmnx'ml (2)
w= UZ/ZEp (3)

kde: Gp — mez pevnosti materidlu (pfi mleti vétSinou v tlaku)
E - Youngiv modul pruZnosti mletého materidlu
p - hustota mletého materidlu

Je tfeba mit na zfeteli, Ze hypotéza ma nepiesnosti.
NeuvaZuje hlavné:

a) Ze k tvoficimu se novému povrchu je energie do-
ddvéna vidy prostiednictvim pruznych deformaci a na
jejich kor,

b) Ze u kfehkych materiéli klesd mez pevnosti s ve-
likosti t&lesa, nebot roste pravdépodobnost vyskytu vét-
Sich trhlin.

Pi razovém naméhénf je cnergic absorbovand v jed-
notce hmoty télesa rovna

Waps = V2 (1 - €2)/2 (4)
kde: vr - relativni rychlost rizu
€, - koeficient restituce
Relativni rychlost razu je
Vp=ve—v (5)
kde: vk - obvodovi rychlost konci kladivek

v - stfedni obvodovéd rychlost cirkulace &dstic v mleci ko-
mofe
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Na jednotku hmoty &astice je k dispozici energie E, /p
= (v - V2. S vyuzitim rovnice (2) jakoZto nejdileZi-
t&j§tho predpokladu pfiblizného feSeni se dostane pro
koeficient restituce €, = m/(vk —v). Soucasné je pii-
tomen predpoklad, Ze elastické deformace kompletné
vypruZi. Slozka B, . As; predstavuje energetické
ztrity trvalych deformaci, které vedou kompletné ke
tvorbé novych povrchi. Je tedy pfibliZzné

Bra - A5y = (v = )2/2—w ()

Pro rychlost fragmentd po rdzu vyjde hodnota
v+ .

Existuji pfibliznd experimentdlni ovéfeni rychlostni
zdvislosti v rovnicich (4) a (6) (Okuda, Choi,
1980) provedend na polymerech. Citovani autofi namé-
fili dmé&ru piirdstku mérného povrchu mocniné rychlos-
ti rdzu koulf nastfelovanych na tuhy teré. Mocnitel byl
blizky dvojce, pouze u velmi plastického nylonu byl
1,5 a% 1,6. Absorbovanou energii naméfili pfibliZzng
timérnou 2,1 aZ 2,3 mocniné razové rychlosti. Tyto em-
pirické iméry jsou nutné pfibliZné, jinak by Wy, /As,
nemohla mit lokalni minimum, jak jejich citovand pra-
ce také uvadi. Existenci minima této veli¢iny ukdzaly
i Priemerovy experimenty na anorganickych materid-
lech (Priemer, 1965).

Rychlost fragmentd zrna po rdzu neni ve skutednosti
stejnd. Je distribuovdna co do sméru i velikosti (He n -
derson, Hansen, 1974). Jejich celkovd mémd
kineticka energie je podle pouZité hypotézy po rdzu rovna

Wyina = (v + V2w)2/2 ©)
Pfed rdzem je
Wil = ) ) ®)

takZe jednim ndrazem kladivka se na jednotku hmoty
Castice dodd energie

Wik = Win2 = Wiing + Waps = Vk (g = v +V2w) ©)]

Kladivky odrazené ¢astice se jesté teoreticky mohou
rozbijet o statorové Easti a o jiné Castice, ale podle po-
zorovani rychlokamerou (Krasnov, Sy-
rovatka, 1966) lze soudit, Ze tento efekt neni vel-
ky. Uhel dopadu na sito (méfeny od kolmice) je
vétsinou velky a let &dstic je brzdén. Cstice ziistanou
vétSinou v cirkulujici vrstvé. Celkovy desintegraéni
efekt jednoho rdzu kladivka s ohledem na pfipadny uci-
nek druhotnych ndrazi lze zapsat rovnici

Bunax - 451 = (= V)22 = w4, [+ V2w)>/2=w]  (10)

kde: nm — mleci d¢innost druhotnych ndrazii

ProtoZe Rebindérova teorie zjednodusené chdpe w
jako materidlovou konstantu nezdvislou na velikosti
¢astic, musi byt jako disledek povaZoviny za nezdvislé
na jejich velikosti také wyye, As i wy,. Zdvisi viak na
rychlosti kladivek. Zjednodusujici skutecnosti lze vy-
uzit k pfibliznému odvozeni zdvislosti mezi mérnou
spotfebou energie mlyna a celkovym pfirdstkem mér-
ného povrchu. Ke zjemfiovani mize dojit jen opakovi-
nim déji.



Fragmenty neopoustéji mleci prostor ihned. Je vzdy
urditd pravdépodobnost, Ze nékteré z nich budou zasa-
Zeny znovu. Materidl je proto vidy mlet o néco vice
neZ jednim zdsahem (Hnilica, 1981a,b; Hnili-
ca etal., 1986). Priblizné plati

Brax - As={(v=1)/2 = w+1,, [+ N2w)2/2 - w1} T (11)
kde: 7= As/As > | — stfedni podet zdsaht

Pfenos energie pfi narazu kladivek se d&je téméf se
100% tcinnostf, nebot modul pruZnosti oceli je vic nez
200krat vétsi nez modul pruznosti endospermu. Bé-
hem 7 rdzt se takto na jednotku hmoty pfenese energie
wy . i. Dal3f cestou pfenosu energie na &dstice je
vzduch; tento pfenos se oviem dé€je s horSi dcinnosti
Tyzd- Celkovd mérnd spoteba energie je

Wy = (V224 W) Mg + Wig - 1 (12)

Energie dodand jednotce hmoty sloZené z &dstic
o velikosti (priméru) x silovymi G¢inky vzdu$ného
proudu za stfedni dobu zdrZeni v mlecim prostoru T je
v pruméru pfiblizné

¥ 3 ) 4 X
szd:"‘:c;('*"’k“') Pyzd ¥ V| 3%gP|"

(13)

%c ¥ v— v)? Pyzd vV TS;
~ tvarovy soucinitel odporu
Py ~ hustota vzduchu
- soucinitel pro prepocet v, na stfedni rychlost
vzdu$ného proudu v oblasti vyskytu Cdstic
(zdvisf na rychlostnim profilu)

s, = 6/xp — mé&my povrch materidlu v mlecim prostoru
Vysledek plati také pro polydisperzni materidl.
Vzorec (13) je odvozen pro konstantni rychlost cir-

kulace v3ech é&astic v. Sledovéani pohybu pomoci rych-
lokamery (Krasnov, Syrovatka, 1966)
v3ak ukazuji, Ze rychlost cirkulace zdvisi na velikosti
Castic. VEt8i astice se pohybuji pomaleji neZ mensf.
Vzhledem k tomu, Ze se rychlost cirkulace ve vzorci
projevi se tfeti mocninou, je k dosaZeni pfijatelné pies-
nosti tieba odliSovat od sebe alespoii rychlost celych
zrn a rychlost &dstic po jejich semleti. Z technického
hlediska je zajimavé brat v dvahu také pfipad rozdilné
pravdépodobnosti zdsahu zrna kladivky béhem prvniho
pokusu o zédsah po vpadu do mleci komory. Ten totiZ
miZe nastat pfi vy$3i relativni rychlosti.

Stfedni doba zdrZeni T i rychlostni konstanty des-
integrace A a segregace na sité o jsou méfitelné pomoct
radioaktivnifho traceru (Hnilica et al.,, 1986).
Obecné jsou obé konstanty funkci velikosti éstic x.
Pro pfipad mleti snadn&ji melitelnych materidli vyso-
kymi rychlostmi na hrubych sitech viak sta¢i pocitat
jen s jejich efektivnimi hodnotami. Pak mezi nimi plati
vztahy (Hnilica, 1981a, 1982)

T=

+(l+1|:,z)% (14)

1
3
i=AT

(15)

kde: 71, — pravd&podobnost zdsahu zrna v prvém pokusu o zdsah

Presnéjsi vysledky jsou
Bunax - A5 =, [(v = v, )% = (v = v)?1/2+
k=22 = wn,, [ +N2w)/2-wl} T (16)
a(-m)
TR A o
At (l-my) A

A 1
Wy 212 s —
*Fv=vy) P Aral-ny o

1 222 r
Wyzd =§ € Pyzd ¥ s~V 0)2 v

(s,+4As) (17)

kde: vo - stiedni obvodovd rychlost zm v okamZiku prvého
rdzu
- stfedni obvodovi rychlost celych zrn
— stfedni obvodov4 rychlost fragmenti zrn po semleti
— mérny povrch celych zrn
+ As - mémy povrch produktu mleti

v‘n
v'l,
‘ru
So
Stfedni obvodovd rychlost cirkulujici hmoty je
, A

Vi

P At+o(l-my)

o o(l-m,)
T A +a(l-my)

(18)

Rovnice (17) je zaloZena na rozkladu stfedni doby
zdrZenf na slozku pfed semletim (1 - m;,)/A a po se-
mleti 1/a, kdy jednotlivé hmotnostni podily maji rizny
mérny povrch. Hmotnostni podil nesemletého materid-
lu v cirkulujici zddrZi je o (1 -m,)/[A+ 0 (1-m,)]
a semletého materidlu A/[A+ o (1 —my,)]. Podily jsou
vahami v rovnici (18) pro vypocet v a zcela analogicky
by se seletly s, a s=s5,+As pfi vypoltu s;. Mérnd
spotfeba energie mlyna je potom pfiblizné

) )
Wy = n,z.zv,,"'(]—7‘|Z)~E""+szd Nyza +

+1t,zvk(v—v”)+vk(vk—v+m),7 (19)

Energie pfend$end na ¢dstice vzdu§nym proudem ma
sloZku z4vislou na pivodni velikosti zrna a na pfirtst-
ku mérného povrchu. Pravdépodobnost mt;, Ize urCit
bud’ na zdkladé statistické analyzy snimkl z rychloka-
mery, nebo vypoéitat feSenim pohybu zrna po vpadu do
proudu vzduchu s dfive zméfenym rychlostnim profi-
lem a z rozmérovych parametri mleciho prostoru.

Za cenu vétsi komplikovanosti by bylo moZné po-
moci uvedenych hmotnostnich podili je$té¢ ponékud
zpfesnit rovnici (16). Pomoci rovnic (15) a (17) lze
z rovnice (19) vyloucit 7. Ziska se hledand zdvislost
wp, — As ve tvaru

wy=a+b.As (20)
kde: a, b - konstanty ndsledujiciho vyznamu
_1 P TR
b—scpvzd(‘l’vk—vp) Vi alhrall _n“)]/nud+
v (v —v+\2w)
ﬁmax k( k @n

&
=22 = w41, [+ V2w)2/2 = W]
35 )
a=|"ll'5vn+“ _nlz)ivn+
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1 i y o(l—m,)
+§"pvzd ¥ Vk—v”)zv :

PR +o(l-my,))
+(Wy —v’)zv' A 15, I/n +
AR A T )

+ T,V ("k =)=

T Ve 0 = v+ V2w) [0 = v,)* = (=) 172
V=2 = w4, [+ V2w) /2 - w]

(22)

Vysledek je v souladu s poznatky vInové teorie rdzu.
Konstanta b musx byt kladnd. JelikoZ 1, je mald, mus{
byt (v — v) 2/ 2 > w. Dosazenim za w z rovnice 3)
a tpravou dostaneme
vk—v>*/2_w=9£'\/§_=vkk (23)

Zde je vgg tzv. Karmdnova rychlost razu, pfi které
v oblasti roz§ifeni deformacénf viny vznikaji v materidlu
napéti na mezi pevnosti. V uvedeném tvaru plati pro
kiehké materidly. Pro materidly s vyrazné&jsi oblasti
plasticity je vgy tfeba pocitat z celé deformaéni kiivky
podle rovnice (Rachmatulin, Demjanov,

1961)
il'

vk =p " [ (do/de)” de (24)
0

kde: € - relativni deformace & na mezi pevnosti

Pro takové materidly by bylo v rovnicich (21) a (22)
tfeba dosadit za w hodnotu V2KR/2 s vgR podle rovnice
(24), ale ve vyrazu pro rychlostni slozku \/2_wp0nechat
w podle rovnice (3). Plastické deformace se 3ffi od
kontaktu s kladivkem pomaleji neZ elastické.

Vzorce (23) a (24) jsou odvozeny pro kontakt rov-
nych ploch. Povrchy redlnych &éstic jsou viak zakfive-
né. Maximadlni deformace se proto koncentruji do malé
oblasti blizko pod plochou kontaktu s kladivkem, kde
je také iniciovdn lom. To je tfeba vzit na zfetel pfi
mensich rychlostech rdzu. Primérna relativni deforma-
ce télesa je pfi ném mnohem mensi neZ o,/E a tedy
poticbnd mérnd energie pruZznych deformaci je mno-
hem mensi neZ w podle rovnice (3).

Za ptedpokladu, Ze plati Misesova hypotéza o poru-
Seni soudrZnosti materidlu, Ize s vyuZitim Hertzova fe-
Seni kontaktniho problému a Hertzovy teorie rdzu vy-
pocitat minimdlni kritickou rychlost rdzu, pfi které
mizZe zapo&it mletf inavovym lomem

2
1-p?
E
kde: po, krit - kritickd hodnota tlaku v centru kontaktni plosky zra
s kladivkem

E - Youngily modul pruZnost zrna
1t - Poi vo ¢islo (end mu zrna)

% T 0o
Vr, kit = P, kit 5 (10P) (25)

Po, kit = Op, ef (3 . max v;"djs()-‘/s (26)
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kde: max igis, -~ maximdlni hodnota bezrozmérové hustoty distorzni
slozky deformacni energie v mleté &dstici v bliz-
kosti kontaktu; zdvisi jen na Poissonové ¢isle (hod-
noty viz Hnilica, 1988a)

Oy, o — efektivni hodnota pevnosti v tlaku

Zavedenim G, ¢ se déld urcitd korekce na plasticitu
materidlu. Toto napén leZi mezi 6, a E€, a je ho ticba
urdit experimentdlng. Odvozeni rovnice (26) lze najit
v predchozich pracich (Hnilica, 1988a, 1990).

Z Hertzovy teorie razu vyplyva, Ze pfi malych rych-
lostech kladivek je v rovmcnch (21) a (22) tfeba za w
dosazovat spiSe hodnotu v,. krit/2 neZ hodnotu podle
rovnice (3). Mérnd energie w je tedy vlastné funkci
rychlosti rdzu, jejiZ fyzikdlnf povaha je zfejmd z dvah
a jsou zndmy jeji urcité meze. Prozatim vyZaduje expe-
rimentdlni méfeni.

MATERIAL A METODA
Mérené materialy

K experimentim byla pouZita p3enice odridy
Zdar II a je¢men odridy Rubin, vycCisténé, v osivové
kvalité a o b&€Zné skladovaci vlhkosti. P§eniéné zrno lze
charakterizovat témito ddaji: hmotnost 1 000 zrn —
39,16 g; objem Jednoho zrna v priméru - 29,89 mm?;
mérny povrch — 1,19 m? kg ; v toluenu mérené pyk-
nometrickd hustota — 1 310,4 + 9,5 kg. m™ . Hodnoty
téhoZ vyznamu progjeéne Zrno byl?' v uvedeném poradi:
42,87 g; 33,29 mm°; 1,17 m? kg ' 128758 kgm™.
Podle zkuSenosti jsou pSenice Trmcum aestivum po-
mérné snadno melitelné, je¢men je melitelny hure.

Experimentalni zarizeni

Vyvoj pracovisté pro vyzkum mleti na technické fa-
kulté¢ VSZ v Praze, v&etné konstrukce pouZitého expe-
rimentdlniho mlyna a pomocnych zafizenf, zatim po-
drobné popisuji jen pfisluiné vyzkumné zpravy (napf.
Krupicka etal, 1982, 1984). Vzhledem k tomu,
Ze v souvislosti s timto vyvojem byly ziskdny obecnéji
vyuZitelné vysledky, uvaZuje se o jejich samostatné
publikaci.

Méfeni se uskute¢nila na experimentdlnim kladivko-
vém mlyné, ktery byl pohdnén tyristorovym dynamo-
metrem. Stroje byly spojeny pruZnou spojkou. Tyristo-
rovy dynamometr umoZiiuje nastavit pracovni reZim
s konstantnimi ota¢kami aZz do 8 000 min~', zafizen{
viak bylo provozovino jen do 6 000 min~'. Z4znam
otacek i krouticiho momentu byl digitélni.

