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The wohugmg of liquid egg prior to spray-drying is now recognized
as an improvement in the procvessing. This investigation of some of the
problems involved in the preheating of Jiquid egg was carried ocut as a pro-
Jeot of the Hational Coordinated Dried Egg Research Program. The results
cbtained in this study now form the basis of the preheating treatment required
by the Quartermaster Corps Tentative Specification for Dried Egg C. Q. D.
No. 1174,28 January 1944.

In the processing of dried egz, pﬂh&%iﬁg prior te spray-drying
offers several advantages. Preheating ultimately improves the keeping
quality of the dry product. It is & well established faot that viscosity
and surface temsion decrease with rise in temperaturs. This dsoresse in
viscosity and surface tension brought about by preheating results in s
groater ease of drying. Preheating the liquid egg permits the use of
lower inlet-air temperatures im the spray-drying process, sinecs approximately
10X of the total heat required can be obtained from the liquid egg itself,
Other edvantages offered by preheating are: & more rupid attainment of a
high temperature in the egg particle, greater sase of astomization, and a
more rapid drying. It has been shown that the degree and uniformity of
atomization can be satisfastorily controlled in certain types of dryers by
preheating the liquid egg. |

The use of a process involving the application of heat to a product
of such a complex composition as liquid egg presents many diffioculties. The
main problem was to determine to what extent preheating could be safely



-

employed without csusing & very marked change in the physical and chemioal
characteristics of the 1iquid egg. Obviously, the effect of preheating
would be the denaturation of the proteins by heat. Sines densturation is
& function of the time and temperature of heating, the study inmvolved the
following problemss:
A. To devise a process of heating whereby:
1. The liquid egg can be heated to ths desired temperature
within the shorbest time possible.
2, Bvery particle of the sample oan be held at the desired
temperaturs for varying periods of time.
3. The sample ocan be completely cooled within a short time.
Bs To employ a sensitive method that can be used with conveniense
and ease of ~®Mﬂ&£b§.}£ﬁy to measure the progress of dematuration .
of the liquid egg proteins preheated at differsnt temperatures for
wvarying periods of time.
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The most generally sccepted mwm today is that dematuration is
the disorganizetion of the matural mﬁa&a moleoule, the change from the

ngement of & rigid structure to the i

on this view; dematuration has been explained by the loss of the uniquely
defined configuration of the native molesuls (50), the wncoiling or
wfolding of the mative protein molecule into a more elongated form (3,
44,57); loss in structure or inorease in randomness (22).

The protein molecule is compossd of polypeptide chains which hold
the amine aeid residues. These polypeptide chains exist parallel to each
other and may or may not exhibit a folded arrsngement depond
type of protein. The *grid' arra : has besn proposed by Astbury (B)
on the basis of Xerey studies. Various types of bonds may jai.n_ these
polypeptide chains, namely,lkydrogen bomds (87), salt bridgee (22), snd
disulfide linkeges (22). The salt linkages ocour hetween the charged
structure (16). Bull (18) suggests that the second type of bonds are
H-Be0 hydrogen bridges between the neighboring loops of the same chain or
between the neighbering peptide chains in the moleoule, and cites the work
of Buswell, Erebs, and Rodebush as furnishing experimental svidense for
such linkeges in proteins. |

ng on the

xyl groups and give rise to the szwitter ilonioc

A survey of the literaturs reveals that there iz as yet no agreement

on the partioular bonds that are broken during demstuwration. There is,
however, some sgroement that the loss of the uniguely defined eonfiguration



i

of the native protein molecule is due to the breaking of non-peptide protein
g of hydrogen
bonds (60), but this view hes been questioned on the grounds that the loss of

It wae suggested that densturation involved the breakd

hydrophilic properties as a result of protein denmaturetion is exectly the
opposite of what one would expest if there were ruptwrs of hydrogen bonds,
since the ruptured bonds would be availsble for weterbinding and thersfors
enhance the hydrophilie properties (14). From studies on the snergy of
activation, Ryring and Steern (22) cmme to the comslusion that denaturstion
involved the breaking of two kinds of bonde: (a) salt link
insensitive to pll changes, and (b) homop

ges which are

olar bonds which are sensitive to
p8 changes, which they considered to be disulfide linkeges. By the brealk-
ing of thess bonds, solvent is eliminated and the salubility decrenses.

