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Totol  onnuol product ion of  edible t ree nuts in the United Siotes, including wqlnuls,  pecons/
olmonds, ond f i lberts,  is in excess of  125,000 tons on on in-shel l  bcsls with o form volue of  more ihon
$50,000,000'  Product ion is normol ly in excess of  the per capi to consumption of  obout 1.5 pounds.
Sizeoble imporfs of  these nuts plus Brozi l ,  coshew, ond pistochio nuts hove odded to the over-
obundont supply in this country.  When new plont ings come into beoring i t  is est imoted thot the
onnuol crop of wolnuts olone moy opprooch i00,000 tonr with on est imJted form volue of  $40,000,000.
With o per copi to consumption of  wolnr.r ts below I  pound ( in-shel l  bosis),  d isposi t ion of  ihe crop
would oppeor to be dependent upon their  ui i l izot ion in the shel led form.

. Ih" present doy consumer prefers food ifems ihot require o minimum effort to prepore ond
whose quol. i ty ond stobi l i ty they con recognize ond depend upon. This hos brought into focus c
moior problem, thoi  is,  ihe ropid development of  roncidi ty ond dorkening in she' i led nuts under
ombienl  condi l ions. Low quol i ty inhibi t i  the expcnsion oi  morkeis onC Jontr ibutes to consumer
soles resistonce, burdensome surpluses, ond deprecioted pr ices. Recognizing ihese probiems,
Diomond wolnut Growers, Inc. ,  in 1g52, eniered inio o cooperoi ive ogreement with this
loborotory to supPori  io int ly reseorch in,resi igot ions on ihe chemistry ond te.hnology of  wolnuis.
These invesf igot ions were directed towqrd: bosic studies on the chemicol  composit i -on of  kernels;
elucidot ion of  the physicol  qnd chernicol  focicrs responsible for dorkening of the pel l ic le ond t ie
concurrenf development of  roncidi ty;  ond eloboroi ion of  o proci icol ,  coimerciol  process for the
stobi l izot ion of  kernels '  Al though pr imory obiect ives hqve been reol lzed, o nrrb",  of  importont
problems remoined to be solved. Diomond wolnut Growers, Inc. ,  is coni inuing io suppori  bosic
invesi igot ions oi  th is loborqiory direcied tolvord: the development of  new infor iqt ion on the
chemistry of  kernels;  obiect ive methods for the est imoi ion of  kernel  quol i ry;  ond improvemenis
in lhe process for kernel  stobi l izot ion. l

.  Dur ing the nine yeors these invest igot ions hove been underwoy, mony new problems hove
been uncovered ds some of the more oppsrent ones were solved. Solution of rl"se new problems,
perhops mcre thon the oPPorenf problems, hove poinied the woy toword the occompl ishment of  the
pr imory obiect ives. l t  hos been demonstroted thot kernel  quol i ty depends on o lorge number of
biologicol ,  physicol  cnd chemicol  vor iobles. Vor ieiy,  c l imot ic condit ions, skin Jolor,  obrosion,
heot,  l ight,  oxygen/ metol  ions, ond moisture ore omong ihe imporfont fociors which of fect  quol i ty
ond stobi l i ty.  Severol  of  these vor iobles exer i  their  inf luences iynergist icol ly in on unpredicioble '
monner.  However,  becouse of the complexi ty of  the problem os wel l  os the moior importonce
of moisture, the present discussion wi l l  be l imited lorgely to o br ief  review of ihe role of  woter
in the mqintenonce of kernel  quol i ty,

COLOR-STABILITY RELATIONSH!P

Orgonolept ic evoluoi ion of  kernel  quol i ty is s low, tedious, subiect to the ovci lobi l i ty
of  o lorge number of  ponel members, ond requ i res relot ively lorge sornples. Fortui tously,  i t  wJs
9!*t l " i  thot the developmeni of  roncidi ty wos porol le led geneiol ly by dorkening of ihe pel l ic le
(skin) of  the kernel .  Therefore, on eor ly obieci ive wos the eloborot ion of  o met iod for est imot ino
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chonges in pel l ic le color.  
^This 

wos occomprished by meosuring, photometr ico I  ry,  the obscrbonceof l ight by on oqueous, 657o methoncl ic 
"r t ro"t  

of  l iernels (9).  t ;  *o,  .on. ludJi thoi  rhe omber robrown color extrocied from kernels could be reloted to the color grode designot ions of  commerciolkernels (Toble l ) '  In cddi t ion,.  o neor ly l inuo, ," iot ion.hip wcs observed between the color ondthe percentoge of l ighr ond dork kernels in on od ho9 mixture (Toble 2).