Mleci komora experimentdlniho mlyna méla primér
320 mm, délku 250 mm. Uhel obklopeni mleci komory
kazetovyml sity Cinil 280°, s celkovou sitovou plochou
0,196 m2 K dispozici bylo celkem Sest dvojic kazeto-
vych sit s oky o primérech 2,0; 2,5; 3,0; 3,5; 4,0 24,5
mm; perforacni pomér ok byl 0,3. Na rotoru bylo osa-
zeno celkem 28 kladivek uspofddanych ve &tyfech fa-



ddch, rovnomérné po sedmi v fad¢ s rozte¢i 37,5 mm.
Tloustka kladivek byla 3,9 mm, polomér oti¢eni jejich
konchh v radidlni poloze 156 mm. Sitka mlecf spary
byla 4 mm.

Dévkoviani do mlyna se providdélo ze zasobniku pa-
sovym ddvkovacem s nastavitelnou vykonnosti zménou
vysky hraditka a rychlosti pdsu. Pfesnost uréeni vykon-
nosti byla 1,3 %.

Metody méfeni

Mérnd spotieba energie k vlastnimu mleti byla po-
¢itdna ze vztahu

P=P an
Wy =——""
n o
kde: P a P, - vykony na hfideli dynamometru pfi zatiZeni a vol-
ném chodu
Q ~ vykonnost stroje

Vykony byly poditany z kroutictho momentu M
a otdcek n

P=nMn/30 (28)

Aby byla zaru&ena co nejvétsi piesnost, byla vykon-
nost mlyna stanovovédna pfimou metodou jako podil
hmotnosti se¥rotovaného materidlu a doby Srotovani pri
kaZdém méfeni. Ukazalo se totiz, Ze vykonnost ddvko-
vade pevné spojeného s mlynem je pfi vy$Sich otdckédch
silng ovlivnéna vibracemi. Pfedb&Zné ocejchovénf ne-
lze pouZit.

Meérmy povrch celych zrn byl poditén z jejich rozmé-
ri

8, =6/%,p (29)

kde: p — pyknometrickd hustota zrna
x, — ekvivalentni primér zrma (koule o hmotnosti shodné se
zrnem)

Mérny povrch $rotli byl méfen propustnostni meto-
dou, kterd spodivé ve zméfeni tlakové diference (ztréty)
ve vrstvé sypkého materidlu zformované do zndmych
rozmérl, o zndmé poréznosti a pfi zndmém priitoku
vzduchu. Mérny povrch se pak vypoéitd ze vztahu od-
vozeného Kozenym a Karménem

5 v
sulf- & .S Bp
Pl(1-g? knl Qy

kde: Ap — tlakovd diference mezi hornim a spodnim povrchem
vrstvy pfi objemovém pritoéném mnoZstvi vzduchu Q,

- plocha pfi¢ného priifezu vzorku

- vyska vrstvy

— dynamickd viskozita vzduchu

~ hustota (pyknometrickd) zrn pred rozemletim

- vnéjsi poréznost

=5+ 0,5 (vzato k = 5) — bezrozmérovd konstanta; podle
zdokonalené teorie (W asan et al, 1976) je tfeba ji
povaZovat za zndmou funkci € a zdvisf také na tvaru &éstic

(30)

o2 ~n

Vice podrobnosti o propustnostni metodé uvedl
Hnilica (1994).

Postup vSech méfenf byl veden snahou minimalizo-
vat rozptyl viech vysledki, nebot méfeni byla Casové
dosti ndroénd.

Vliv vykonnosti na proces byl testovin pfi otd¢kdch
3 000 a 4 000 min~' na sitech s oky 2,5 a 3,5 mm
u pSenice a 2,0 a 3,0 mm u je¢mene.

Pro zméfeni rychlostni zdvislosti melitelnosti byla
zvolena fada otdcek rotoru od 2 000 do 6 000 min~',
odstupfiovana po 500 min~'. P¥i poloméru otaceni kon-
cii kladivek 156 mm odpovidd obvodovym rychlostem
kladivek 32,7 aZ 98,0 m.s™".

Po nastaveni otdCek rotoru na hodnotu blizkou ve
zvolené fadé a ustdleni chodu byl zapsdn moment
a otdcky volného chodu. Pak byla nastavena vhodni
rychlost pasu pasového divkovace pfi konstantni vysce
vynaSeci $térbiny a najeto Srotovdni. Asi po 10 sekun-
ddch price mlyna byl pohyb pdsu mZikové zastaven
a dokonceno Srotovdni materidlu v mleci komore, coZ
je indikovdno zvukem mlyna a dosaZenim momentu
chodu naprdzdno. Zdsuvka na Srot pod strojem byla
vyprazdnéna. Timto zpilsobem bylo pfipraveno kazdé
méfeni pri zatiZeni mlyna materidlem, aby vysledky
nebyly zatiZeny pocdte¢nfmi nepfesnosti ddvkovani.

V dalsi fazi bylo k méfeni doby mleti pouzito sto-
pek, které byly spoustény soucasné s mZikovym uvede-
nim pésu ddvkovace do chodu s dfive nastavenou rych-
losti pdsu (tj. vykonnosti ddvkovénf). Na digitdlnim
ukazateli dynamometru byl pak sledovan pribéh krou-
tictho momentu a s periodou asi 2 s odeéitdny a zapi-
soviny oticky hnaciho bubnu davkovace. Po ustdleni
kroutictho momentu mlyna byl pak zapnut digitdln{ z4-
znam momentu a otdcek, ktery probihal téméf aZ do
okamziku mZikového zastaveni doddvky materidlu do
mlyna. Mleti pfi nastavenych otd¢kich rotoru mlyna
a vykonnosti trvalo 1 aZ 2 min (podle vykonnosti). Se-
Srotovany materidl v zdsuvce pod strojem byl pak zvé-
Zen a byl z n&j odebrdn vzorek o vdze asi 1 kg pro
zméfeni mérného povrchu a sitové analyzy.

Komurka pro méfeni mérného povrchu byla plnéna
porcemi odebiranymi z riznych mist ve vzorku, aby se
omezil vliv samotfidéni na vysledek kazdého méfeni.
Béhem plnéni byl materidl v komiirce mirné setidsdn
poklepy o dievénou podloZku a pravitkem nakonec za-
rovnén s hornim okrajem. Dosahovand vnéjsi poréznost
materidlu v komirce byla u pSenice € = 0,5104 £
0,0064, u je¢mene € = 0,4937 £ 0,0072. Pak byla ko-
murka i s materidlem vloZena do upinaciho télesa
a zméfeny dal3i potiebné veli¢iny pro vypocet mérného
povrchu podle vzorce (30). Celd popsand procedura by-
la pro kazdy odebrany vzorek semletého materidlu opa-
kovdna pétkrat. Z péti hodnot namé&feného mérného po-
vrchu byl vypoéten primér.

VYSLEDKY
Experimenty s mletim

Naméfené vysledky jsou vedeny v grafech. Na
obr. 1 je ukdzdna zdvislost vykonu potfebného na mleti
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I. Zavislost vykonu spotfebovaného na vlastni mleti pSenice (po
odeétu vykonu na volny chod stroje) na vykonnosti experimentdl-
niho kladivkového mlyna — Dependence of power output consumed
for the proper wheat grinding (after substraction of that for free
running of machine) on feeding rate of experimental hammer mill

'screen mesh diameter, *rotor revolutions

na vykonnosti mlyna pro pSenici. Pro je¢men je charak-
ter zdvislosti velmi podobny. Naméfenymi body bylo
mozné proloZit pfimky s koeficientem korelace nejmé-
né r = 0,966, prukaznym na 1% hladiné vyznamnosti.
Pocatek soufadnic byl povaZovin za samoziejmy expe-
rimentdlni bod. ProloZené pfimky neprochdzeji presné
pocitkem, ale dseky na svislé ose jsou malé a nepri-
kazné. To sv&d&i o ziejm& malé zdvislosti mérné spo-
ticby energie na vykonnosti a o nepfili§ velké zadrZi
materidlu v mlecim prostoru v rozmezi méfenych vy-
konnosti.

Zavislost w,, — @ (mérné spotieby k vlastnimu mleti
na vykonnosti) byla piesto statisticky testovdna samo-
statné. Naméfené body a jimi proloZené piimky jsou
pro pSenici a jeCmen uvedeny na obr. 2a, b. U proloZe-
nych primek je uvadén koeficient korelace r s prikaz-
nosti naznacenou typem zavorek. V kulaté zdavorce jsou
uvddény koeficienty nepriikazné na 5% hladiné vy-
znamnosti, v hranaté nepriikazné na 1%, ale prikazné
na 5% hladin&, bez zdvorek prikazné na 1% hladiné
vyznamnosti. Vyraznéjsi zdvislost je zf'ef'mzi jen u nej-
jemnéjsiho sita pfi otdackach 3 000 min™",

Zavislost tvorby nového povrchu na vykonnosti je
pro ob& méfené plodiny ukdzdna na obr. 3a, b. U pie-
nice jsou korelaéni koeficienty neprikazné. U jemene
bylo mozné zdvislost statisticky prokdzat na 1% hladi-
né vyznamnosti u tfi variant méfeni. Neprikazny na 5%
hlading byl korelaénf koeficient jen pro n =4 500 min~!
a s oky o priméru 3 mm.
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2. Zdvislost mérné spotfeby energie k vlastnimu mleti pSenice (a) a
je¢mene (b) na vykonnosti, zméfend na experimentdlnim kladiv-
kovém mlyné - Depend of specific ption of energy to
the proper wheat (a) and barley (b) grinding on feeding rate, mea-
sured on experimental hammer mill

!screen mesh diameter, *rotor revolutions

Rychlostni zdvislosti mérné spotieby encrgic w,
k mleti pSenice a jemene na riiznych sitech jsou uvedeny
na obr. 4a, b. Na téchto zdvislostech je zajimava existence
minima, jehoZ poloha (soufadnice n) nezavisi pfili§ na
materidlu a presouva se od otdcek asi 2 750 min =1 pro
sito s oky o priméru 4,5 mm k otd¢kam asi 4 000 min~!
pro sito s oky o priméru 2,0 mm.

Rychlostni charakteristiky tvorby nového povrchu
jsou zobrazeny na obr. S5a, b. Na kfivkdch pro sita
s riznymi priméry ok existuje minimum, jehoZ poloha
tentokrdt velmi zdvisi na materidlu a ponékud i na ve-
likosti ok.

Z teoretického hlediska je nejzajimavéjsi zdvislost
mérné spotfeby energie na pfiristku mérného povrchu
pro jednotliva sita za rGzné rychlosti mleti. Pribéhy pro
jednotlivd sita jsou dost podobné a jsou ukdziny na
obr. 6a, b. Svéd¢i o tom, Ze pfiristky mérné spotieby
a mérného povrchu jsou zpisobeny aditivnimi déji, jak
se taky predpoklddalo v teoretické Casti této price.

V dfivéjsich experimentech na mlyné s jednou fre-
kvenci otdceni rotoru (Hnilica, 1994) bylo prokd-
zdno, Ze zdvislost w,, — As je linedrnf, dobfe popsatelnd
rovnici (20). Naméfené vysledky umoZiiuji doplnit ten-
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3. Zdvislost priristku mémého povrchu na vykonnosti pfi mleti
pSenice (a) a j (b) na experi kladivkovém mlyné -
Dependence of increase of specific surface on feeding rate in grind-

ing of wheat (a) and barley (b) on experimental hammer mill

'screen mesh diameter

to poznatek. Pfi mletf niZ§{mi rychlostmi je tato zdvis-
lost mirné zakfivena, jak je patrné z experimentdlnich
bodd pro otdcky 2 000 a 2 500 min~! na obr. 5 a 6.
Linearita w,, — As byla také separdtné testovdna statis-
ticky pro kaZdou z pouZité fady otd¢ek. Vysledky jsou
uvedeny v tab. I. Z tabulky je patrn celkové tendence
k poklesu obou koeficienti s otd¢kami, zvI43t& koefici-
entu b. Je z nich soucasné vidét, Zze smérnice pfimek b
jsou v ramci kazdé plodiny pfi nejvysSich otackich
5 000, 5 500 a 6 000 navzdjem velmi blizké, pficemZ
useky a na osdch jsou malé a nepriikazné (na 5% hla-
din€ vyznamnosti). Pro tyto nejvyssi otdcky lze vysled-
ky proloZit spole¢né pfimky s vysokym korelaénim ko-
eficientem, konkrétng:

pro pSenici

wy, =-0,011 + 0,473 As  r=0,983
nebo jen w,, = 0,474 As

pro je¢men
W, = 1,556 + 0,667 As  r=0,983

nebo jen w,, = 0,691 As
Na obr. 7a, b je vynesena zdvislost melitelnosti po-
uzitych odrid pSenice a je¢mene na otackdch rotoru
experimentdlniho mlyna

Me = As/w,, =f(n) 3D

601 a °
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70
(kdkg™
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4. Rychlostni zdvislost mémé spotieby energie k vlastnimu mleti
pienice (a) a j (b) na experi | kladivkovém mlyné;
pfi otackdch 6 000 min”! maji konce kladivek obvodovou rychlost
98 ms™' - Speed depend of specific ption of energy to
the proper grinding of wheat (a) and barley (b) on experimental
h mill; at re of 6,000 min™" tops of hammer have
circumferential speed of 98 ms”'
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5. Rychlostni zévislost piiristku m&émého povrchu pii mleti pSenice
(a) a jed (b) na experi Inim kladivkovém mlyné; Pi‘i
otéckdch 6 000 min™' je obvodovd rychlost koncii kladivek 98 m.s™™ —
Speed dependence of increase of specific surface in grinding of
wheat (a) and barley (b) on experimental hammer mill; at revolutions
of 6.00(I) min" the circumferential speed of tops of hammers is
98 m.s™

Body z razné hrubych sit jsou graficky odliSeny.
Vliv priméru ok na melitelnosti neni patrny. Kfivky
proloZené body nemaji ostry lokdlni extrém a pfi vyso-
kych otackach spéji k limitnim hodnotdm. Maximalni
melitelnost pSenice je asi 2,2 m2kI je¢mene asi
1,5 m2 kI,

Fyzikédlni méFeni na zrnu

Nékteré vysledky diivéjSich dosti podrobnych méfe-
ni fyzikdlnich vlastnosti zrna (Hnilica, 1988a,
1990) mohou slouZit i pro déely této price. Budou zde
uvedeny bez metodickych podrobnosti a jen nejpotieb-
néjsi z nich. Jsou shrnuty v tab. II. Efektivni hodnoty
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6. Zavislost mérné spotfeby energie na pfiristku mémmého povrchu
pro p3enici (a) a je¢men (b) mleté na experimentdlnim kladivkovém
mlyn& pfi riznych otdckdch rotoru a riizném priméru ok mlectho
sita — De of specific of energy on increase of
specific surface for wheat (a) and barley (b) ground on experimental
hammer mill at various revolutions of the rotor and various diame-
ters of mesh sieves

1 - rotor revolutions, 2 - screen mesh diameter

meze pevnosti v tlaku G, of PTO pSenici a je¢men byly
vypocteny za pouziti korekéniho soucinitele na plasti-
citu, naméfeného na hrachu. Tento soucinitel byl méfen
prostiednictvim energie k lomu celého zrna stlacované-
ho mezi paralelnimi deskami. PouZita byla rovnice
(26), vzorec z feSeni Hertzova kontaktniho problému

2(1-p? i 15 i
) bl Vs [ =2
p‘,—n( £ ] .R .[SW]

kde: po - tlak v centru kontaktni plosky
R - polomér kfivosti zrna (koule o ekvivalentni hmotnosti)
W - deformaéni energie dodand na jeden kontakt

(32)

a vzorec zde navrZeny pro korekci na plasticitu
Cp,ef=0p+ E(E €,=0,)
kde: & - korek&nf koeficient

Na hrachu byl naméfen & = 0,569. Korekcee je pro-
vedena jinak neZ v plvodnich pracich.

(33)
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7. Zdvislost melitel i pS (a) a jed (b) na otackdch ro-

toru, zmérené na expenmentﬁlnim kladkaovém mlyng; otdckdm
6 000 min~' odpovidd obvodov4 rychlost koncii kladivek 98 m.s L
Dependence of grindability of wheat (a) and barley (b) on rcvoluuon
of the rotor, measured on experimental h mill; fe

speed ofto‘as of b of 98 m.s™" cor ponds to revolutions of
6,000 min

'screen mesh diameter

DISKUSE A ZAVERY

V pouZitém rozmezi vykonnosti nejsou vysledky vy-
razné&ji ovliviiovdny zadrZi mleci komory, ale ur¢itd zd-
vislost existuje. VEtSi tendence k jejim projeviim se
objevuji u obtiZn&ji melitelného jeEmene. Ten pravdé-
podobné vyZaduje vEtsi stfedni dobu zdrZeni v mlecim
prostoru neZ pSenice a vznika také vesi zadrz.

Z prubéhu kiivek w,, —naAs-nnaobr.4a5 je
dobfe patrné, Ze v blizkosti minima kfivek je regulato-
rem jemnosti mlet{ i m&rné spotieby energie hlavné si-
to, pfi vysSich rychlostech kladiv se jim stdva také tato
rychlost. Poloha minim (soufadnice n) na kfivkdch pro
jednotlivd sita se posouvd k vy$§im ot4c¢kdm. U zdvis-
losti As — n zévisi poloha také na limitni melitelnosti.