The wnfolding or uncoiling of the protein moleoule on densturation
bas been inferred from studies on protein dematuration by means of X-ray
diffraction studies, and messurements of the emergy of activation, entropy,

Lewiz (41) found the increment &ft&m ensrgy of m&mk&an to be
excessively great, of the order of 100,000 ealories per mole, in the neigh~
borhood of the neutrality point. He is of the opinion that an energy term
of this megnitude suggests as the most significant alteration in the protein
unit,; an actusl physical distension or opening up of the structure, possibly
acoompanied by the breaking of bridge-lilke linkesges in the opriginal

Another evidence which provides support of this view of protein dena-
turation is the large inoresss in entropy which has been observed to



scconpany denaturation (48), snd which is taken as indicating that for a
denatured protein, there is a multitude of awvailable configurstions,

bonds in the molecule, with & resulting loss of structure, or a largs
Astbury end ooworkers (3,4,5) give a strustural interpretation of

denaturstion based on the stuly of the Xeray diffraction patterns of pro-

teins, Heat dematured egg albunin was found to show an X~ray photograph

. similar to that %&5& by prkeratin, They suggested that dematwration of

egg albwmin invelves & change in the %ﬂm& cenfiguration from the

corpusoular isto the fibrous (B-keratin) form, and thet on cosgulation,

‘ ¢an be converted into & fiber of the P-keratin type. The X~ray pattern

of these fibers indicated thed they are composed of "parallel bundles of

* the fiber is depeudent upon the degree of uolecular orientations molesu-
lar orientation was first detested at 100% elongationj further elongation
improved the orientation, reaching an opbimum st 400% slongation.



Prom studies on the viscosity of solutions of native snd denntured
oge ﬁw‘m Bull (16) presents evidence that even ures denatured egg
albumin (which was found to have an asymmetry of 7.31l; hest denatured

B.8els native 1.2¢1) #till has considerable structure, and is not simply
& polypeptide chain in the B-keratin form; he states that the egg albumin
molecule, if it existed as a Bekeratin chain, should be over 1000 & units
long and sbout 10 & wide, which would yield an asymmetry greater than
100s1. He consludes that even in a dematured globular protein, the pep~
+ide ohain is greatly folded and collapsed.

8. Criterie of Denaturation

Certain chemloal and physical changes which cceur in the mative pro- -
teoin as & result of dematuration (18) ares (a) decreased solubility,(b)
increased viscosity of solution (6) exposure of oxidiring and reducing
groups (sulphydry. nkages among others),end (d) & large
loss of spesific biologiosl properties, among which may be mentionsd (47)
loss or lmpairment of immunological and enzymmtic properties, and imebility
to form crystals.

Cortain shemionl changes that ocour as & result of demsturetion are
employed in the guantitative sharacterisation of dematuration. These
shemiocal shanges aret the increase in the number of debectable sulfhydryl,
disulfide, phenol groups, and peptide bonds (47). Block (11) states that



denaturation may bring sbout the liberation & previously masked SH groups,
vwmrMmarf 8«8 groups; in some omses it brings ebout sn exposure of
8~8 groups (47). Bleok (11) clessifios oyst: 1ing proteins inte
four categories: (1) metural proteins which give & positive nitroprusside

_ test for SH (example muscle, thymus histoms), (2) proteins (egg albumin)
which give a positive SH reastion after dematuration, (5) dematured proteins
(serum albumin) which give & positive sulphydryl test after trestment with

oyanide, and (4) those proteins which do mot give & positive resction
(globin, ovomucoid, brain proteins, ebe.).