The color volues obtoined for uni form lots of  kernels odiusted to di f ferent moisture levelsond siored for rwo monrhs ot  3go or 95o F. ore shown in Fig.  I ,  Thlr  n;J ; l l ; ; t rot" ,  ,o. .interesi ing ond unont ic ipoied resurts.  First ,  of ter storoge Jt  95o 
l .  ,  .pf i r"" i  r r ' i .  coror chongesoppeored os o funct ion of  moisture conient of  the kernels.  second, kernels sfored ot 3go F. showedminimum skin.color chonges, wi th. the except ion of  o sr ight tendency to ao*"" oi t r r .  ro*"+moisture levels '  Third,  only smol l  d i f ferences in color were opporent for kernels mointoined ot37" moisture, independenr of sioroge temperoture. l"rrf y, rf.',J! 
"f;"";;i; 

;';; opiimummoisture level" obove ond berow which t'he skin coror a*["""a ,ig;.''lf i""*ii Jirt. ninr.,.,temperoture. lt become importont, therefore, lo determine if thele results l."ra l. repeotedond i f  the color chonges could be reloted direct ly to gun"roi  quol i ty ond f lovcr chorocter ist ics.

A ser ies of  s imi loro but more-comprehensive, experimenfs were performed encompcssing:smol ler moisfure level  incremenfsl  vor ious storoge temperotures ronging from 3go to r40o F.;  ondextended sioroge per iods ronging.up to two yeol .  These studies dJrJn.rrot"J ,nequivocor iy thotcolor chonges in the pel l ic le courd be : 'eroied tc chonges in f rovor ond generor qucr i ty,  ondtherefore, could provide o convenienr ond obiecrive p-rocedure r.. 
"rri.i*i^g 

,"1]l of r"rn"ldeter iorot ion (5,  9).  Perhops of even.grecten importonce wqs the conf i rmot i in of  the opt imummoisture phencmenon" rt wos shcwn thot the cprimum moisture ,.ong" *o. i"rf"lorrr" d"p"nd""t,decrecsing with increcsing storoge iemperoiure, Ai cmbient temperotures of obout 75a F. , theopt imum moisture ronge wcs esf imoted os 3.5 + 0,5%.

ESTIMATTON OF MOISTUR!

The del icoie relct ionship between kernel  stobi l i ty ond moislure conrenr necessi totedon evoluot ion of  methods ond procedures for ropid ond precise est imot ions of  moisture in kernelsond whole in-shell wolnurs (4, r0). A modified Moisfure BolonceJ/ procedure, which requiredonly o 5jrom somple ond which courd.be compreted within.25_minr- , t . r .  f r"ra" i  essent iorythe some moisture volues os the,generoty occepted xyrene dist i rot i . "  pr l""ar."  i iobr" 3).A further comporison of the Moiiture Bofonc., 
'Moistrjre 

Reg isrer ."d ,;;;;-;;"n' pro""drr",wiih ihe Korl Fischer merhod,c-cnf irmed rhe eificocy of the Moisture Boronce meihod (Tcbre 4).The vocuum oven procedure olso gove.precise ond ieproduc ibre resurts.  However,  th is procedure
los 

inconvenienr ond subiecr fo o 3-doy r ime rog. ih" Moisrure Regisier , ; r i l ;  usefur foreither kernels orsround, whore, in-sheil nurs, r-ocked rh" i;;;r;; i ; ;n'orl i t""l 'pro""orrur.
However,  sot isfoctory onolyses could be obtoined within I  min-uie ond t t , i ,  t ""hniqir"  wos extremelyuseful  for ropid est imof ions of  mo. isture in.rorge numbers of  s imiror sompres. alal i ion or onoutomqtic pumping uni t  (Fig, .2) increosed the ut i r i ty of  rhe Moisrure n"giu"r ' iy ; i f ""r i "g
more reproducible pumping rores ond o more exoct pressure cutoff.