10

I. Vysledky regresni analyzy zévislosti w,, = @ + b . As pro pSenici
odriidy Zdar II (A) a je¢men odriidy Rubin (B), naméfené na expe-
rimentdlnim kladivkovém mlyn€ — Results of regression analysis of
dependence of w,, = a + b . As for wheat, the variety Zdar II (A)
and barley, the variety Rubin (B), measured on experimental ham-
mer mill

g;iiﬁ Regresni koeficienty” i ﬁciet;l
(min”") KIke™) (kJ.l:n-Z) korelace
2 000 475 0,960 0,978
2500 4,70 0,704 0,950
3 000 7,69 0,493 0,914
3 500 553 0,463 0,974
2 4 000 4,70 0,437 0,994
4 500 5,20 0,407 0,992
5 000 -0,41 0,498 0,993
5500 1,33 0,468 0,989
6 000 -2,49 0,483 0,991
2 000 7.40 1,577 0,970
2 500 -3.46 1,430 0,993
3 000 -0,12 1,060 0,976
3 500 1L12 0,881 0,999
o 4 000 3,78 0,743 0,988
4 500 1,21 0,771 0,991
5 000 3,77 0,639 0,986
5500 0,73 0,689 0,985
6 000 -1,39 0,697 0,986

'rotor revolutions, zregression coefficients, 3correlation coefficient

w,, - specific energy consumption
As - specific surface

Z prabéhu vech kiivek na obr. 4 aZ 6 je ddle patrné,
Ze pfi niZ8ich rychlostech kladivek nenf materidl dosta-
te¢né drcen jednim dderem a Ze naruSeni struktury
(pfedevsim tvorba vétsich trhlin) se mohou v materidlu
akumulovat. Efekt zvétSeni vné&jiiho mérného povrchu
se projevi aZ v dal§fm nebo dal§ich rdzech. Pfi nejniZ-
Sich otackdch 2 000 min™! byl, obzvl4$té na jemnych
sitech, vylvéren vEt3i mérny povrch neZ pfi otackdach
3 000 min™", pii nichZ lze bezpochyby ocekdvat vétsi
desimegraénf udinky rdzu. Pozorovany efekt miize byt
vyvoldvén také otérem, protoZe doba zdrZenf cirkulujici-
ho materidlu v mlecim prostoru je pfi niZ8ich otdckich
podstatné delsi. Na podporu ndzoru o vlivu akumulace
poruch v materidlu, které jsou pfi¢inou uinavového lo-
mu, hovofi pravdépodobné také vysledky jednodussich
experimentd autori Ruppel a Brauer (1986).
Dva rychle po sobé€ nasledujici razy sklenénych kuli¢ek
na seSikmené desky pfi témér stejné rychlosti vyvolaly
desintegraci vétSiho poctu z nich neZ rdz jeden.

Naméfend zdvislost rdzové melitelnosti na otd¢kdch
(obr. 7) miiZze byt odhadnuta exponencidlou nebo hy-
perbolou s posunutymi pocitky. Jde o formdlni odhad.
Je totiZ moZné, Ze pii jeSté vy33ich rychlostech, neZ
jaké byly pouZity, existuje na kfivkdch maximum, jaké
se objevuje v jiZ citovanych experimentech s polymer-
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IL. Veliginy vypodtené z vysledkd fyzikdlnich m&feni na zrech hrachu a obilf, dileZité v souvislosti s vypracovanou teorii mleti v kladiv-
kovych mlynech (pro p = | 300 kg.m"‘) ~ Quantities calculated from results of physical measurements on pea and cereal grains, important
in connection with developed theory of grinding in hammer mills (for p = 1 300 kg.m™)

—_ | w 2w vkg (rov. 25) Veksit )
Hodinaodiica (kJ.kg™") (ms™!) (ms') (ms") Jkgh
Hrich Jupiter? 1,330 52 70 59 17,4
Pienice Zora® 0,479 31 37 1.8 1,6
Je¢men Favorit* 0,925 43 54 35 6.1
Jetmen Ametyst® 1,353 52 68 7.9 31,2
w — hustota energie pruZnych deformaci na mezi pevnosti — density of energy of elastic deformations at the strenght point
VKR - Karmdnova rychlost rdzu; dochdzi pfi ni k desintegraci — Karmdn's velocity of impact; appears in disintegration
V, it — kritickd rychlost rdzu na zakfivenou plochu, pfi které za¢ind poskozovéni - critical velocity of impact to curved surface at which

damage starts

'crop and variety, 2pe:n Jupiter, 3wheat Zora, *barley Favorit, slf:zu'lcy Ametyst

1II. Vypodtené koeficienty v linedrni zdvislosti w,, = a + b . As, vypoctené odhady ¢innosti pfenosu energie vzdusnym proudem m,,,
a specifické lomové energie pSeni¢ného zrna B, — Calculated coefficients in linear dependence w,, = a + b . As, calculated estimates of
efficiency of energy transfer by air flow 1, and specific breaking energy of wheat grain B,

Ouicky rotoru! Uginnost? Lomovi energie® Koeficienty*
n (min™") Ny Brmax J.m™) a (kikg) b (kl.m2)
5 000 0,44 13,6 34 0,40
5500 0,49 16,6 3,7 0,41
6 000 0,62 19,0 35 0,39

'rotor revolutions, chﬁciency. 3bn:nking energy, 4coefficients

nimi kulickami (Okuda, Choi, 1980) na kiiv-
kdch As /wyps — v,. Extrapolaci zdvislosti k nulové me-
litelnosti se ziskd odhad minimdlnich otd¢ek, pfi kte-
rych miZe mleti vibec zaéit. U p3enice je to asi
950 min~', u je¢mene asi 980 min~!, co? odpovidd
rychlostem konct kladivek 15,5 a 16,0 ms .U je¢me-
ne tato rychlost odpovidd dvojndsobku v, ¢ pro od-
ridu Ametyst a 4,5ndsobku pro odriidu Favorit; u p3e-
nice osmindsobku v,, . pro odriidu Zora. Vypoctend
rychlost pocdtku poskozovani zrna, jakd se uvadi zde,
se zhruba bliZi pozorovanym hodnotdm na jinych od-
ridiach (Bilans ki, 1966). Limitnich hodnot meli-
telnosti se dosahovalo pfi rychlostech kladivek bliz-
kych dvojndsobku Karmdanovy rychlosti pro elasticky
(nebo nepfili§ plasticky) materidl. Vysledky jsou
v dobré shodé s fyzikalnimi pfedstavami, jestliZe je ob-
vodovi rychlost kladivek alespofi dvojndsobkem obvo-
dové rychlosti cirkulace ¢astic, jak bylo dfive naméfe-
no v zéné sita pomoci rychlokamery (Krasnov,
Syrovatka, 1966). V zéné drhlic byl naméfen az
Styfndsobek.

Melitelnost je zdvisld na podminkdch, za kterych se
mleti uskuteciiuje. Méla by byt vyuZita jako ukazatel
kvality nejen u nerostnych surovin, ale také u krmného
a potravindfského obili. Pfi standardizaci testovaciho
zafizen{ je tfeba mit na zfeteli zplisob a také rychlost
pii desintegraci. Melitelnost je veli¢inou piesnéji defi-
novanou neZ pouZivand mleci tvrdost. Je rovnéZ snadno
a rychle méfitelna.

Pribéhy As — n i w,, — As z rlznych sit jsou si dost
podobné a podobny charakter mély i zdvislosti namg-
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fené pro individualné mleté sklenéné kulicky (B e h -
rens, 1964). Jevy pfi mleti riznych materidli rdzo-
vymi silami jsou proto podobné. Rist w, i As vlivem
sit je zplsoben hlavné aditivnosti G¢inkd razu (Hni -
lica, 1987) a souvisi s pfenosem energie na mleté
¢astice a s lomovym chovanim materidlu.

S vyuZitim naméfenych zdvislosti w,, — As a vysled-
ki méfeni fyzikdlnich vlastnosti zrna lze diskutovat
i teorii konstant a, b v rovnici (20). Je k tomu nutné
vyuZit také méfeni rychlostnich konstant procesu o, A
a stfedniho poctu zdsahti 7 z dfiv&j$f prace (Hnili-
ca et al, 1986). Pro mlyn o téméf stejném priméru
mleci komory, stejném poctu fad kladivek, ale s jinym
pomérem jejich tloustky k rozte¢i v fadé (byl 0,079
proti zde pouZitému poméru 0,11) a o stejném priméru
ok mleciho sita 4 mm bylo pfi mleti pSenice naméfeno
a=1,38s"1=087s"!aT=164. Vliv fyzikdlnich
vlastnosti zdvislych na odriidé se v ni nesledoval, Jind
méfeni o a A za podminek natolik srovnatelnych nejsou
k dispozici. Jejich méfeni pro je¢men se uskutecnila na
mlyné provoznich rozméra.

Dile Ize vyuZit vysledki fyzikdlnich méfeni pro pSe-
nici Zora. Tyto vysledky se bliZi k praimérnym hodno-
tdm a zahrnuji je3t& tfi odridy polskych p¥enic (Liwil-
la, Grana a Panda). Lze pfedpoklddat, Ze byly blizké
i s vysledky u odrudy Zdar II.

Vlastni méfeni obvodové rychlosti cirkulace celych
zrn a ¢astic z nich se nedélala. Podle méfeni rychloka-
merou (Krasnov, Syrovatka, 1966) je pri-
mérna rychlost cirkulace v oblasti sita v = 0,4 aZ 0,5 v,
a je v&tsi u jemnéjSich &astic neZ u hrubSich. Voli se
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proto odhady v',/v; = 0,45 av/,/v; = 0,55. Dile je béz-
né m, =0 am, = 0. Vychdzi se z pfedpokladu, Ze
v, =V, . Za ptedpokladu, Ze rychlostni profil vzduchu
v mleci spdfe je priblizné parabola 2. stupné, je y =
0,67 (se stupném kiivky roste). Tvarovy soucinitel od-
poru pro turbulentné obtékanou kouli je ¢ = 0,4 (T e -
safik, 1961). Rychlostni konstanty o a A jsou teo-
reticky pfibliZzné dimérné ihlové rychlosti cirkulace
Castic, a tedy otd¢kdm mlyna (Hnilica, 1985).

Za pouZiti viech uvedenych faktl a hodnot z tab. II
byly z rovnic (16), (18), (19), (21) a (22) vypocteny
udaje shrnuté v tab. III. PouZity byly také otdckdm od-
povidajici naméfené veli¢iny w,, a As pro pSenici.

Vypoétené koeficienty a, b se od naméfenych lisi
pomérné mdlo. Rozdil je zplsoben nepfesnosti v odha-
du poméru ztrét na cirkulaci celych zrn a produktu, jak
vyplyne z diskuse. VSechny hodnoty v tabulkdch jsou
ovlivnény i nedplnosti matematického popisu.

Netiplnost popisu spo¢ivd pfedev§im v nedostatku
piesnéjSich informaci o statistickych charakteristikdch
pohybu &dstic v mleci komofe a rychlostnim profilu
vzduiného proudu. Vypoctové odhady vSak dostatecné
spolehlivé ukazuji, Ze lomové energie zrna jsou v de-
sitkdch J.m™2 a d&innosti pienosu energie vzduchem
jsou v desetindch (v desitkdch procent).

Vypoctena rychlostni zdvislost materidlové konstan-
ty Bmax je, alespoil z &sti, disledkem odhadu v',,/vk
konstantou. Ve skuteénosti pomér konstantni nenf. N4-
raz kladivek pfi vét3i rychlosti vytvori jemnéjsi Cdstice,
jak také ukazuji vysledky, a ty se pohybujf rychleji.
Ztraty na cirkulaci jsou nejvetsi pfi v/v, = /3, tj. pfi
pouzitém odhadu y pii v/v, = 0,22. TotéZ plati pro
VsV
Poc{;)hné je tomu s rychlostni zdvislosti 1,4, kterd
je také pravdépodobné odhadnuta celkové vyse. Duvod
je v tom, Ze pfi statistickém hodnoceni snimki z rych-
lokamery je obtiZné zahrnout ve sprdvném poméru
i nejjemné&jsi &éstice. Lze proto ofekdvat ve skute¢nosti
hodnoty v/v, vy3si, neZ jaké uvadéji ve své prici
Krasnov a Syrovatka (1966). Nepiesny
mitZe byt i odhad y. Stfedni pocet zdsaht by se pfi
vyssich rychlostech nemél pfili§ ménit, zato pfi nevel-
kych desintegraénich uéincich pomalych razi prudce
poroste.

Presné&jsi nez vypocet Gcinnosti My,q je zpétny vy-
pocet celého lenu (v2/2 +wy,9)/M,q i druhého dlenu
Ve (ve=v+ \/27) .Tv rovnici (19), protoZe odhadované
v je v druhém ¢lenu v prvé mocniné. Zjisti se, Ze vzdu-
chem se na materidl doddva 50 az 60 % a razy 40 aZ
50 % z celkové energie dodané na vlastni mleti. Pfitom
cirkulace semletého materidlu md vyznam hlavné pro
segregaci. Energii na segregaci mohou daleko efektiv-
né&ji mechanicky pfedat peruté prosévacky nez vzduch.

Nejmensi spotieby energie na desintegraci se dosdhne
tehdy, kdyZ budou zrna dostatené mleta jedinym tde-
rem. V tomto piipad? je idedlnd m), = 1,7=1,v=v,=
V', =V, = 0. Je-li materidl po semleti takovym tderem
rychle odstranén bez cirkulace, je o velké, takZe w,,4 = 0.
Dile jsou Wy, =vy (Ve+Y2w), Bax - As = Vi/2 = w.
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Vlastni tvorba nového povrchu rdzovymi silami by se
idedIng ddla s ucinnosti
v,%/2 -w

Ms.ia= Vi (v +Y2w)
kterd pfi v = 90 m.s™' &ini u pSenice asi 0,33. U redl-
ného mlyna je tato dicinnost rovna

(34)

it 35)
W

Utinnost pouzitého experimentdlniho mlyna &inila
jen asi 0,035, tj. byla asi desetkrdt mensi neZ v ide-
dlnfm piipadé. Po odstranéni segregace by se asi zdvoj-
ndsobila. Velkou, 20 aZ 30% dsporu energie pfineslo
dvoustupiiové nebo okruhové mleti, pfi némZ se mate-
ridl mele na velmi hrubém sité a tiidéni obstardvé pro-
sévacka. Jak bylo uvedeno, velmi univerzdlni princip
razového mleti nenf pfili§ efektivni. Zistdvaji viak jes-
t& velké rezervy ve zdokonaleni jeho uspofadani
a v konstrukei stroji. Rozbor naznacuje pravdépodob-
ny smér dal$tho vyvoje.

Snadno méfitelna melitelnost materidlu je dmérnd
ucinnosti Mg
Me=1/Byax

Vypracovand teorie dobfe postihuje fyzikalni realitu
a umoznila provedené dvahy. K dal§imu zpfesnénf vy-
polta je tfeba mit alespofi experimentdlné zméfené
rychlostni zavislosti w, v',, /vy, POPE. i V', Ivy v Zdvis-
losti na velikosti ¢dstic.