Mirsky (47) states that the appearance of SH groups is not due to
reduction of pre~axisting 8-5 group
8~8 groups are debectable; in some proteins, as the orystalline lens, only
BE groups are detectable; and in other proteins, as egz albumin, both SH end

«  "In some proteins, as in serum, ounly

88 groups ars detectable.” Thers are various methods in the quantitative
estimation of these detectsble groups, smong whish may be mentioned the
ferricyanide, nitroprusside, tetrathionste, , 1odoschenzcate
tests, ete. In the estimation of the SH groups of demstured egg albumin,

reagents which exidize or reducs the SH groups are used. The use of ures,
guanidine hydrochloride or detergents (2) as desaturi
ent in the method because these reagents both dematurs the protein

g sgents is considered

and keop the demstwred protein in solution. The smount of & reagent such as

d to oxidize the 8F groups
titative estimation of the SH groups present. Since aggregation
 the advantage of using those dematuring ageuts that kesp the dematured protein
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in solution liem in the faot that it ensbles the oxidation of all the EH
groups present. Other reagents used are p-chloromercuribens
bensoate and wric scid., The smount of p-shloromssuribensoate that combines
with the 88, and the amount of icdoscbensoate or urie acid redused is used
timating the number of SH groups. Cold 1 ¥ potassium lodide is
amount of reagent redused by the mative egg albunin indicabes the mmber
of 8H groups present. The ferricysnide method is also applicable to egg
albumin densbured by heat and by shaking if it is allowed to oxidize the
8H groups during the demmturation. Thus aggregation and precipitation of
Eetimation of the SH groups i@ also done by allowing an excess of
oystine to react with the protein (52). The resction of the SH linkages
of the denatured probein and the 5-8 linkages of the systine:

m+ﬁf’m‘®“%~ﬁﬁv+w

deconposed, the number WMM%%W of the dematured protein is

Mirsky and Anson (49) found & precise and quantitative correlation
betwsen the formation of dematured egg slbusin, using insolubility as &
guantitative criterion, and the appearance of 5H groups.

o that dematuration is an wafolding process is given
albumin. Sulfhydryl groups becoms detec

 of egg
able as & result of dematwration.
Hirsky suggests two posmible explanations for the appearanse

of SH groups




ve‘nv émmﬁm. One mamtim is that when the configuration of the
“yrm mlmia W more M and open, rﬁgam such ss ferri-
emiée m abh fm reach the groups imm within the conpact, native
;wum miwui& (48). According %o ma view ‘Bhﬁ 8E groups in the native
prmmnimxa mw amm' famwmm in a closely
folded mmm of ga@h&é& mm; m w«axam of the peptide chains,
and the censequent mm thereby, expose the SH groups to the resgent.
m other whmﬁm. advanced by Linderstrom-lang and Jacobsen (56),
| is M the SH groups are not gmam%m zzﬁ native egg «lbumin, but are
mmm formed during the denaturation process. Another pemmnty has
bmmut&éhymﬁh (s&;, mm:mmm«mm&sa
‘by mﬁs roagents as ﬁﬁw&i&;, %‘m&m&é&. oto., involves
mmatimwsa@aa»ﬁ,meammwmmzm“squ
fartMermwm In thes native protein, i%muehagm
thet individual oysteine rnﬁduu are not close enough to form a disulfide
»ma; nence the reagents will be ineffestive in testing ‘m» SH groups.
MQ iaapam&nﬂywﬁu ﬁmmiawh ammtmhimw
m armm W mm&im even distant eysteine residues may
coms, at least mmxx. s.zm a}.am @mm xzrmv (48) found that
,mmammﬁmwmmamhmwwm
is ftnim m the m found in mgs u};%wiu denatured by uresa, gmiﬂim
ri P W,g in & urea mw albumin mhkim
in which the ures had been diluted by the addition of water, the musber of
mmmzm to be the same as that found in heat demmtured ogg
albumin. Tt was also found that in the dematuration of egg albusin by
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molecules rm};ta in & greater surface area, greater ease of cchesion aud,
therefore, decreased solwbility.