.!/ Mention of speciol insrrumenf s. or molerio ls ihroughou-t this poper does noi impry thoi iheyore endorsed or recommended by the U. S. Deportmeit  
"r  

lg. i .u l i i *"  o;r . i f . ' ' " r r t . i  o s imi lornoiu re not menf ioned.
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MO ISTURE-RELATIVE HUMIDITY RELATIONSHIPS

The cr i t icql  reloi ionship between stobi l i ty ond moisture confent of  wolnuts,  os wel l  os
diverse other moteriols, led to the consideroiion of the bosic prccess through which woter exerts
i ts inf luence; ond to on ot tempt io elucidote ihe mechonism through which on intermedioie
moisture conteni  lends greoter stobi l i ty to kernels thon ei ther higher or lower moisture levels,
I t  soon become cleor thot +he siobi l i ty of  kernels ond other noturol  producis is more direcf ly
relqfed to the equi l ibr ium relct ive humidi ty ihon to the woter contenf.  The relct ionship befween
the equi l ibr ium relot ive humidi ty ond totol  moisture conteni  is f requent ly ccl led o moisture
sorpt ion isoiherm. Mosi moisture sorpt ion isoiherms ore chorocter ist  ico I  ly s igmoid or S-shoped
curves which vory in contour with the temperoiure ond other vqr iobles not pert inent in the preseni
discussion. The moisiure sorpt ion isoiherms for wolnut:kernels ot  two lemperotures ore oresented
in  F ig .  3 .

The doto necessory for ihe construciion of moisture sorpiion isoiherms consisi bosicolly
of q ser ies of  corresponding volues of  the moisture content ond equi l ibr ium relot ive humidi ty
of o number of  somples held oi  o consiont temperqlure in seoled contoiners.  The doto moy be
obtoined by equi l ibrot ing o ser ies of  somples for extended per iods over systems moinioined ot
di f ferent relot ive humidi t ies ond f inoi ly est imot ing the toiol  moisture content of  eoch somple.
This procedure lokes mony months becouse of the long equi l ibrot ion per iod required ond hos
severol  other disodvontoges. A more ropid ond convenient procedure entoi ls the odiustment
of o ser ies of  uni form scmples to di f ferent known moisture levels fol lowed by the est imoi ion of
the equi l ibr ium relot ive humidi ty of  eoch somple held ot  o consiont temperoture in o seoled
contoiner.  An effect i . , 'e oPPorotus for est imot ing the equi l ibr ium relot ive humidi ty of  o somple
in seoled contqiner is shown in Fig.  4.  An electronic hum idi ty-sensing heod is seoled within
o ior ond suspended direct ly obove o moss of kernels,  A mcgnet ico l ly-coup led fan st i rs the
moist  oir  wi ih in the ior io ef fect  o rcpid equi l ibrot ion of  the kernels with ihe free oir  spoce.
The relot ive humidi ty is recd direct ly f rom the electr ic hygrometer connected io the sensing
heod by o wire connecfed through the top of  the contoiner.

.  Kernels hoving on equi l ibr ium relot ive humidi ty obove obout 650/o may be expected
to dorken ond develop off- f lovors ond -odors within o few weeks. At relot ive humidi t ies
below 20o/o, outoxidqtive processes proceed ropidly ond couse the developmeni of the fomilior
roncid odor ond copper-colored dorkening of the pel l ic le.  l f  kernels hoving on equi l ibr ium
ref ot ive humidi ty of  obove 650/o ol  70 C. ore ploced in o seoled contoiner ond roised to o
temperoture af  22.50 C, or greoter,  the equi l ibr ium relot ive humidi ty of  the kernels would
exceed 70o/o ond the kernels would become susceptible to mold growth ond other fypes of
deteriorotive processes. The some principles moy be expected to opply to other food products
ond port iculor ly to other nui  species.