(36)
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ktery v letech 1976 aZz 1984 konstruoval experimentdlni mlyn,
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SOUCINITEL SMYKOVEHO TRENI NETRADICNICH
KONSTRUKCNICH MATERIALU VHODNYCH PRO
VYROBU REDLERU

COEFFICIENT OF SMOOTHING FRICTION OF NON-TRADITIONAL
CONSTRUCTION MATERIALS SUITABLE FOR PRODUCTION
OF BULK CONVEYERS

P. Cyrus

University of Education, Hradec Krdlové, Czech Republic

ABSTRACT: The paper concerns with the tribilogical properties of non-traditional construction materials designed for
production of some components for bulk conveyers. The research was aimed at limitation of the values of passive resistances
and reaching the savings of input energy, or reduction of wear of mobile parts of the conveyer. A tribometer with sliding
movement, designed by the author, has been used for this purpose. The tribometer enables to measure a coefficient of
smoothing og loose and solid materials. According to the coexistence of materials measured, experiment uses appropriate
construction-adjusted test bodies. These are designed and constructed in order to fix tested materials. Tribometer enables:
change in load of test material, change in velocity of smoothing from 0 to 0.2 m.s', insertion of test material in test body,
easy replacement of test materials, record of frictional force in dependence on the path of smoothing. Ten materials were
chosen for experiment, out of which sliding pads were made (non-glazed and glazed stainless sheet, novodur, perspex,
polypropylene, non-stick, Murlubric, Werkstoff S, Fluepox and spruce wood. In addition, ten various materials for production
of test samples intended for smoothing on sliding pads (wood-beech, Nerafen, Alkamid, Spolamid, non-stick, Werkstoff S —
green, black, natur and bunt, Murlubric). The paper presents the results of measurements for winter wheat of moisture 14%
in smoothing on mentioned materials of sliding pads. The lowest value of the coefficient of smoothing friction shows non-stick
(f=0.17), followed by Murlubric, Werkstoff S green and Fluepox. The highest value of the coefficient of smoothing friction
had the glazed stainless sheet, f= 0.34. Of all tested materials usable for production of bottom sliding table and lateral sling
tables of the bulk conveyer, the best should be the sheet with surface spraying of the Fluepox layer. The best materials suitable
for production of driving tables of the bulk conveyer, as follows from the experiment, should be Alkamid, Spolamid,
Werkstoff S, or Murlubric.

frictional properties; coefficient of smoothing friction; coefficient of internal smoothing friction; tribometer

ABSTRAKT: V ¢ldnku jsou uvedeny vybrané vysledky méfenf soucinitele smykového tienf pSenice pfi smyku po materidlech
nerez plech, teflon, plexi, novodur, polypropylen, Murlubric, Werkstoff S, Fluepox, Spolamid, dfevo. Z méfenych materili
maji nejniZsi hodnoty soucinitele smykového tieni teflon, Murlubric, Fluepox a Werkstoff S. Dile jsou uvedeny vysledky
méfeni souCinitele smykového tieni pro agrobiologické sypké materidly je¢men, proso, kukufice, fepka a pro vybrané kon-
strukéni materidly pfi smyku po podloZce z nerezového plechu. V ¢ldnku je také popséno autorem navrZzené experimentdln{
zafizeni (tribometr s posuvnym pohybem) i metodika méfeni.

tfeci vlastnosti; soucinitel vnéj§iho smykového tienf; soucinitel vnitinfho smykového tieni; tribometr

UvoD V poslednich letech se diléimi otdzkami zjistovani

tribologickych vlastnosti riznych materidlovych dvojic

Kazdé sniZeni hodnot pasivnich odport pfi pohybu
prepravovaného sypkého zemédélského materidlu nebo
pohybujicich se pracovnich ¢asti redleru pfindsi isporu
vstupni energie nutné pro pohon. Jednou z cest jak sni-
zit piikon téchto dopravnich zafizeni je pouZiti novych
vhodnych konstruk¢nich materidli pro vyrobu nékte-
rych exponovanych souddsti dopravniku. Tim se hod-
nota pasivnich odpori zmensi a zikonité se uspofi
i provozni energie.
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vhodnych pro pouZiti v zemédélském strojirenstvi za-
byvalo u nds i v zahraniéi vice autorl (napi. Fiala,
1977; Szeri, 1980; Andél, 1981; Budicek, Ka-
van, 1981; Majzlik, 1984; Polzer, Meisner,
1984; Balassy, 1985; Sedldcek etal, 1985; Cy-
rus, 1989a, 1990b, 1992; Bogdanowicz, 1989).
Vétsina vyzkumnych praci je vénovina dil¢im tzce
specializovanym tkolim zaméfenym na problémy pra-
xe. Dosazené vysledky v mnoha pfipadech nelze zevse-
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obecnit a jejich pouZiti v konstruk¢ni praci je omezeno roz-
dilnymi podminkami, pii kterych bylo méfeni uskutecnéno.
U nékterych novych materidli (napf. na bazi plastickych
hmot) chybi nékteré fyzikdlni idaje. Mezi takové patii i tre-
cf vlastnosti a zejména soucinitel smykového tfenf.

Prispévkem k feSeni této problematiky je i vyzkum
tykajici se zjistovani tribologickych vlastnosti netradic-
nich konstruk¢énich materidli navrhovanych pro vyrobu
nékterych soudasti redlerd.

MATERIAL A METODY

Tteci vlastnosti riiznych materidlovych dvojic byly
zjitovdny na tribometru s posuvnym pohybem (Cy -
rus, 1990c).

Tribometr umoZiiuje méfit soucinitel smykového
tfeni sypkych i pevnych materidld. Podle koexistence
méfenych materidli se pfi experimentu pouZivaji pri-
slusnd konstrukéné uzpusobend zkuSebni télesa. Ta
jsou navrZena a zkonstruovdna tak, aby bylo mozné fi-
xovat dané zkouSené materidly.

Tribometr umoZiiuje:

— zménu zatiZzeni zkou$eného materidlu,

— zménu rychlosti smyku,

— uloZeni zkou$eného materidlu ve zku$ebnim t&lese,
— snadnou vyménu zkousenych materidli,

— zdznam tieci sily v zdvislosti na draze smyku.

Technické tdaje tribometru: délka 1 100 mm, §itka
450 mm, vySka 800 mm, rychlost posuvu - plynule
ménitelnd v rozsahu 0-0,3 m.s™".

Méreni vnéjsiho a vniténiho soudinitele smykového
tfeni sypkych materidld

Pro sypky materidl uloZeny ve zkuSebnim télese
(Cyrus, 1986) a pro danou kluznou podlozku lze ur-
¢ovat soucinitel vnéjSiho smykového tfeni za pohybu
i za klidu. Pfi zji§fovani soucinitele smykového tieni za
klidu uréujeme maximdlni hodnotu tfeciho odporu
v okamziku, kdy dojde k pohybu zkuSebniho télesa
z predchazejiciho klidu.

Soucinitel smykového tfeni vypo¢teme ze vztahu

FI
f:F (1

n

kde: f - soucinitel smykového tieni (1)
F, - normdlové zatiZeni sypkého materidlu (N)
F, — tfeci odpor (N)

Na obr. 1 je patrny detail pracovni ¢asti tribometru
uzplsobeného pro urovani soucinitele vnéjsiho smy-
kového tieni sypkych materidld pfi smyku po kluzné
podloZce.

Metoda uréeni vnitiniho soucinitele smykového tfeni
sypkého materidlu

Na obr. 2 je uvedeno zafizeni tribometru pro stano-

veni vnitfnfho soucinitele smykového tfeni sypkych
materiald.
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Obradzek ukazuje Cdstecné sestavené zafizeni pred
smykovou zkouskou. Vnitini prostor télesa valce (1)
a krouzku (6) je vyplnén sypkym materidlem (5). Pii-
tlacny vilec (2), pfitlaénd hvézdice (3) a zdvaZi (8) jsou
umistény mimo zafizeni na zdkladové desce (9).

Soucinitel vnitiniho smykového tfeni sypkého mate-
ridlu ur¢ime ze vztahu (2) - (Feda, 1977)

T
s 2
= 2
kde: 6 - normdlové napéti vzniklé v sypkém materidlu od zatiZeni
F, (Pa)
Fn
o= 3
3 (3)
T~ te¢né napéti vzniklé v roving smyku sypkého materidlu (Pa)
E; 4
R
3 4

kde: F, ~ zatiZenfi sypkého materidlu (N)
F, - tfeci odpor (N)
§ - plocha prifezu odpovidajici vnitfnimu zpnflméru télesa
vélce vyplnéného sypkym materidlem (m®)
Metoda urceni Cinitele smykového tieni pro dvojici
tuhych kluznych materiali

Zku$ebni téleso podle obr. 3 bylo zkonstruovdno
tak, aby bylo moZné upinat zkouSené kluzné materidly
rizné tloustky ¢,. Pomoci Sroubii (5) se nastavi spojo-
vaci deska (2) do takové polohy, kterd umoziiuje, aby
kluzny materidl (6) byl vysunut o hodnotu . Tim je
zaruCen pouze styk zkouseného kluzného materidlu (6)
s kluznou podlozkou (4) (Cyrus, 1990a).

Soucinitel smykového tieni pro danou dvojici mate-
ridlt se vypocte ze vztahu (1).

Hodnota ¢ se nastavi pomoci listové mérky na hod-
notu 0,5 mm. ZkouSeny materidl se poloZi na kluznou
podloZku a na néj se nasune zkuSebni téleso II tak, aby
spojovaci deska pfiléhala na zkouSeny materidl, pfi-
¢emZ bocnf Srouby jsou nedotaZené. Mérkou se postup-
né podlozi pravd a leva Celni deska zkuSebniho téle-
sa IT a ndsledng se dotdhnou bo&ni Srouby (5) zajistujict
pravou a levou Celni desku.

MEéFici ¢idlo

Pro snimdni a moZnost zdznamu teci sily v zdvi-
slosti na draze smyku méfeného materidlu bylo navr-
Zeno méfici tenzometrické ¢idlo (Cyrus, 1989b).
Elektricky signdl, imérny snimané tfeci sile F,, byl pfi-
veden na vstup zesilovade systému M 1000. Zaznam
tieci sily F, na drdze smyku byl pofizen soufadnicovym
zapisovatem BAK 4 TK.

Pohonna jednotka

Pro pohon tribometru byla zvolena elektrickd ru¢nf
vrtadka typu EV 513 D s moZnostf nastaven{ dvou stup-
it rychlosti pomoci mechanické pfevodovky s ozube-
nymi koly. Pro vétsi rozsah otd¢ek byl pouZit tyristo-
rovy reguldtor, ktery umoZiioval plynulou zménu

ZEMEDELSKA TECHNIKA, 41, 1995 (1): 15-22
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1. Celkovy pohled na tribometr uzpisobeny pro méfeni vagjsiho smykového tieni — General view of tribometer adjusted for measurement

of external smoothing friction

| - zkudebni téleso, 2 - kluznd podlozka, 3 — méfici cidlo, 4 - 7
4 — weight, 5 — loose material

otdcek vietene vrtacky. Ve vietenu vrtacky byla upnuta
femenice pro navrZzeny femenovy pievod.

Charakteristika material
Vzorky sypkych zemé&délskych materidla

Pavod vzorki a popis odbéru materidlu je popsin
v piedeslé prici (Cyrus, 1994).

ZEMEDELSKA TECHNIKA, 4/, 1995 (1): 15-22

azi, 5 - sypkd hmota; | - test body, 2 - sliding pad, 3 — measuring sensor,

Hmotnost sufiny tisice zrn
Postup pii vypoctu hmotnosti susiny a pii zji§tovan{
vlhkosti obili uvadi Cyrus (1994).

Rozméry zrn

Zdkladni rozmérové parametry zrn sypkého zemé-
délského materidilu (Cyrus, 1994) jsou shrnuty
v tab. L.
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2. Zafizeni pro stanoveni vnitfniho soucinitele smykového tfeni sypkych materidli — Device for determination of internal coefficient of

smooth friction of loose materials

| — téleso vilce, 2 — pfitlacny vilec, 3 - pfitlacnd hvézdice, 4

deska; 1 — body of roll, 2 — pressure roll, 3 — pressure spider, 4 — screw, 5 — loose material, 6 - ring, 7 — body, 8 - weight, 9 - basic table

Sroub, 5 - sypky materidl, 6 - krouZek, 7 - t&¢leso, 8 — zdvazi, 9 - zdkladovd

25

3. ZkuSebni téleso 11 - Test body 11

I — leva &elni deska, 2 -
table, 2 - connecting table, 3 - right frontal table, 4 - pad, 5 - screw, 6 - test sliding material

ZEMEDELSKA TECHNIKA, 41, 1995 (1): 15-22
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spojovaci deska, 3 — pravd Celnf deska, 4 — podloZka, 5 - Sroub, 6 — zkouSeny kluzny materidl; 1 - left frontal




1. Zdkladni rozmérové parametry zrn sypkého zemédé€lského materidlu — Basic size parameters of grains of loose agricultural material

Agrobiologicky a b {3 m,
materidl (mm) (mm) (mm) (g)
PSenice Viginta® 6,4+0.25 354020 304014 T
Oves Pan? 9,8 + 0,40 24+0,20 3,0+0,25 28,2
Je¢men Kredit* 7,6 0,30 2,8+0,.25 3,740,220 41,0
Proso® 280,11 2240,10 1,740,10 7.4
Repka® 23+0,12 1.8+0,10 190,10 49
Kukufice Dea’ 9,8 £ 0,20 8,4 + 0,40 5.9 + 0,30 238,5

pocet méfeni n = 10 — number of measurements n = 10

'agrobiological material, *Viginta wheat, *Pan oats, *Kredit barley, *millet, “rape, "Dea corn

11. Materidl pro vyrobu kluznych podloZek - Material for production of sliding pads

Cislo Materidl Tloustka' 7, (mm) Jakost povrchu? R, (um)
1 nerez plech nelestény? 4 1,60
2 nerez plech lestény* 4 0,04
3 novodur 5 0,06
4 plexi (polymethylmetakrylit) 5 0,04
5 polypropylen 5 0,05
6 teflon 10 1.5
7 Murlubric (NSR) 10 -
8 Werkstoff S (NSR) 10 -
9 Fluepox (ndstiik na zdkladni materidl)® 4 -

10 smrkové dievo (vihkost 8 %)° 10 -

"thickness, 2qu;tlily of surface, “non-glazcd stainless sheet, "gl:m:d stainless sheet, 5spr;\ying to base material,

Vzorky konstrukénich materidla

Pro experiment bylo vybréno deset riznych materié-
14, z kterych byly vyrobeny kluzné podloZky o rozmg-
rech 350 mm x 170 mm. U nékterych kluznych podlo-
Zek byla urCoviana drsnost povrchu. BliZSi ddaje jsou
uvedeny v tab. II.

Dile bylo vybrdno deset materidli pro vyrobu zku-
Sebnich vzorki o rozmérech 80 mm x 40 mm, uréenych
pro smykdani po kluznych podlozkach (tab. III).

Drsnost povrchu

Jakost povrchu vybranych kluznych podloZek byla
urena stejnym postupem, jaky je popsan v dfivéjsi
prici (Cyrus, 1994).

111. Materidl pro vyrobu zku3ebnich vzorki - Material for production
of test samples

Cislo Materidl Tlo(u:‘(:'(‘a;' h
1 tvrdé bukové dfevo? 10
1l Nerafen 3
1 Alkamid 12
v Spolamid 10
v teflon 12
VI Werkstoff S (zeleny)? 13
Vil Werkstoff S (Cerny)*
v Werkstoff S (natur) 7
X Werkstoff S (bunt) 9
X Murlubric 11

Ilhickness. 2hm'd beech wood, 3grcen, red

ZEMEDELSKA TECHNIKA, 41, 1995 (1): 15-22

ﬁspmce wood (moisture of 8%)

VYSLEDKY A DISKUSE
Pocateéni podminky méfeni

Z provoznich podminek redleru bylo stanoveno nor-
mdlové zatiZzeni sypkého materidlu v rozsahu 10 az 15
N. Tato hodnota zatiZeni odpovidd vrstvé pouZité pSe-
nice 0,2 az 0,3 m.

Normdlové zatizeni pisobici na zkouseny kluzny
materidl uréeny pro vyrobu undSecich desek bylo sta-
noveno na hodnotu 22 aZ 30 N pro rozmér plochy vzor-
ku 3 200 mm?. Tato plocha odpovidd priiméru zkuseb-
niho télesa I 100 mm.

Rychlost smyku byla zvolena na hodnotu 0,2 m.s™!,
a to s ohledem na technické parametry tribometru
a uloZenf obilek ve zkuSebnim télese.

Pocet méfeni n = 7 byl urden na zédkladé dvoufézo-
vého ndhodného vybéru pro poZadovanou piesnost mé-
fenf 0,01 a pro spolehlivost p = 95 %.

Obilky byly do zkuSebniho télesa nasypdny rovno-
mérné a objem byl pfedem odméfen v laboratorn{ ké-
dince. Dalsi postup zkousky byl proveden pfesné podle
popsané metodiky méfeni. Vzdjemnd poloha obilek ve
zkudebnim t&lese nebyla jiZz mé&néna (napf. stlatovédnim,
vibracemi apod.).