Yoin sclutions is the ineremse in apparent viscosity. The sxplamations that
have been offered (14) for such & phenomenon are listed as: () increased
mim of the partiecles, (b) asmiw&iﬁ& or aggregation of particles,
oceluding water, and (o) inoreased aam&ry of the protein meclecule.

of Chiek snd Martin (18), they state that heat coagulstion of probeins
involves two distinet processest (a) the reaction between water and protein,
and (b) the Wﬁ@iﬁmﬁm of the protein, They studied the heat cosgulation
afwluﬁm of crystalline hemoglobin end erystalline egg albumin, both
without water, and with the sddition of water. IThey came to the conslusion
that the "oomplebe solubility of beth proteins after exposurs to dry heat

ab high temperatures (110°150%C.) indicates that heet aomgulation of pro-
toin solutionsis not & pure temperature effest, bub & resstion between water
and protein.® |

,  and co-workers {44) made vissosity measurements on 3% solutions
of egg albumin before snd after hest dematurstion. The mean value of the
relative viscosity of & 3% solution of wdenstured egg albumin was found bo
be 1.188; that of a 3% dematured solution, 1.305. This increase in relative
viscosity wae found to be constant and independent of pH, for any givem con-

centration of protein. Using & modified Einstein mathemstieal trestment of
the viscosity of & disperse system, the value a&g‘é

=%

wag found to

mg.s.. {9 1s the aggregate volume of spheves in wmit volume of the sus-
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but m«e it has & structure consisting ﬁf kgpgrogeton
mgwmmamaxmmmﬁmmmwm
visoosity is due to aggregation, part of it is due to ordinary hydration,
Banoroft (8) pointed out that the inoreass in the apparent viscosity
of protein soluticns on densturation may be dus to & mmber of factors.
The degree of dispersion of the particles may be an explazation. He sited,
as an exemple, Oden's results (8) in which an appres imately 5O% ww
viseosity was found in sulfur sols whoss particles had a diameter of sbout
10 ms than with sols in which the sulfur particles had a diamster of 100
mi. Hatsehek (28) sttributed this phenomenon to the existence of an
£ilm of liquid around the sulfur particles, acvording to Bancroft
(6)s a phencmenon which was not sonsidered when the formula was deduced.
Banoroft (6) eriticized the Binstein and m:m formilas as followss
i both of thess equations, %ﬁmﬁts«aﬁ"&&ﬁ solution depends only om
the wim of the dispersed phese, and the degree of dispersity does not
m in as a factor. Hatschek (28) calow thickness of the adsorbed
mwwwmmw&:mmma&m on the
size of the pertioles; au adsorbed film of this thickness on particles
baving & dismeter of 10 mm was caloulated to correspond to & 62% inorease
in the total volume of the particles. A decrease in the thickness of the
;ﬁ}u brings sbout imoreased fluldity, 1. ee deoreased vissosity.
Other possible explanations offered by Bansroft

in apparent viscosity of colloidel solutions arer aggregation of particles
into ohainsy and loose agglemeration of particles inte spherical masses
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Various experimental studies have shown that visvosity is a most sensitive
index of saymmetry (20). These studies, while not direstly made on protein
egolutions for the study of demsturstion, may be used to explain the inerease

in the apparext viscosity of dematured protein solutions. Assuming awmw
dematuration involves the unfolding and distension of the compact native

globular proteins) to thet of en ellipsoid (elongated ellipseid or
flattened ellipacid),

' Eraemer (34) reflected the new trend by the suggestion that the high
viscosities exhibited by intrinsic colloids might be caused "by greatly
slongated particles or macyomoleoules that inoresse resistance to shear
through mutual entanglements and interfersnce, dut without ordinary
flosoulation.® lauffer (38) giwes an excellent review of the experimemta
facts which form the basis of this new ides.