Further considerotion of ihe bosic mechonism reguloting the effects of moisiure on kernel
stobility led to the conslruction of o new type of isotherm (4). This isofherm (Fig, 5) represents
the fint derivotive of the moisture sorption isoiherm with respect to moisture, or o plot of the
reciprocol  of  the rote of  chonge of relot ive humidiry with moisiure content (AM/A R. H.)  vs.
moisiure.  A close onology is opporent between ihis isotherm ond color,  f lovor,  ond odor doto
observed ofter storoge of kernels for 7 monfhs ot  359 C. l t  is  possible thot th is opprooch could
be employed for est imot ing the opt imum moisture content of  other nuts.
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MOISTURE ADJUSTMENT IN WALNUTS

. .  The need for o proct icol  process for the cr i t icol  odiusiment of  moisture in kernels to
within the opt imum moisture ronge led to studies on ihe ut i l i ty of  the bel t- t rough dryer for
ihe dehydroi ion of  both in-shel l  (2) ond shel led wolnuts (8).  The pi lot-plont rn-ode ! 'bel t -rrough
dryer,  designed ond engineered by Lowe et ol .  ( i ) ,  wcs employed. A j iogromotic representot ion
of the cross sect ion of  fh is ef f ic ient dryer is shown in Fig.  6.  in cont inucu-s operot ion, o
t i l ted rotot ing stoinless steel .wire mesh screen gent ly rototes o bed of product,  gnodroi ly
displocing i t  iowqrd the dischorge port  whi le q heoted dry oir  streom is percolot-ed through
the bed. This process exposes kernels ol ternotely to the direct  hot-oir  i t reom ond to thesurfoce
where moisiure escopes freely ond lowers the temperofure of  the kernel .  l t  hos been cccepted
generol ly for ihe post 35 yeors thoi  ihe drying temperoiure of  in-shel lwolnuts should not
exceed o femperoture of  I  l0o F. dur ing the 24 to 4g hour per iod ncrmol ly required for the
dehydroiion of nuts in comm.on bin-type dryers. Experiments performed with ihe belt-trough
dryer on both in-shel l  ond shel led wolnuts indicote thof remperotures considerobly higher ihon
I l0o F. con be toleroied for short periods withoui ony detectoble odverse effects'on initiol
or storoge qual i ty (2,  8).  l t  wos concluded ihot oir  temperotures os high os 2l0o F. could be
employed in the finol sioges of drying on the belt-trougir dryer os long-os the kerne
temperqture wos noi permitied to exceed l45o F.

Results of  o ser ies of  studies on the drying of  shel led wolnuts with the bel t- t rougn
dryer ore presented in Tcble 5.  The most ropid drying of  kerners,  conioining in i t io l ly odout
207o moisiure, woo occomplished using o two-stoge drying process. lt is of interest thot the
1:: 'g l  d the two-sioge d'y ing process ond the use of o f inol  drying temperoture os high os
2l0o F. wos predicoted upon previous observqt ions thot kernels belome more heot-stot le os
their  mcisture confent is reduced. Using on ini t io l  o ir  temperoture of  lg0o F. ond o f inol
oir  temperoture of  2l0o F. ,  drying to 3.5o/o moisture wos occompl ished within 50 minutes.
I t  should be-noied thoi ,  wi th the excepi ion of  the experiment in which the oir  temperoture wos
held ot  2550 F.,  kernel  iempercrures i id not exceed'r45o F, At o constont oir .  t " , ip"rotr .e or
2554 F.,  kernel  iemperctures recched l78o F. wi thin 30 minutes ond kernel  f lovor wos ol tered
signi f icont ly '  Under these condit ions, kernels were l i terol ly , , roosted in their  own oiptond
developed o toosted, ol though not necessor i ly obiect ionoble,  f lovor.

PACKAGING

. lupplementcry invest igot ions demonstroted thot the stobi l i ty of  kernels could be
enhonced by:.  cdiustmeni of  kernel  moisture to wi ih in the opi imum moisture ronge; oppl icot ion
of on ont ioxidont coot ing; ond restr ict ion of  exposure to l ight,  port iculor ly in t Ie ul t io-violet
region' Therefore' ottention wos focused upon the relotive effectiveness of vqrious types of
plost ic f i lms ond lominot ions ond port iculor[y on severol  types of  moier iol  thot could Le employed
os o replocement for r ig id ond/or.opoque conioiners.  Speci f icot ions for the choice pockoging'
mqter iol  included: low permeobi l i ty to moisture ond oxygen; t ronsporency to v is ible ond
opoqueness to ul t ro-violet  l ighi ;  chemicol  inertness ond resistonce to oi l ;  ond simpl ic i iy in
effect ing rel ioble hermetic seq ls.