Vliv materidlu kluzné podlozky

V tab. IV jsou shrnuty vysledky pro ozimou p3enici
o vlhkosti 14 % (a) pfi smyku po riznych typech ma-
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IV. Vliv materidlu kluzné podloZky na smyk ozimé pSenice o vlhkosti v, 14 % a zatiZeni Fjy = 12 N (a) a o vlhkosti v, 19 % a zatiZeni
Fy =12 N (b); potet m&feni n = 7 — The effect of material of a sliding pad on smoothing of winter whear of moisture v, of 14% and load
Fy =12 N (a) and of moisture v, of 19% and load Fy = 12 N (b); number of measurements n = 7

Polgika Materidl Sti‘edl}! :] )‘ ! cod::hy;ka; Rozsah jl”, p;og;p?xl’ehlivost:‘
a b a b a b

1 nerez plech m:lt:§(én)'!4 0,27 0,44 0,017 0,007 0,261-0,283 0,433-0,450
2 nerez plech lcﬁlén)"s 0,34 0,50 0,024 0,022 0,314-0,357 0,485-0,520
3 novodur 0,32 0,018 0,309-0,336

4 plexi® 0,34 0,010 0,324-0,352

5 polypropylen 0,28 0,013 0,264-0,286

6 teflon 0,17 0,007 0,166-0,173

7 Murlubric 0,20 0,006 0,199-0,214

8 Werkstoff S 0,20 0,009 0,195-0,215

9 Fluepox 0,20 0,30 0,010 0,009 0,199-0,215 0,290-0,310
10 smrkové dievo’ (ve sméru vldken) 0,25 0,012 0,235-0,256

'mean value, “standard deviation, ]range] for reliability, 4non-glazed s
direction of fibres)

teridli kluznych podloZek. NejniZsi hodnotu souéinite-
le smykového tfeni ma teflon (¢. 6) f = 0,17. Déle na-
sleduji podlozky vyrobené z materidld Murlubric (&. 7),
Werkstoff S (¢. 8), Fluepox (€. 9), u kterych byla zjis-
téna hodnota f = 0,2. U podloZky ze dieva (¢. 10) je
f = 0,25, u nerez plechu nelesténého (¢. 1) f = 0,27,
u polypropylenu (€. S) f = 0,28. Nejvyssi hodnotu sou-
¢initele smykového tfeni md naopak nerez plech lesté-
ny (¢. 2), kde f = 0,34.

Porovndme-li vysledky méfeni pro nerez plech ne-
le$t€ny (¢. 1) a nerez plech lestény (. 2), zjistime, Ze
hlad$i povrch v tomto pfipadé pusobi negativné na sni-
Zeni hodnoty soucinitele smykového tfeni. Tato skute¢-
nost je zplsobena adhezni sloZkou (feni.

Z méfenych materidli redln& pouZitelnych pro vyro-
bu spodni kluzné desky a boénich kluznych desek by
nejlépe vyhovoval plech s povrchovym ndstfikem vrs-
tvy Fluepoxu.

Pro komplexnéjsi pohled na tfeci proces sypkého
materidlu (pSenice) dopravovaného redlerem byla také
urena hodnota vnitiniho soucinitele smykového tieni
£, = 0,49.

V tab. IV jsou uvedeny také vysledky méfeni pro
ozimou p3enici s vlhkostf 19 % (b). Podminky méfeni
jsou stejné jako u p3enice s vlhkosti 14 %. NejniZs{
hodnotu souéinitele smykového tieni vykazuje podloz-
ka (€. 9) s fluepoxovou vrstvou. Naopak nejvyssi je
u podloZky z nerezového plechu lesténého (¢. 2), kde
hodnota soudinitele vzrostla na f = 0,5.

Porovndme-li vysledky z tab. IV, je zfejmé, Ze s ro-
stouci vlhkosti pSenice vzristd i hodnota souciniteli
smykového tfeni méfenych materidld. U podlozky
s fluepoxovou vrstvou se zvysi hodnota soucinitele
z 0,2 na 0,3. U podloZky ¢&. 2 a &. 1 (nerez plech) je
vzrist hodnoty jesté patrn&jsi.

V tab. V jsou uvedeny hodnoty pfislusejici nerezo-
vému plechu nelesténému (&. 1) (a) a kluznym materi-
ltm I az X. NejniZ§i hodnotu soucinitele smykového
tfeni ma opét teflon (V), ndsleduji materidly Werkstoff
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tainless sheet, 5glnzcd stainless sheet, "perspcx. 7spuce wood (in the

(VI, VII, VIII, IX) s hodnotou f = 0,12, Alkamid (TIT)
f=0,175 a Spolamid (IV) f = 0,18. Murlubric (X) ma
hodnotu soudinitele f = 0,155.

Vysledky uvedené v tab. V ukazuji na vhodnou vol-
bu materidli Alkamid a Spolamid (vyroba CR pro zho-
toveni unasecich desek). Pokud bychom méli k dispo-
zici materidly Werkstoff firmy MURTFELD (NSR)
a pokud by byly cenové dostupné, je mozné je s vyho-
dou pouZit. Tfeci odpory od undSecich desek budou
potom niZf a Ize zdkonité predpokladat i dsporu pifkonu.

V tab. V jsou také uvedeny hodnoty soucinitelii
smykovych tfeni pro podlozku vyrobenou s fluepoxo-
vou vrstvou (€. 9) (b) a kluzné materidly I, II, III, IV,
V, VI, X. NejniZsi hodnota soucinitele tfeni je u Spo-
lamidu (VI) f = 0,12 a ddle u Murlubricu (X) f= 0,13
a Alkamidu (III) f = 0,14.

Vysledky méfeni ukazuji na vhodnost pouZiti flue-
poxové vrstvy pro ndstfik na spodnf kluznou podloZku
i na bo¢ni desky dopravniku. Jeji pfiznivé kluzné vlast-
nosti se projevily i ve vztahu k materidlim vhodnym
pro vyrobu unédSecich desek redleru.

Podle tidaji vyrobce, VU materidlu Praha-Poderni-
ce, je spotieba néstfikové hmoty Fluepox 1 kg na 5 m?.

V tab. VI jsou pro porovnéni uvedeny vysledky méfeni
soucinitele smykového tfeni pro sypké materidly — pSeni-
ci, je¢men, oves, kukufici a fepku — pfi smyku po kluzné
podloZce vyrobené z nerezového nelesténého plechu.

ZAVER

Pouzity tribometr i jednotlivd zku3ebnf télesa zkon-
struovand pro fixovéni zkouSenych materidlovych dvo-
jic se osvédcily.

Uvedené vysledky méfenfi soucinitele smykového
tieni pSenice dosaZené pii experimentu pro ocelovy
plech nerezovy a soucinitel vnitfniho smykového tfeni
koresponduji s vysledky, které uvadéji napi. Balas-
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V. Souinitel vk "

tfeni u podloZky z

le3téné oceli (a) a u podloZky s fluepoxovou vrstvou (b) pfi zatiZeni Fy 26 N; pofet méfeni

n =7 - Coefficients of smoothing friction in pad made of non-glazed stainless steel (a) and in pad with fluepox layer (b) at load Fy = 26 N;

number of measurements n = 7

Vzorek Materidl Stfedni hodnota' Smérod:m;é Rozsah f pro spolehlivost®
& S ) odchylka’ p=95%
a b a b a b
1 tvrdé bukové dfevo? 0,19 0,17 0,010 0,011 0,182-0,197 0,160-0,180
1 Nerafen 0,20 0,17 0,011 0,008 0,193-0,206 0,162-0,177
11 Alkamid 0,175 0,14 0,009 0,012 0,168-0,181 0,135-0,154
v Spolamid 0,18 0,12 0,009 0,008 0,176-0,183 0,103-0,126
v teflon 0,09 0,14 0,011 0,013 0,084-0,100 0,135-0,155
VI Werkstoff S (zeleny) 0,12 0,14 0,006 0,011 0,114-0.126 0,131-0,148
VIl Werkstoff S (Serny) 0,125 0,005 0,110-0,125
Vil Werkstoff S (natur) 0,12 0,006 0,113-0,126
IX Werkstoff S (bunt) 0,125 0,008 0,118-0,132
X Murlubric 0,155 0,13 0,008 0,011 0,150-0,160 0,120-0,136
"mean value, “standard deviation, 3mnge f for reliability, *hard beech wood
VL. Soutinitele smykového tfeni pro sypké materidly pfi smyku po kluzné podloZce z b lesténého plechu (kluznd podlozka ¢. 1)

pii zatiZeni Fy = 12 N — Coefficients of smoothing friction for loose materials at smoothing on sliding pad made of non-glazed stainless

sheet (sliding pad 1) at load Fyy = 12 N

Materidl Vlhl(cg:)t' v, Stiedni :mdnmn2 Sorgim:;ga Rozsah fp p;ogssp?;,ehlivosr‘
Pienice’ 14,0 0,27 0,017 0,261-0,283
Je&men Kredit® 14,2 0,24 0,016 0,232-0,254
Oves Pan’ 13,2 0,25 0,024 0,243-0,269
Proso® 14,5 0,19 0,016 0,187-0,193
Kukufice Dea’ 13,5 0,25 0,012 0,244-0,262
Repka'? 13,1 0,20 0,005 0,208-0,211

lmoislure. Zmean value, 3standard deviation, "mngejfor reliability, Swhem. SKredit barley, "Pan oats, ﬁmillet, ‘Dea corn, 10y,

sy (1985), Cyrus (1990) nebo Sedlacek et al.
(1988).

U materidld Murlubric a Werkstoff jsou dosaZené
vysledky pro ocelovy plech rovnéZ srovnatelné s hod-
notami, které uvadi firma Murdfeldt Kunststoffe. Agro-
biologicky sypky materidl je$t€¢ méfen ve dvojici s ma-
teridly Murlubric, Werkstoff S, Fluepox, teflon a
jinymi uvedenymi plastickymi hmotami nebyl. Jsou to
tedy pivodni vysledky.
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SPEVNENIE KOVOVYCH MATERIALOV V PROCESE
OPOTREBENIA V PODE

HARDENING OF METALLIC MATERIALS IN THE PROCESS OF WEAR
IN SOIL

R. Tolnai, M. Hammad
University of Agriculture, Nitra, Slovak Republic

ABSTRACT: Due to intensive abrasive wear in soil particles of abrasive cause a permanent deformation by means of shifts
inside the crystals and mutual displacements of the whole crystals. Crystals of metals deform and rank in certain direction,
grain softens, internal torsion rises which increases strength a reduces formability of metal. This mechanism of workable
deformation results in hardening. Experiments conducted study the effect of mechanic and chemical factors of soil wearing
environment on mechanic properties of worn surfaces of metallic materials and quantify a rate of increase of micro-hardnes,
depth and size of hardening of surface layer. The results of an experiment performed with ferrite-perlite, ferrite-sorbitic,
austenitic and martensitic steel and white cast iron confirmed that hardening is manifested in different way on each investi-
gated material what depends on physico-chemical properties of the given material. Intensity of hardening depends on a size
of worn pressures, but is affected also by character of soil environment. Results of chemical analysis of materials used as
well as results of measurement of macro- and micro-hardness are in Tables and assessed in Figures. Micro-hardness of worn
surface of a sample, depth of hardening and degree of hardening depend not only on size of acting load, but on the character
and chemical composition of soil wearing environment as well. Materials of the ferrite-perlite, ferrite-sorbitic and austenitic
structures harden in connection with their plasticity. Materials of the martensitic and ledeburitic types of structures (white
cast iron) did not show any hardening.

abrasive wear; hardening; soil; mechanic factors

ABSTRAKT: Opotrebenie kovovych materidlov v pddnych podmienkach je proces zlozity a diskrétny. Opotrebovivaci
proces md vplyv na zmenu mechanickych vlastnosti povrchovej vrstvy materidlov. Pre vysvetlenie degradaénych procesov
prebiehajicich v povrchovej vrstve opotrebovdvanych materidlov je ddleZité hodnotenie mechanickych dcinkov prostredia na
materidl a ndsledného spevnenia materidlu. Vykonané experimenty st orientované na kvantifikdciu mechanickych tdc¢inkov
prostredia na mikrotvrdost a na spevnenie v povrchovej vrstve siiboru materidlov opotrebovavanych v definovanych podmien-
kach.

abrazivne opotrebenic; spevnenie; pdda; mechanické faktory

UvoD Na posidenie oteruvzdornosti je dleZitd kvantifik4-
cia mechanickych vplyvov na materidl v procese opo-
trebenia. Podla autorov Chrusc¢ov, Babicev

(1966) nie si vyznamné z hladiska oteruvzdornosti

Vplyvom intenzivneho abrazivneho opotrebenia
v pdde spdsobuji Castice abraziva trvali deforméciu

posuvmi vo vnitri kryStdlov a vzdjomnymi posuvmi
celych krystalov. Krystily kovov sa deformuji a zara-
dujui v ur¢itom smere, zrno sa zjemiiuje, stipa vnitorné
pnutie, ktoré zvySuje pevnost a zniZuje tvarnost kovu.
Vysledkom tohto mechanizmu tvérnej deformicie je
spevnenie,

Doterajdie vysledky vyskumu autora (Tolnai et
al.,, 1990) jednozna¢ne uvddzaji, Ze v abrazivnom
procese opotrebenia pdsobi abrazivne médium sibo-
rom mechanickych a chemickych vplyvov na mate-
ridl. Medzi p6sobiacimi vplyvmi sd vzdjomné sivis-
losti, napr. mechanické d¢inky podmiefiuji intenzitu
chemickych vplyvov a tym aj intenzitu procesu opo-
trebenia.
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zmeny mechanickych vlastnosti materidlov v povrcho-
vej vrstve, lebo pri oddefovani Castic z opotrebiivaného
materidlu sa musi prekrocit pevnost materidlu, ¢o zna-
mend maximélne plasticky deformovat materidl, a teda
ho i spevnit.

Z toho vyplyva, Ze Ziadna predchddzajica plastickd
deformdcia nemdZe viac ovplyvnil opotrebivany po-
vrch ako vlastny abrazivny proces opotrebenia. Tito
te6riu moZno povaZovat za spravnu, ale len v podmien-
kach abrazivneho opotrebovavacieho procesu pri poso-
beniu vyluéne mechanickych faktorov opotrebovéva-
cicho procesu.

Zmeny mechanickych vlastnosti povrchu opotrebi-
vaného materidlu zdvisia od podmienok a parametrov
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procesu opotrebenia a od chemického zloZenia a Struk-
turdlneho stavu materidlov.

Pri Stidiu procesov abrazivneho opotrebenia mozZno
aplikovat i1 poznatky z procesov trieskového obrabania
kovov. Buda et al. (1983) uvadzaju, Ze pri oddelova-
ni triesky z obrdbaného materidlu sa materidl do urcitej
hibky plasticky deformuje. Deformécia je najvicsia tes-
ne pod povrchom a postupne s hibkou zanika.

MATERIAL A METODA

Experimenty boli vykonané na nasledovnych mate-
ridloch:

1. ocel 12 060 bola pouZitd i ako porovndvaci eta-
16n, Struktiry feriticko-perlitickej s feritom ohranicuju-
cim zrnd jemného lameldrneho perlitu, HV 230, lom:
dominantnym typom poruSenia je transkryStalicky
Stiepny lom s rie¢kovym mikroreliefom, KCU2 =
25 Lem™

2. ocel 12 060 v kalenom stave, Struktiry heterogén-
nej martenzitickej, HV 685, lom: dominantnym typom
porusenia je interkrystalicky lom, KCU2 = 7,5 Jem™

3. ocel' 17 027 je ocel korozivzdornd, §truktiry ho-
mogénnej feriticko-sorbitickej, HV 260, lom: domi-
nantnym typom poruSenia je interkryStalicky lom
a transkrysStalicky kvaziStiepny lom, hranice zfn nesi
znaky mikroplastickej deformdcie, KCU2 = 40 Jem%

4. ocel 17 348 je ocel odolnd voc¢i medzikry3tdlovej
korézii, §truktiry austenitickej s vyraznymi hranicami

zin, HV 185, lom: dominantnym typom poruSenia je
transkry3talicky jamkovy lom nasved¢ujici o vyssej
hizevnatosti materidlu, KCU2 = 125 J.em™;

5. biela liatina (Cr, Mo, Ni) v stave po odliati, §truk-
tiry tvorenej primarnymi kry$tdlmi ledeburitického ce-
mentitu uloZeného v pretransformovanom ledeburite
(nadeutektickd biela liatina), HV 720, lom: prebieha
prevazne dekohéziou fazového rozhrania, KCU2 =
1,3 Jem™

Vysledky chemickej analyzy pouZitych materidlov
st uvedené v tab. I a makrotvrdosti v tab. II.

Priprava vzorick na meranie spevnenia bola vykona-
nd opotrebenim funkénej plochy vzoriek na zariadenf
podny kandl - PK 2000 (Tolnai et al., 1978).

Opotrebovavacie prostredia a podmienky opotrebe-
nia boli ndsledovné:

Al - hnedozem + kremicity piesok v pomere 3 : 1, zvlh-
¢ené H,0, vlhkost W = 14 % , tlak P = 0,05 MPa;
A2 — hnedozem + kremicity piesok v pomere 3 : |, zvih-
¢ené Hy0, vlhkost W = 14 %, tlak P = 0,15 MPa.

Relativna rychlost pohybu vzoriek bola 3 km.h~".
Vzorky vykonali relativnu drahu 1 000 m.

Hrbka spevnenia bola uréena meranim mikrotvrdosti
na Sikmych rezoch (obr. 1). Mikrotvrdost bola merand
mikrotvrdomerom PMT-3 zataZovacou silou 1 N podla
CSN 42 0375. Vzhladom na to, Ze pri merani mikro-
tvrdosti Struktiry moZe pri jednotlivych zrndch tej istej
fazy vzniknil pomerne velky rozptyl tvrdosti, ktory je
sposobeny réznou kryStalografickou orientdciou a ne-
rovnakou hribkou meranych zin, a aby bola dosiahnutd

I. Vysledky chemickej analyzy skiSanych materidlov — Results of chemical analysis of tested materials

| Obsah prvkov (%) v materidloch?
Prvky
12 060 17 027 17 348 biela liatina®

C 0,75 0,26 0,03 3,28
Mn 0,69 0,374 0,97 0,934
Si 0,31 0,35 0,35 0,325
P 0,01 0,033 0,028 0,05
S 0,04 0,035 0,017 0,05
Cr 0,09 16,96 17,54 28,18
Ni 0,064 1,66 13,5 1,34
Mo 0,086 0,12 2,46 1,98
A 0,011 0,035 - 0,16
Ti = = 0,03 -
Cu 0,1 0,24 - 0,14
Al 0,15 0,2 - -
Pb - 0,06 - 0,124
Zn 0,079 - - -
Ag 0,039 0,075 - o

: o :
Ielt:m(:ms. 2content of elements (%) in materials, “white cast iron

11. Hodnoty makrotvrdosti pouZitych materidlov — Values of macro-hardness of tested materials

Material' 12 060

12 060 kalend®

17 027 17 348 Biela liatina®

Tvrdost! HV 30 230 685

260 185 720

. 3 . .
'malcnal. 2cast steel, “white cast iron, *hardness
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vzdialenost
vtlagkov

| hibks’

b=a.sina

1. Spdsob pripravy a umiestnenia vtla¢kov pri merani mikrotvrdosti
povrchovej vrstvy — The hod of preparation and pl of
impressions during of micro of surface layer

hard

i ; 2 3
'distance of impressions, “level of thin secuion, “depth

Ziadand preukaznost vysledkov, mikrotvrdost bola
merand v troch rovindch vzdialenych od seba 1 mm
a postavenych kolmo na okraj exponovaného povrchu.
Vpichy skiSobnym telieskom mikrotvrdomeru boli po-
stupne za sebou od spevneného povrchu smerom k za-
kladnému materidlu dovtedy, kym nebola dosiahnutd
mikrotvrdost zdkladného materidlu (uréend hibka spev-
nenia). Stupeii spevnenia bol vyjadreny pomocou uka-
zovatela relativneho spevnenia podfa vzfahu:
MH, - MH,
M, . 100 (%)

o=

kde: @ - relativne spevnenie (%)
MH_ - mikrotvrdost spevnenej vrstvy (HVM)
MH, - mikrotvrdost zdkladného materidlu (HVM)

VYSLEDKY

Vysledky merani mikrotvrdosti feriticko-perlitickej,
feriticko-sorbitickej, austenitickej, martenzitickej ocele
a bielej liatiny po opotrebeni v pouZitych opotrebovi-
vacich prostrediach st uvedené v tab. III a vyhodnote-
né na obr. 2 az 7. U martenzitickej ocele a bielej liatiny

nebolo zistené nijaké mechanické ovplyvnenie povr-
chovej vrstvy. Hodnoty mikrotvrdosti v celom rozsahu
merania boli kon§tantné.

Mechanické ucinky abrazivneho média v procese
opotrebenia jednoznacne ovplyvnili povrchové vrstvy
skiSanych materidlov. Ddsledok spevnenia tvarnych
Strukturdlnych zloZiek sa prejavil vyraznym rastom tvr-
dosti v povrchovej vrstve do uritej hibky.

Zo ziskanych vysledkov si pozoruhodné prirastky
mikrotvrdosti povrchov ski$anych materidlov po opo-
trebeni v definovanych podmienkach.

V podmienkach Al a A2 si viditelné rozdiely mik-
rotvrdosti skd$anych materidlov v zdvislosti na tla-
koch.

U feriticko-perlitickej ocele maximélna mikrotvr-
dost na povrchu po opotrebeni v podmienkach Al do-
siahla hodnotu 260 HVM a zvy3enie tlaku pdsobiaceho
na materidl z 0,05 MPa na 0,15 MPa sposobilo nérast
mikrotvrdosti na hodnotu 296 HVM. Pri sledovani
priebehu mikrotvrdosti u feriticko-perlitickej ocele
v zdvislosti na vzdialenosti od povrchu (obr. 2) vidno,
Ze vplyvom vysSicho tlaku (0,15 MPa) sa vyrazne zvy-
3ila mikrotvrdost na povrchu a prejavuje sa do hibky 4
um od povrchu do vniitra materidlu. Dalej je pokles
plynuly do hibky 20 pm po mikrotvrdost zakladného
materialu. ZvySenim tlaku na vzorku z 0,05 MPa na
0,15 MPa vzrdstla mikrotvrdost na povrchu feriticko-
perlitickej ocele, ¢o malo za nédsledok aj zvy$enie stup-
fia spevnenia z 22,6 % na 39,6 %.

Priebeh mikrotvrdosti v zdvislosti na vzdialenosti od
povrchu u feriticko-sorbitickej Struktiry (obr.3) po
opotrebeni poukazuje na to, Ze pokles mikrotvrdosti od
povrchu dovniitra materialu je pomerne plynuly. Feri-
ticko-sorbitickd ocel v porovnani s ocelou feriticko-per-
litickou dosiahla niZsi prirastok mikrotvrdosti a niZsiu
hibku spevnenia. Maximélna mikrotvrdost na povrchu
po opotrebenf v podmienkach Al je 245 HVM, zvy3enie
mikrotvrdosti sa prejavilo do hibky 5 pm a v podmien-
kach A2 je hodnota 282 HVM a zvyienie sa prejavuje

III. Hodnoty mikrotvrdosti opotrebenych povrchov materidlov a neovplyvneného (zdkladného) materidlu a hodnoty relativneho spevnenia
skisanych materidloy v definovanych podmienkach — Values of micro-hardness of worn materials and uninfluenced (fundamental) material
and values of relative hardening of tested materials in defined conditions

: 7k
Materidl! Prostredie? HVM na povrchu3 HVM, Relativne spevnenie® ¢
Al 260
Feriticko-perlitickd ocel® 212 226
A2 296 212 39,6
22
Feriticko-sorbitickd ocel® Al 245 229 7.0
A2 282 229 23,1
Al 5 3
Martenziticka ocei’ 36 536 0
S [ A2 536 536 0
Austenitickd ocel® Al 262 176 48,9
A2 330 176 87,5
2
Biela liatina® Al 702 702 0
A2 702 702 0

material, 2enwmnmcnl, 3HVM on surface, “relative hardnening, sferrllm)crllte steel, Sferrite-sorbitic steel, Tmartnesitic steel, ®austenitic

steel, white cast iron
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2. Zdvislost mikrotvrdosti od vzdialenosti od povrchu po opotrebeni
feriticko-perlitickej ocele v podmienkach Al a A2 — Depend of
micro-hardness on distance from the surface after wear of ferrite-
-perlite steel in conditions Al and A2
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4. Zivislost mikrotvrdosti od vzdialenosti od povrchu po opotrebeni
ickej ocele v podmienkach Al a A2 - Depend of micro-
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3. Zdvislost mikrotvrdosti od vzdialenosti od povrchu po opotrebenf
feriticko-sorbitickej ocele v podmienkach Al a A2 — Dependence of
micro-hardness on distance from the surface after wear of ferrite-
-sorbitic steeel in conditions Al and A2
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5. Zavislost mikrotvrdosti od vzdialenosti od povrchu po opotrebenf
martenzitickej ocele v p kach Al a A2 — Dependence of mi-

cro-hard on di from the surface after wear of martensitic

-hardness on distance from the surface after wear of steel
in conditions Al and A2
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6. Zévislost mikrotvrdosti od vzdialenosti od povrchu po opotrebeni
bielej liatiny v podmienkach Al a A2 - Dependence of micro-hard-
ness on distance from the surface after wear of white cast iron in
conditions Al and A2

K obr. 2-6:

Al - hnedozem + kremidity piesok v pomere 3 : 1, zvlhéené
H,0, vlhkost W = 14 %, tlak P = 0,05 MPa

A2 - hnedozem + kremigity piesok v pomere 3 : 1, zvlhéené

H,0, vlhkost W = 14 %, tlak P = 0,15 MPa
po opotrebeni v Al

po opotrebeni v A2

HVM - mikrotvrdost merand metédou Vickersovou
h - hibka

steel in conditions Al and A2
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7. Schematické zndzornenie stupiia spevnenia skiSanych oceli v zd-
vislosti na tlaku — The diagram of the degree of hardening of tested
steels in dependence on pressure

—@— ocef feriticko-perlitickd - ferrite-perlite steel
ocel feriticko-sorbitickd — ferrite-sorbitic steel
. - ocel austenitickd - austenitic steel

1 ; 2

degree of hardening, “pressure

For Figures 2-6:

Al — luvisol + siliceous sand in ratio 3 : 1, moistened by H,0,
moisture W = 14%, pressure P = 0.05 MPa
A2 - luvisol + siliceous sand in ratio 3 : 1, moistened by H,0,

moisture W = 14%, pressure P = 0.15 MPa
after wear in Al

----  after wear in A2

HVM - micro-hardness measured by Vicker's method
h — depth
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do hibky 9 um. Feriticko-sorbitickd ocel md vyssie me-
chanické vlastnosti ako ocef feriticko-perliticka a spev-
nenie u nej prebiecha obtiaznejSie. Rastom tlaku rastie
mikrotvrdost na povrchu, hibka spevnenia a stupeii
spevnenia zo 7,0 % na 23,1 %.

Zaujimavé vysledky boli dosiahnuté u hiZevnatej
austenitickej ocele, ktord v porovnani s feriticko-perli-
tickou a feriticko-sorbitickou ocefou dosiahla po opo-
trebeni v podmienkach Al a A2 najvySSie hodnoty
mikrotvrdosti na povrchu, hibky spevnenia a stupiia
spevnenia. Po opotrebenf tejto ocele v podmienkach
A1 dosiahla maximalna mikrotvrdost hodnotu 262 HVM
a zvy3enie mikrotvrdosti sa prejavilo do hibky 25 um,
v A2 dosiahla na povrchu hodnotu 330 HVM a toto
zvySenie sa prejavilo do hibky aZ 44 pm (obr. 4). Spev-
nenie pri tlaku 0,05 MPa bolo 48,9 % a zvysilo sa pri
tlaku 0,15 MPa na 87,5 %.

Vysledky merani mikrotvrdosti u martenzitickej
ocele ukazuji na to, Ze takdto tvrdd a krehkd $truktira
sa pri abrazivnom opotrebeni v pdde nemoZe speviio-
vat a proces opotrebenia u nej prebieha bez nasledkov
plastického pretvérnenia (obr. 5). Tito skuto&nost po-
tvrdzujd i vysledky merania mikrotvrdosti u bielej lia-
tiny (obr. 6).

Vysledky skii$ok poukazuji na vyrazny vplyv zata-
Zenia na mechanické vlastnosti povrchovych vrstiev
skuisanych materidlov po opotrebeni a tieZ na vzdjomnu
stivislost medzi fyzikdlno-mechanickymi vlastnostami
materidlov a intenzitou ich spevnenia. Vysledky ukaza-
li, Ze austenit s nizkou hodnotou zdkladnej tvrdosti
(176 HVM) sa speviiuje do vi&ej hibky a miera rela-
tfvneho spevnenia je v porovnani s feriticko-perlitickou
ocelou pribliZne dvojndsobne vysia.

ZAVER

Pri skimani vplyvu opotrebenia v pddnych prostre-
diach pri tlakoch 0,05 a 0,15 MPa na mechanické vlast-
nosti povrchovych vrstiev sa ukézalo, Ze uc¢inky abra-
zivnych prostredi jednozna¢ne ovplyvnili v procese
opotrebenia povrchové vrstvy u feriticko-perlitickej,
feriticko-sorbitickej a austenitickej ocele. To sa preja-
vilo zvy§enfm tvrdosti a spevnenfm povrchovych vrs-
tiev.

Mikrotvrdost opotrebeného povrchu vzorky, hibka
spevnenia a stupeil spevnenia zdvisia nielen od velkosti
posobiaceho zataZenia, ale aj od charakteru a chemic-
kého zloZenia pddneho opotrebovédvacicho prostredia.
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WATER CONSUMPTION AND THE AMOUNT OF WASTE
WATER GENERATED IN MILKING PLANTS AND DAIRY
HOUSES OF LARGE DAIRY CATTLE FARMS

SPOTREBA VODY A MNOZSTVI ODPADNI VODY U DOJICICH
ZARIZENI A MLECNIC VE VELKOKAPACITNICH DOJIRNACH

G. Hornig, E. Scherping

Institute of Agricultural Engineering, Bornim, Germany

ABSTRACT: In five farms formerly with nearly 2,000 cows, and today with 500 and between1,060 and 1,270 cows, a one-
-year investigation of water consumption and wastewater generated, as well as of contents and their freights was realized.
Using the investigation results it is proposed to include new guide numbers for water consumption in worksheet 702: for
herringbone milking parlours with 2 x 10 places 20 | per cow and day, for milking caroussels 28 1 per cow and day. For
farms of this size separate collection of the only slightly polluted sewage and its utilization in plant production would be an
alternative. Suitable areas for the utilization (grassland) near the cowshed with transportation distances of less than 2 km are
needed. Biological treatment of wastewater from dairy farms with about 1,000 cows should be tested in a farm in the new
German states employing the new technological possibilities which the compact biological purification plants offer.

water; waste water; milking plant; dairy house; large dairy cattle farms

ABSTRAKT: V péti provoznich jednotkich diive se 2 000, nyni s 500, popi. mezi | 060 az 1 270 ustdjenymi dojnicemi,
jsme po dobu jednoho roku zkoumali spotiebu vody a mnoZstvi odpadni vody a zdrovei jeji sloZeni a vyuZiti. Na zdkladé
vysledkl tohoto vyzkumu navrhujeme novd smérnd ¢isla pro spotiebu vody, a to u rybinovych dojiren 20 litrd na dojnici
a den a u karuselovych dojiren 28 litrli na dojnici a den. Pro ustdjeni tohoto typu by mohl byt alternativou oddéleny sbér
odpadni vody s malou pifmési Zivin a neCistot a jeji vyuZiti pro rostlinou vyrobu na vhodnych pozemcich (pastvindch)
s dopravni vzddlenosti do dvou kilometrli. Na jedné mlécné farmé v nékteré z novych zemi Spolkové republiky Némecko by
mélo byt novymi technologickymi postupy, které poskytuji kompaktni biologické Cistirny, vyzkouseno biologické ¢isténi vody

z dojiren.

voda; odpadni voda; dojici zafizenf; mlé¢nice; velkokapacitni dojirna

INTRODUCTION

In dairy cattle farms large quantities of drinking
water are needed during milking as well as for the
storage and cooling of the milk. Different reasons
speak in favour of searching for ways and means to
reduce water consumption and thus the amount of the
resultant waste water and liquid manure:

— Drinking water as the number one of the necessi-
ties of life is increasingly becoming a scarce natural
resource.

- With a view to improving the economic perform-
ance, the expenses for water and/or for its disposal as
waste water or liquid manure (storage, treatment, trans-
portation, distribution) have to be minimized.

— The percentage of solids in the liquid manure is
reduced through the addition of the waste water to the
liquid manure and results in the deposition of solid
matter in storage tanks as well as in the piping system.

ZEMEDELSKA TECHNIKA, 4/, 1995 (1): 29-34

In 1989, almost 100 dairy cattle farms with 1,930
animal places were in operation in the East of Ger-
many. The supplied themselves with water from their
own wells; an absolute necessity to use water sparingly
did not seem to exist. When planning the projects, pro-
vision was made for the storage of the liquid manure
over a brief of 12 days which made its ecological utili-
zation in crop production difficult or even impossible.
As an alternative, some enterprises used this waste
water on nearby areas used for grass and forage crops.
In a few cases, the waste water was treated biologi-
cally. The regulations valid at that time for the admis-
sion of the treated waste water into drainage ditches
were observed in principle (Ebert, Hornig, 1985).

The size of the livestock existing on the territory of
the former GDR occasioned the working-out of legal
regulations and recommendations concerning the con-
sumption of water/the generation of waste water. They
served as a kind of guideline for an economical use of
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water as well as for the efficient storage, spreading and
use of liquid manure and/or an efficient treatment and
utilization of waste water (-, 1983; —, 1987). In the
former Federal Republic of Germany the Kuratorium
fuer Technik und Bauwesen in der Landwirtschaft —
KTBL - (Governing Body for Technology and Con-
struction in Agriculture) issued guidelines for small
dairy cattle farms (Marten, 1987).