ln order to moke cr i t icol  comporisons of ovoi loble types of  plost ic ond other f i lm
moter iols,  i t  wos necessory to design ond construcf o loborolory model,  universol  seol ing mochine.
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This proiotype mqchine wos employed for preporing vocuum or inert gos pockoges with moteriqls
requir ing ei iher heot or high frequency electronic seols (6,  7).  the development of  th is opporotus
foci l i toted the evoluot ion of  numerous iypes of  pockoging moter iols (3).  An exomple of  some of
the resul ts observed for the permeobi l i ty io moisture of  vor ious plost ic ond foi l  bogs contoining
kernels is presented in Fig.  7.  In terms of moisture permeobi l i ty os wel l  os other importoni
speci f icoi ions, polyvinyl  ch lor ide-po lyv inyl idene chlor ide (soron) f i lm proved to be the moter iol
of  choice.

Integrot ing the ovqi loble informot ion on foctors of fect ing stobi l i ty,  o proct icol  process
wos devised for the stobi l izat ion of  kernels.  A commerciol ly occepioble tronsporent pockoge
wos produced in which kernel stobility wos increosed by o foctor of more thon 12, or from o
stobi l i ty of  less thon 6 weeks for ordinory bulk kernels to more thon 18 months in ihe plost ic
pockoge under s im i lcr  condit ions.

CURRENT INVEST[GATIONS

One of the pr ime obiect ives of  the wolnut stobi l izot ion invesi igoi ions hos been
occomplished. lmportcni secondory obiectives remoin to be reolized. Foremost omong these is
the development of  o ropid,  convenient,  ond obiect ive method for the obsolute est imot ion of
kernel  quol i ty.  l t  is  importont for the processor to be oble to deiermine the in i t io l  quol i ty ond
poteni io l  s lobi l i ty of  kernels ond io hove on qccurqteond rel ioble meosure of  the quol i ty of  o
somple chosen ot rcndom. A rel ioble meosure of  kernel  quol i ty wi l l  permit  quol i iy stondords
io be enforced so thot o stondord product moy be prepored ond morketed.

Methods which hove been suggested for kernel evoluotion, such os estimqtion of
peroxide numbers, hcve I imited, i f  ony recl  volue, in est imot ing kernel  quol i ty.  Orgonolept ic
meosurements by experienced iudges of toste quol i ty remoin the only occeptoble method.

'  However,  fh is type of evoluot ion is inconvenient,  noi  odoptoble to the evoluot ion of  lorge
numbers of  somples, ond hcs other proct icol  disodvonioges.

. A reosonoble soluticn to problems of quolity control moy be found through o systemotic
study of  the chemistry of  kernels.  The estobl ishmeni .of  kernel  composit ion ond the meosurement
of chemicol  chonges ossocioted with the development of  roncidi ty ond dorkening should permit
the eloborot ion of  proct icol  obiect ive chernicol  methods for quol i ty control .  Composit ionol
studies hove progressed to o point  where speci f ic quol i tot ive ond quont i tot ive chonges hove been
observed dur ing the development of  roncidi ty.  Invest igot ions of  the chemicol  process involved
in deter iorot ion ore in progress. Prei iminory work hos been ini t ioted on the development of  o
proct icol  procedure for est imoi ing kernel  quol i ty.

SUMMARY

Methods hove been developed for ropid ond precise esi imot ion of  moisture ond pel l ic le
color in shel led wolnuts.  These methods hqve foci l i toted studies on o cr i t icol  relot ionship
between wolnui  stobi l i ty ond moisture content.

Kernels ore most stoble within o l imited moisture ronge, obove ond below which
dorkening ond development of roncidity progress ot on occeleroted rote. The optimum moisture
ronge is 3.5 j0.56 for kernels mointoined ot neor ombient temperoture. At their  opt imum
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moisture content, kernels ore more resistont to the effects of light, heot, ond oxygen.

Cri i icol  odiusiment of  moisture con be occompl ished ropidly ond cont inuously in commerciol
operot ion using fhe bel t- t rough dryer.

Supplementol  protect ion of forded by the oppl icot ion of  ont ioxidonts,  el iminot ion of
oxygen, ond protect ion from ul i ro-violet  l ight synergist icol ly enhonce the stobi l i ty of  kernels.