Beginning in 1990, larger enterprises of the above-
-mentioned type were modernised in the new Federal
States. The number of animals kept in them has gone
down; their water consumption, their waste water ge-
neration and the substances contained therein are not
known under the new conditions of production now
prevailing in them. For that very reason, special inves-
tigations in enterprises with more than 500 cows and
with differing milking and milk processing equipment
were made in order to provide information on

— the consumption of water for the major processes,

— the quantity of the resultant waste water and the
substances contained therein,

— the reduction of water consumption and of the
generation of waste/liquid manure and/or the cost-ef-
fective and non-polluting utilisation or treatment of the
resultant waste water.

MATERIAL AND METHODS

These investigations were made in 5 enterprises in
the State of Brandenburg (Tab. I) that were built in
accordance with the project planning concept of the
»dairy cattle farm AP 1930" (excluding enterprise C).
Modernisation measures were aimed at an improved

‘and ecologically more acceptable cattle breeding and at
a higher milk production. At the same time, the number
of cattle was reduced. During the investigation period
of 11 to 14 months, approximately 400 lactating cows
were kept in enterprise C, in the other enterprises the
number of lactating cows ranged from 820 to 1,060.

The water consumption as a whole as well as in the
different sections was measured by means of meters
which were installed in the enterprises at different
times. The interval between two readings was called
wmeasuring period“. The average daily consumption
was calculated on the basis of the values ,,m*/measur-
ing period* and the number of days per measuring pe-
riod and then put in relation to the average number of
cows milked (I/gK and day) (gK = cows milked).

The amount of waste water generated resulted from
the product of the operating time of the pump and the
quantity pumped into the waste-water reservoir. The
volumetric delivery of the pump (m*/h) was determined
at least once a month. This delivery is affected by the
differing percentages of solid matter contained in the
waste water. The average volumetric delivery of the
pump obtained by the readings from all calibrated me-
ters served as the basis for calculating the amount of
waste water generated in the measuring periods.
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Mixed samples were taken from the waste water
reservoirs of the enterprises B to E determine waste
water parameters. Apart from the TS contents (TS =
dry matter) and the pH value, the total nitrogen content
(N{or)» ammonium-nitrogen (NH4-N), phosphorus (P),
the biological oxygen requirement (BSBs) and the
chemical oxygen requirement (CSB) were determined
according to the ,Deutsche Einheitsverfahren..." (Ger-
man Uniform Valuation Systems) (DIN 38409). The
loads of BSBs, and of CSB were determined on the
basis of the mean concentration value during the entire
measuring time and the mean waste water amount ge-
nerated during the measuring periods.

RESULTS

WATER CONSUMPTION AND WASTE WATER
GENERATION

Total water consumption includes the consumption
of both cold and warm water in the enterprises A, B, C
and E. In enterprise D only the amount of waste water
generated could be determined (Fig. 1). In addition to
that, in enterprise E the consumption of cooling water,
the consumption of water needed for cleaning the milk-
ing parlour and the amount of waste water generated
were determined.

There are enormous differences in water consump-
tion between the different enterprises. For comparing
figures, the consumption standard of 33 1/gK and day
for dairy cattle farms of the AP 1930 type with rotary
milking parlour can be used (-, 1987).

The lowest consumption is reached in enterprise C
with approximately 17 I/gK and day (Fig. 2). The fol-
lowing reasons were stated:

— use of the udder douche only for cows with a dirty
udder that do not lie on rubber mats, otherwise dry
cleaning with disinfecting paper;

- considerable reduction of the use of water in milk
tank cleaning;

— lower consumption in the herringbone milking par-
lour 2 x 10 when compared to the rotary milking parlour.

Enterprise B reached an average consumption of 33.5
I/gKday after its milk cooling was switched to a closed
system (Fig. 1). At the end of the measuring period, the
consumption rose again by approximately 15 I/gKday
when the hot water used in cleaning and disinfection was
replaced by cold and warm water. Enterprises A and E
have an extremely high consumption averaging 63.8
I/gKday and 91.7 l/gKday, respectively. As far as enter-
prise A is concerned, the reasons for that cannot be prop-
erly explained, but are supposed to be the following:

— higher consumption for cleaning and disinfection
with cold and warm water in the milking area,

— open cooling system with fresh water which, how-
ever, is partly utilised for warm water generation by
means of heat recycling,
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The different processes in the dairy cattle farms A to E

(drinking watter
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waterers, 50%
water throughs
(low water losses)
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for one loose box
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Closed cooling system; heat recycling for
warm water (rotary milking parlour)

Ice-water cooling

Ice-water cooling;
further utilisation

the rotary milking is planned!
parlour
To the liguid
e ; liquid
. To the liquid Taanuee:
milking partour | manure; sewage | JIT Cpment G
and milk house Zr:;trrnns::“p ant construction; To; the liquid manure
waste water utilization (7) treatment to turn
. in into water for
industrial use
Liquid manure about
generated m¥/a? about 35,000 about 36,500 about 20,000 about 36,500 35,000-40,000
TS content %2 about 8 about 7 about 7 about 7 about 7
i i 2 x 1,000
Liquid manure ¥
3 3 x 7,500 7,200 2 x 3,000 1 x 5,000 2 x 5,000
storage space m I x 4,000

Yoral information provided by the managers; in comparison to 1989

Poral information provided by the managers

- continuous cleaning at the entrance to the rotary

milking parlour.

The high consumption in enterprise E is caused by
the cooling of the milk (Fig. 3). More than 50% of the
total water consumption is made up by cooling water
which — after passing the technically obsolete cooling
system — flows into the rain water drainage system. Its
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future use in watering places for the cattle is, however,

being considered.

The waste water resulting in enterprise E can partly
be accepted (Figs 1 and 3). It results from the consump-
tion for cleaning with cold and warm water and ranges
from 28 to 39 I/gKday during the period from February
to October 1992. Thereafter cooling water flowed into
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Water consumption/waste woler generation

o S0 100 150 200 20 M0 350 400
Measuring period in days

~=~=~~=~  enterprise A
enterprise B
enterprise C
enterprise D - waste water
enterprise E
enterprise E - waste water

1. Specific water ption/waste water g in the enter-

prise in which the investigations were made

s %0

¥

g §‘ 100

i b

38 .

i i

i mil

0 196 236 266 309 N7 13
Measuring period in days

total consumption
cooling water
waste water

cleaning with cold water

BON0OE

cleaning with warm water

2. Specific water consumption/waste water generation during the
measuring period and for the consumers (enterprise E)

the waster water reservoir (!) which causes the amount
of waste water to rise to more than 90 I/gKday.

The small amount of waste water averaging 16.3
1/gKday in enterprise D (Fig. 1) is remarkable. It is an
indication of an economical use of water for cleaning
and disinfection in the rotary milking parlour and of a
careful use of water in general. Considerable quantities
(not recorded by us) are, however, needed for the cool-
ing of the milk.

SUBSTANCES CONTAINED IN WASTE WATER

Consistency and colour of the mixed samples taken
from the waste differed quite considerably seasonally
as well as from enterprise to enterprise, as is reflected
by the results of the analyses made (Tab. II).

In enterprise B (TS = 0.33%) and enterprise D (TS =
0.25%) the mean TS value reaches the figure of earlier
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3. Daily and specific total water consumption (enterprise C)

investigation results in dairy cattle farms with 1,930
animal places.

The pH value is mostly below 7.0 which points to
a sour fermentation due to the percentage of milk. In
enterprise E where approximately 300 1 of fore-milk
and of milk from sick cows get into the waste water
per day, the pH value reaches only a range of between
5.1 < pH < 6.2. The substances contained are, in prin-
ciple, in line with the TS content. The specially marked
figures in Tab. II show their conformity with the fi-
gures provived by Ebert and Hornig (1985). The
BSBj5 and CSB loads as essential parameters for waste
water treatment are listed in Tab. III.

On one hand, the figures provide information about
the low degree of contamination of the waste water
when compared to the liquid manure, and, on the other
hand, they also provide information regarding the re-
quired degree of BSBg degradation in treatment plants.
When multiplied with the respective heads of cattle, the
BSBs loads in enterprises B to D come to 12 to
27 kg/day, in enterprise E to about 60 kg/day.

DISCUSSION AND CONCLUSIONS

The dairy cattle farms for investigating water con-
sumption and the amount of the resultant waste water
were chosen at random. There are large differences in
consumption between the various enterprises. It is,
however, assumed that the figures ascertained are typi-
cal of the large dairy cattle farms in the East of Ger-
many and that the conclusions can, therefore, be gene-
ralised. Each manager of such a dairy cattle farm must
find out for himself which of the following recommen-
dations could lead to a reduction of water consumption
depending depending on the conditions prevailing on
his farm.

The enormous differences in water consumption de-
pend upon the available equipment and personnel.
Water can be saved by taking the following measures:

— It is imperative that open milk-colling systems in
which the water is not used for a second time — as is

ZEMEDELSKA TECHNIKA, 4/, 1995 (1): 29-34



the case in enterprise E — are replaced by a more effi-
cient and water-saving cooling system.

— Cleaning the milk pipelines and the milk tanks
with hot water reduces the amount of water needed.

— While adhering to the requirements of hygiene and
milk quality, only udders that are very dirty are to be
cleaned by using an udder douche.

— The continuous cleaning of the entrance to the
rotary milking parlour with a water jet is to be carefully
re-examined. If it is an absolute must during milking,
a controlled operation in phases should possibly be
considered.

— Waiting barns before and after milking — pro-
vided they have gutters in the floor — can in many
cases be cleaned with mechanical devices, even with-
out water.

— For all places that have to be cleaned with water,
water-saving high-pressure equipment should be used
by all means. The frequently applied procedure of
cleansing with a hose using the water pressure of the
water supply system is ineffective, and a lot of water
is needed.

All proposals for reducing the consumption of water
will only work when everyone employed in a dairy
cattle farm is aware of the need to use the natural re-
source ,water sparingly. One of the reasons for the
great differences in water consumption and the high
consumption in general is, amongst others, the ,gene-
rous™ use of water.

Consequently, the resulting costs are higher, and
more storage space and transport capacities are needed.
If we assume a water price of 2.80 DM/m?, the annual
costs for cooling water alone in enterprise E will come
to 41,000.- DM.

II. Average values of substances contained in waste water

On the basis of the investigations made, a consump-
tion of < 20 I/gK.day with herringbone milking parlour
with 2 x 10 places and < 28 1/gK.day with a rotary
milking parlour with 40 places is recommended as
a guideline.

The generation of waste water can be reduced, it
can, however, not be avoided. For large dairy cattle
farms the separate collection of the waste water and its
utilisation in crop production would provide an alter-
native. This, however, would require suitable areas for
its utilisation (fodder grass) in the vicinity of the enter-
prise with transport distances of less than 2 km. The area
required — proceeding from a permissible gross nitrogen
amount of 160 kg N/ha.year is about 100 m?%/gK. The
benchmark figures for the enterprises in which the in-
vestigations were made ranged from 75 to 200 mzng.
Another advantage would be the reduction of the re-
quired storage space by storing the waste water over
a period of three months only (December to February).

Another alternative is the waste water treatment in
jointly operated or compact treatment plants. This re-
quires a precise analysis and a quantification of the re-
spective site conditions. As far as BSBs degradation is
concerned, compact treatment plants are designed in
such a way that the ascertained range of the daily loads
of about 15 kg to 30 kg is covered. The degradation of
the organic matter contained in the waste water is ef-
fected by microorganism populations on balls or loops
of thread that are supplied with oxygen from the air
through the rotation of the drum or the impeller (biofil-
ter drum system and sling procedure). To a large ex-
tent, such systems are resistent to overloading and re-
quire little investment and operating expenses. The
storage space is reduced to the volume needed for

Substance Dimension Enterprise B Enterprise C Enterprise D Enterprise E
TS-cont % 3 L18+104 |0 0.1 0.84 % 0.88
pH-value - 6.1 +0.66 6.5 +0.26 6.61 £ 0.52 5.64 £0.43
Nyt mg/kg 0S¥ 225 +79.9 543 +297.9 P 415+3103
NH;-N mg/kg OS
Pml mg/kg 0s - s .ﬁm
BSB; mg/kg OS 1,866 + 1,279.2
CSB mg/kg OS 15,342 £ 11,779 11,712 £ 12,037
z)original substance
I11. Mean loads of the substances contained in the waste water from four dairy cattle farms and in liquid manure
o . 5 2 Waste water
Siibstance Enterprise B Enterprise C Enterprise D Enterprise E (v. d. EMDE, 1991)
g/gK .day g/E®).day
BSB; 344 +724 254 £52 124 £3.37 75.5 £29.26 60
CSB 138.0 +29.08 258.4 + 5295 56.7 + 1542 474.1 +183.67 120
N 825+ 1.04 9.56 £ 0.94 3.19+0.33 15.04 £ 0.99 11
P 2.89 + 0.98 5.26 + 0.85 1.25+£0.17 122 £0.67 235
Yinhabitants
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buffering and obtaining a uniform inflow. This is only
a fraction of what is needed for a 90-day storage of the
waste water before its agricultural utilisation or a 180-
-day storage with liquid manure.

SUMMARY

The water consumption and the resultant waste
water, the substances contained therein and their loads
were investigated over a period of one year in 5 enter-
prises with about 400 and between 820 and 1,060 lac-
tating cows, respectively.

On the basis of the results obtained, it is proposed
to recommend as a water consumption guideline
20 l/gK.day for enterprises with a herringbone milking
parlour with 2 x 10 places, and 28 1/gK.day for enter-
prises with a rotary milking parlour.

For enterprises of that size, a separate collection and
utilisation in crop production of waste water containing
only little nutritive and polluting substances would con-
stitute an alternative. This, however, requires suitable ar-
cas for utilisation (fodder grass) in the vicinity of the
enterprise with transport distances of less than 2 km.

A biological cleaning of waste water from milking
parlours and dairies from enterprises with about 1,000
cows should be tested in a milk production enterprise
of the new Federal States in view of the new techno-
logical possibilities that are offered by compact bio-
logical treatment plants.
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RECONSTRUCTION OF LARGE HORIZONTAL FORAGE
SILOS

REKONSTRUKCE VELKOKAPACITNICH SILAZNICH ZLABU

G. Otto, K. Bendull
Institute of Agricultural Engineering, Bornim, Germany

ABSTRACT: In 1986 on the territory of Germany's new federal lands there were horizontal forage silos of a total volume
of 37 million m®. Their construction quality, storage capacity and the location at animal farms are assessed. In order to use
these silos, recommendation are given concerning machines and procedures for storage and withdrawe forage. Rules are
presented which determine the relationship between storage capacity as well as the capacity needed for taking into and removal
from storage. They consider the conditions of fermenting biology and the number of animals to be fed with the forage.
Examples are presented and assessed of the reconstruction of huge horizontal silos for 100, 200, 300 and 400 cows to be
supplied on one animal farm. Proposals are also made to improve the management of such silos.

horizontal forage silos; reconstruction; rules of reconstruction

ABSTRAKT: Na tizemi novych zemi Spolkové republiky Némecko byla v roce 1986 k dispozici horizontalnf sila o celkovém
objemu 37 miliont m? silazovaného materidlu. Vystavba téchto zafizeni, jejich uskladiovaci kapacita i jejich umisténi k far-
méam se fidily potfebami Zivocisné vyroby. V pfispévku jsou uvedena doporuceni, jakého strojniho vybaveni a jakych pra-
covnich postupl pouZit, aby sila byla spravné vyuZivdna. Pfi stanoveni kapacity rekonstruovanych sil se vychdzi z biologickych
pozadavki ustdjenych zvifat a z poctu ustajovacich mist. Byly vypracovany a vyhodnoceny varianty piestavby pro farmy s ustdjenim

100, 200, 300 a 400 dojnic. Zarovei jsou pfedlozeny ndvrhy, jak zlepsit vyuZiti horizontdlnich sildZnich Zlabi.

horizontéln{ sildZni Zlaby; rekonstrukce; varianty pfestavby

INTRODUCTION

Horizontal forage silos in the new Federal Lands of
Germany had been designed to supply with forage up
to 2,000 head of cattle and more. The structural
changes in agriculture brought about a reduction in
livestock as whole and partly also a reduction in the
number of animals kept a cattle-shed. Under these con-
ditions, large horizontal forage silos cannot be mana-
ged any longer as would be required.

The silo space needed for the preparation of high-
-quality silage is very large, especially for smaller live-
stock units. For that reason, proposals for the recon-
struction of large horizontal silos are submitted, and
investments involved are ascertained and described be-
low.

MATERIAL AND METHODS
STARTING CONDITIONS

In 1986, approximately 37 million cubic metres of
silo space for the production of coarse forage silage

existed on the territory of what are now the new Fede-
ral Lands (-, 1987). The age structure of the horizontal
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forage silos as well as the percentage of the different
types of construction of such silos are shown in Tabs I
and II.

Out these, the horizontal silos that were built after
1970 are in a state of repair that makes them still us-
able. They form 84% of the total horizontal silo space
that is available. Approximately 60% of the total silo
space built after 1975 up to 1985. (Tab. I).