Vorious pockoging moteriols hove been evoluoted for their efficocy in supplementing
the benefits derived from criticol moisiure od[ustment ond other processing procedures.

CONCLUSION

A ser ies of  chemicol  ond technologicol  studies on wolnut kernels hove resu l ied in
the developmenl of  o proct icol  commerciol  process for their  stobi l izoi ion. lncidentol  to ihe
development of ihe process, improvements were mode in methodology ond some new principles
were uncovered. l t  is  proposed thot some of the methods ond pr inciples could be oppl ied to the
stqbilizotion of other nuts ond possibly to other dehydroied food products.

Further improvements in the processing ond the development of obiective methods for
evoluot ing quol i ry would oppeor to be dependent upon bosic chemicol  studies ond the development
of new informof ion on the composit ion of  kernels ond fhe chemicql  processes thot ot tend the
deteriorqiion processes.

###
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Commerc io I
Grode

Vo r iet
Fronquet te Poyne Eureko Ploceo t io

Perfect ion
(budded)

Lot I  Lot 2

Lisht

Medium

Dork

20.  g

36.  8

64.0

r6 .0

38.  8

66.0

20.0  34"4

52.4  69 .0

82 .0  I  20 .0

40"0

49.2

I  10 .4

Tob le  l .

Co lor  vor iq t ions in  somples o f  th ree commerc io l  grodes o f  four  vor ie t ies  o f  she l led wolnuts l

I  Expressed os co lor  un i ts /100 g"  o f  she l led wolnut  ho lves ond p ieces.

Rocklond, Slowdoski  ond Luchsinger (9)

Tobl  e  2 .

Est imot ion o f  co lor  in od hoc tes t  mix tures o f  l igh t  ond dork  wolnut  kerne ls

L ight  Kerne ls

Yo

r00

90

75

70

50

25

0

Color,  found

Units/100 g.

36.  g

46.4

6A.4

66.4

84.  0

98.4

I10 .0

Dork Kerne ls

o/o

0

l0

25

30

50

75

100

Rock lond, 5lowdowsk i ond Luc hsinger (9) .
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Tob le  3 .

Comporison of procedures for est imqt ion of  moisture

Somp le
No .

o/o of Moisture Found Moisture Bolonce 7o
deviot ion f rom

Vocuum
oven

Xy lene
d is t i l l o t i on

Mo isture
bo lonce

Vocuum
oven

Xy lene
d is t i l l o t i on

I

2

3
4

5

6

2 .87

3.  05

3 .74
3 .92

3 .69

3.  88

3.  13
3.13
4.  t7
4,27
4.07
4,27

3.  13

3 ,25

4 .25
4 .29

4 ,  17

4.  33

0,26
0. 20
0.51
0. 36
0.49
0. 45

0. 00
0.12
0. 08
0"01
0. r0
0.  06

Aus .  0 .38  0 .06

Rocklond, Sworthout ond Johnson (10).

Tob l  e  4 .

Comporison of procedures for est imot ion of  moisture in shel led wolnuts

Somp le
Proc edure

Vocuum
oven

Mo isture
, .  bo lonce

Mo istu re
Reg ister

Kor l
F i sche r

A

B

c

o/o

2.35

3.  35

4 .20

o/o

2.55

3.52

4. 30

o/o

2.  00

3,21

4,  19

o/o

2.45

3 .45

4 .25

Rock lond (4) .
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Tob le  5 .

Dehydrotion rotes of vorious temperstures on belt-trough dryer, expressed os time required
to reodr optimum (3.57o) moisture

Drying temperoture

r80

t90

t90

200

160

180

255

(t s't/zool

(25)/ilol

inches

4

7

4

4

4

4

4

oF

135 est .

t38

138

143

144

144

178

Totql t ime to reoch
3. 5% moistureZ

minutes

100

80

65

60

7Q

50

30

lT',"o-stoge 
drying. The first number indicotes fhe first stoge drying temperoture followed by

time in minutes of this temperoture given in porentheses.

2lnt*rpoloted from smoothed dehydrof ion rote curves.

Rocklond, Lowe, Sworthout ond Johnson (8).

Kernel bed
depth

Fino l  kerne l
temperoture
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Mois tu re -s tob i l i t y  re lo t ionsh ips  compored  w i th  the  f i r s t  de r i vo t i ve  o f
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