About 91% of the total silo space is available in
horizontal silos. Approximately 60% are horizontal si-
los of a storage volume of more than 5,000 m3. The
percentage of vertical silos of the total silo space avail-
able is about 5% (Tab. II).

TASKS TO BE ACCOMPLISHED

Proposals for the reconstruction of large horizontal
forage silos should be worked out taking into account
the requirements of fermentation biology and the num-
ber of animals that have to be supplied with silage.
Taking into account the results obtained for the mana-
gement of horizontal silos, that is in line with require-
ments, the silo space needed and its dimensions are to
be determined as the basis for the reconstruction of
large horizontal silos.
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1. Age structure of the horizontal silos

Maximal permissible first cut area A, (m?) with

] Total silo space da - daily minimal layr.lr for unloadi?g (m/d)
Year of construction 3 = p - mean storage density (kg TS/m”)
Until 1950 66,306 0.2 Determination of A
1951-1960 471,695 1.2 Cross-cut A of silo to be accomplished A (mz) form
1961-1965 1,295,940 35 SB — width of silo (m)
1966-1970 4,945,635 132 Sh=helirobalie i
19711975 8.154,758 218 ERw— N A
1976-1980 11,021,384 294 M- Ms- PL
19811985 11,201,609 300 Built-in silo space required ER (m3) with
1986-1990 274,992 07 R dspee of s ot sl
pr - storage density (kg TS/m”)
II. Types of construction of silos (—, 1987)
Situation Storage capacity total Out of it in silos > 5,000 m*
1,000 m* % 1,000 m* %
1. Total silo space 37,391.7 100.0 23,791.5 63.6
2. Type of silo:
horizontal silos 34,007.6 90.9 21,6429 578
vertical silos (tower silos) 1,777.5 4.8 1,409.5 38
others 1,606.6 43 739.1 2.0
The investments required for different reconstruc- ER
tion version of existing horizontal forage silos as well SL:T @
as for the construction of concrete slabs for the produc-
tion of silage and for the construction of new horizontal ~ Sil0 length required SL (m)
silos are determined and described, taking into consid- my
eration different livestock sizes. The calculation of "'E='ﬁ;; S

these investments is based on costing data provided by
scientific institutions and building companies.

RESULTS
SILO SPACE REQUIRED

The size of the silos — as the basis for the reconstruc-
tion of existing horizontal silos or for the construction
of new silos — must be derived from the amount of
forage needed for the number of animals to be supplied
and from the requirements that are placed on silo man-
agement by fermentation biology.

The silo capacity required, including the capacity
needed, when loading the silo, was determined as fol-
lows (Freitag, 1989):

GV.R.np

1000 @

my
The effective quantity of silage needed annually my
*
(t TS /a)
TS - dry matter
with GV - number of large cattle units

R — portion allotted (kg TS/GV.d)
nr — silage fodder days (d/a)
GV.R
= 2
g @
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Harvest volume required for ensilaging annually mg
(t TS/a) with
NG — degree of total loss (-)
m
Kag= —
L

(6)

capacity needed when loading the silo Kag (t TS/d) with
ng — number of loading days (d/a)

The starting figure is provided by the quantity of the
material for ensilage required annually for a specific
number of animals. This figure results from the number
of animals to be supplied with forage, the allotted por-
tion of silage and the number of days on which they
are fed silage. The permissible fodder stock first cut
area is determined by the daily minimal layer unloaded
from the silo, the silage requirement and the mean stor-
age density (Thons et al., 1990)

As the next step, the cross-cut of the silo to be buit
must be determined. It results from the width and from
the height of the silo. This determination calls for con-
cessions. On one hand, the daily minimal layer un-
loaded should be observed, on the other hand, the width
of the silo should be dimensioned in such a way that
a trouble-free management of the silo is ensured.

The required built-in silo space is calculated by tak-
ing into consideration the volume of the material for
ensilage, the silo loading degree, the degree of losses
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at ensilage and the storage density. The silo loading
degree is, above all, influenced by the equipment used
in silo management and by the valid industrial safety
regulations. In general, it has to be stated that the silo
loading degree decreases with an increasing height of
the silo and increases with an increasing length of the
silo (Thdns et al., 1990).

Standard values for the density have been published
(Weise, Rombusch, 1988). The storage density
is, above all, influenced by the type of silage and by
the stacking height. The harvesting and transport equip-
ment as well the loading equipment within the silo are
determined by the percentage of the harvest required
annually for silaging and the capacity needed for load-
ing the silo. The loading, compacting and covering of
the material for ensilage within the silo must be com-
pleted within the shortest possible time.

PROPOSALS FOR THE RECONSTRUCTION

On the basis interactions described above, the fodder
requirement, the silo space and the daily first cut area
have been determined for 100, 200, 300 and 400 cows,
and ten variants were deduced therefrom for the recon-
struction of large horizontal silos with a width of 21 m.
An average amount of 32.5 kg 0s'/Gv.d (0S - origi-
nal substance), was taken as the basis for the calcula-
tion of the amount of fodder to be unloaded from the
silo per day (Tab. III).

As a results of these calculations, the versions de-
scribed below for the reconstruction of horizontal silos
with a width of 21 m were worked out.

Version 1.1 (for 100 cows), (Fig. 1)

One silo unit, with a width of 21 m, partitioned lon-
gitudinally by two new walls. On the front side the silo
is closed off by means of a new wall. On the loading
side an operating area with a length of 5 m, for instance
for the dumping of the material for ensilage. The material
for ensilage is pushed in and compressed by means of
tractors driving over it. Three silo compartments.

Version 1.2 (for 100 cows)
One silo unit, with a width of 21 m, partitioned lon-
gitudinally by two new walls. Open at the front side.

At both ends of the silo an operating area with a length
of 5 m each. The material for ensilage is pushed in or
transported onto the fodder stock and dumped. Three
silo compartments. In contrast to Version 1.1, the
cross-wall is abolished, instead of it a second operating
area is set up.

Version 2.1 (for 200 cows)

One silo unit, with a width of 21 m, partitioned lon-
gitudinally by means of one new wall. In the centre of
the storage area another subdivision by means of a new
cross-wall. At both ends of the silo an operating area
with a length of 5 m each. The material for ensilage is
pushed in and compressed by means of tractors driving
over it. Four silo compartments.

Version 2.2 (for 200 cows), (Fig. 2)

One silo unit, with a width of 21 m, partitioned lon-
gitudinally by means of one new wall. At both ends of
the silo an operating area with a length of 5 m each.
The material for ensilage is pushed in or transported onto
the fodder and dumped. Then it is compressed by means
of tractors driving over it. Two silo compartments. In
contrast to Version 2.1, abolition of the cross-wall.

Version 3.1 (for 300 cows), (Fig. 3)

Utilization of three silos located side by side, with
a width of 21 m each. With such an animal concentra-
tion, a longitudinal subdivision of the silos is no longer
required. On the front side the silo is closed off by
a new wall. On the loading side an operating area with
a length of 5 m. The material for ensilage is pushed in
and compressed by means of tractors driving over it.
Three silo compartments.

Version 3.2 (for 300 cows)

Utilization of two silos located side by side, with
a width of 21 m each. In the centre of the storage area
a subdivision by means of a new cross-wall. At both ends
of the silos an operating area with a length of 5 m each.
The material for ensilage is pushed into the compartments
and compressed by means of tractors driving over it. Four
silo compartments. In contrast to version 3.1 reduction of
the new cross-wall by 21 m, instead of it a second operating
area is set up.

111. Fodder requirement, daily first cut areas and subdivision of the silo reaching the first cut areas

Silage needed s o . y Silo subdivision
(0S, @ 30% TS) Built-in silo space | Daily first cut area | Daily first cut area
Cows needed (density | with a cutting depth | per silo with an number of com- average fodder
per dV per a 600 kg/m”) of 0.20 m unloading of 2 layers Zl)ln?n":;:::fll::‘y stacking height
(head) (t) (t) (m%) (m?) (m?) (quantity) (m)
100 3.25 698.8 1,165 27.1 13.6 3x67m 20
200 6.50 1,397.5 2,329 54.2 27.1 2x103m 26
300 9.75 2,096.3 3,494 81.3 40.7 Ix2lm 2.0
400 13.00 2,975.0 4,658 108.3 54.2 Ix2lm 2.6
Dbased on 32.5 kg OS/GV.d
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3. Reconstruction version 3.1, 300 cows

Version 3.3 (for 300 cows)

Utilization of three silos located side by side, with
a width of 21 m each. No cross-walls. At both ends of
the silos an operating area with a length of 5 m each.
The material for ensilage is pushed in or transported
onto the fodder stock, dumped and compressed by
means of tractors driving over it. Three silo compart-
ments. In contrast to version 3.1, all cross-walls are
abolished; this necessitates a second operating area.

Version 4.1 (for 400 cows) — same as version 3.1
Version 4.2 (for 400 cows) — same as version 3.2
Version 4.3 (for 400 cows) — same as version 3.3,
but with a greater length of the silos.

Taking into consideration the number of animals
to be supplied with fodder, the above versions pro-
vide for silo dimensions with which - if the silos are

38

adequately managed —therequirements of fermentation
biology for the production of high-quality silage can be
met and the animals can at any time be supplied with
fresh, unspoiled fodder (Otto, Bendull, 1993),
(Figs 1-3).

Alternatives for these reconstruction versions for
existing large horizontal silos are silo concrete slabs
and the construction of new horizontal silos. The deci-
sion which of the variants is to be given preference
should be based on a comparison of the expenses in-
volved.

EXPENSES FOR RECONSTRUCTION

The prices of constructional changes to be under-
taken were ascertained from different sources in order
to be able to assess the reconstruction variants proposed
(Gaerths, 1992; -, 1990; —, 1991/1992; — 1992). The
results described below are the outcome of the inquiries
made (Tab. IV).

The capital investment needs have been ascertained
for the versions worked out (Tab. V). These expenses
include the costs for the erection of partition walls, the
application of a base flooring, of the wall painting and the
construction of a seepage pit. When looking at these re-
sults, a downward tendency in the following sequence
can be noted in general in relation to the financial burden
per animal place (DM/animal place) — (Tab. V):

— new construction, horizontal silo with side walls,

— reconstruction versions for existing large horizon-
tal silos,

— new construction of silo concrete slab without side
walls.

In comparison with the construction of new horizon-
tal silos with side walls, the cost per animal place for
the reconstruction of existing large horizontal silos for
larger livestock units, starting approximately from 200
cows upwards, is in the range of 30 to 50% and for the
construction of a new silo concrete slab without side
walls it is roughly 30%.

PROPOSALS FOR IMPROVING THE MANAGEMENT
OF HORIZONTAL SILOS

— Dumping of the material for ensilage in front of
the silage stack and spreading in on the fodder stack by
means of tractors with sweep rakes attached at the rear.
This technique makes it possible to store large quanti-
ties and to load the silo quickly (Thons et al., 1990).
The storage operation and the silo space should coordi-
nated in such a way that the loading period for a horizon-
tal silo does not exceed two, at the utmost three days.

— Depending upon the TS contents of the material
for ensilage, storage densities of 160 to 200 kg TS/m?
are required. The following procedure is to be applied
in order to obtain the required storage density
(Hertwig et al., 1992).
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IV. Prices for the reconstructions of existing and the construction of new horizontal silos for coarse fodder

Item Price
1. Erection of a reinforcedconcrete wall, I m 1,200.- DM
— wall height 3.60 m;
~ depth of foundation 0,60 m;
— thickness of wall 0.25m
2. Demolition of silo wall, | m, including removal of the rubble
~ height 3.60 m; length 1 m 300.- DM
— height 5.00 m; length 1 m 400.— DM
3. Base flooring, | m?
— upper cement layer 5 cm + bond course 5 cm or 71.- DM
— mastic asphalt, 2 x 25 mm 100.- DM
4. Wall painting, | m? 15- DM
5. Construction of seepage pits
- 50 m® effective capacity, for each m* 480.- DM
~ 100 m? effective capacity, for each m* 375- DM
— 150 m? effective capacity, for each m* 360.- DM
— 250 m? effective capacity, for each m? 340.- DM
6. Construction of a silo concrete slab without side walls for the silaging of coarse forage, including 500.- DM up to
the operating area
For each cow approximately 10 m? for 12 m* of silage (without seepage pit) 550.- DM/cow
7. Construction of a new horizontal silo for coarse forage with side walls to 1,800.- DM/cow"
For each cow 12 m? of silage (without seepage pit) 10 1,500~ DM/cow?

Dsilo with one compartment
silo with several compartments

V. Investments needed for the reconstruction of existing horizontal silos and the construction of new ones (Reconstructions using the example

of the existing horizontal silo type SH 3600)

Alternative solutions
- Animal places Recg::sl;:'siﬂns R comiction s New_ cons‘(ruclion horizom:'nl Sill? with walls
slab without walls silo with one silo with several
compartment compartments
(head) (DM/animal place)
1.1, 100 1,675 595 1,895 1,535
) 100 1,405 595 1,895 1,535
2.1. 200 935 585 1,885 1,525
22 200 800 585 1,885 1,525
$iL: 300 875 580 1,880 1,520
32 300 805 580 1,880 1,520
33 300 690 580 1,880 1,520
4.1. 400 690 580 1,880 1,520
4.2 400 645 580 1,880 1,520
43. 400 550 580 1,880 1,520

Spreading of a layer of the material for ensilage with

a thickness of 30 to 50 cm

e 2 to 3 minutes compressing time by tractor/t wilted
fodder — the objective id to drive four or five times
over this layer of the material for ensilage,

e for one permanently operating forage harvester which
prepares the material for ensilage, the standard is to
have one tractor in operation in the horizontal silo
which compresses the material for ensilage over 70
to 80% of its operating time.
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— The formation of seepage is, amongst others, con-
nected with the loss of nutritive substances, it affects
the silo structure, and its utilization and its removal
involves considerable expenses. For this reason, the
procedure of silaging should be such that the formation
of seepage is prevented to the greatest possible extent.
This however, does not mean a release from adhering
to valid rules and regulations. In order to definitely
prevent the leaking of such seepage, the objective in
silaging should be to reach a TS-contents of > 35% in
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horizontal silos and a TS-contents of > 40% in vertical
silos. When silaging maize, the sap that is formed by
fermentation can be bound by mixing the maize with
straw (Fiirll, 1993).

— For covering the fodder stack, polyethylene foil
should preferably be used that has been tested by the
German Agricultural Society. This foil meets require-
ments in respect of strength and gas impermeability
(Braun, 1992). Physical and chemical properties as
well as the aging process are essential in determining
or not a specific foil is suitable for fodder conservation.
In order to achieve a complete covering of the fodder
stack, an overlapping of the foil is required. The flut-
tering of the foil shall by prevented by putting weights
on the entire surface of the covering foil. In order to
prevent birds from cating the fodder, nets are fastened
over worn-out tyres serving as spacers (Hertwig,
1992).

— Machines and devices with a different degree of
mechanisation have been developed and successfully
used for the unloading of silage from horizontal silos
and its distribution. In the first place, these machines
facilitate work and save working hours, they prevent
the loosening-up of the forage stack, thereby reducing
losses of fodder owing to secondary fermentation. The
use of various machines and devices for the unloading
of silage from horizontal silos has been examined
(Weghe, 1989). The results of these examinations
make it possible to choose the appropriate means of
mechanisation for grass and maize silages that were
chopped to differing sizes.

— It may be taken for granted that in reconstructed
horizontal silos more favourable conditions of fermen-
tation biology and less fermentation losses can be
achieved than on silo concrete slabs without side walls.
It is, therefore, suggested to opt for reconstruction so-
lutions, above all when it comes to concentrations with
approximately 200 cows or large cattle. With a concen-
tration of 200 cows, reconstruction is about one third
more expensive than silo concrete slabs, but only half
as expensive as newly constructed horizontal silos. For
400 cows the expenditure for reconstruction solutions
is about the same as for silo concrete slabs, whereas the
expenditure comes to about one third of that for newly
constructed horizontal silos.

SUMMARY

In 1986, about 37 million cubic metres of horizontal
silo space were available on the territory of what is now
the new Federal States of Germany. The state of repair
of these horizontal silos, the storage capacity and their

incorporation into livestock farming plants and facili-
ties are being evaluated. For the management of these
horizontal silos, data are being communicated regard-
ing devices and equipment for the storage of material
for ensilage and for the unloading of silage. Starting
from the requirements placed on fermentation biology
and the number of livestock to be supplied with forage,
the interactions for determining the silo storage capac-
ity and for ascertaining the capacity needed in the load-
ing of silos and the unloading of silage are being de-
scribed. In order to supply 100, 200, 300 and 400 cows
in one plant different variants for the reconstruction of
large horizontal silos were elaborated and assessed.
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