From the empirical approsch, lauffer (38) reviews the work of
Btaudinger and sollaborators on the relationship of viscosity of chaim~

ship which suggests strongly that there is sotually s
tion between the size of the chaln~type moleculs and its solution viscosity.
For all the cases examined, the intringic viscosity can be expressed st least
a5 linear functions of molecular weights, or ehain lengths.
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of flow, and resulis in decressed visoosity. This is one explanstion {(36)
with a greater asymmebtry will be less sasily ori d in the direction of
flow and will contribute mors to the wiseosity of the system.
Birich and collsborators (38) established a definite correlation
between viscosity of solution and axial ratio of the mm particles
in their experiments on the visoosity of models of silk fibers of differ-
pded in & mixed solvent. Iauffer (38) is of the
opinion that when these data and those on proteins are considered together,
a good sase oan be established for the existenos of & relatiomship betwsen
According to Simha (S1), "It is possible today to formulate quanti-
tative relations between shape factors of the solute moleculs and viscosity

— in & linear concentration renge, ss long as appresiable orienta-
tion effects are sbsamt. This oan be done iu ascribing to the mleculs an
effeobive shape corresponding to an ellipsoid, or as done by Xuhn and Huggine,
to wn azray of spheres, whish oammst changs their shape to & considerable
extent while moving in the viscosimeter. In these oases 1t is posaible bo
undertake & comparison with sedimentation data.

as woll as flexibility tends to desreass the viscosity, the latter Pactor
Another factor to be takem into account is the solvation effect (62).
Aooording to Simha (62) deviations from the laws found for spherical sus~
ponsions may be due to two causes: (a) solvation, and (b) asymmetry. How-
ever, it is not possible to separate these two offects on the basgis of



wlle

tts alone (62), wo that & combination of different

viscosity : ’
mossurements of &iﬁa{&tﬂe&&w&&i& pust be used.

€. Composition of Bggs.

4 review of the literature on protein denaturation shows that most of
the work has wa’ done on relatively dilute mi;u%im of purs, mmﬁm
proteins, ym processors, :mm of using pure, dilute molutions, must
work with natural produsts. In this study, an attempt is made to apply the
results of theoretiocal studies on heat dematwration to & workable point on
iigui& egg, which is & natural colloidal material of Wiaar. aomposition.

| :’he somposition of whole SEE, ogg white, and egg yolk is given by
Cruickshank as followss |
Egg White Bgg Yolk
87.71% 49.0%
10.0 1647

0,08 s1.6
0.82 1.8

;Mwwam«hm w&%afmm:m (3&}, intv&wwutm
m&mtﬁmmefm tmmafmwhxﬂmw,mW
mineral salts. The yolk makes up S1% (21) of the total weight of the eggs
it is a more ooncentrated mﬁkmkufimﬁam}.y dispersed proteins,
emulsions of fat containing lecithin, and mineral salts.

1. Protein.

The protein content of the egg white has been shown to vonsist of
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different proteins. Their proportions are given by Cruickshank (21) ass
ovalbusin, T0%s conalbumin, 9% ovoglobulin, 7% ovomuein, 2% and ovemue
13%. Studies on the slestrophoretic patterns of egg white (43) reveal the
presence of seven components in the folluwing proportiéms: egg albumin, 60%;
conalbumin, 13.8%s evommcoid, 14%; globulin, Gy, 2.8% globulin, Gy, 4.6%s
globulin, Gg, 443%; and e mucin whose accurete estimation could not be made
becauss of its insoluble mature. '

The proteins of the yolk are evovitellin and livetin (21,35), Ovow
vitellin is presemt in larger smounts, the proportion of ovevitellin to
livetin being about 411 (33). Vitellin is a phosphoprotein, and its phos~
' phorus contemt senstitutes one third of the total phosphorus in the yolk
(21)¢ ILivetin contains a little phosphorue, but has & high percentage of
sulfur, containing half of the total sulfur of the yolk (21,33). |

ﬁ‘
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Gruiokshank (21) gives the following information om the fat content of
oggs. Except for traces in the white, the fat ocours as an emulsion in the
yolks The two types of fat in the yolk ares (a) neutral Pate or glycerides,
and (b) phosphorized fats or zmmm The fatty acids present are palmitis
and steario acids, oleic ssids, linoleio meid and limolente seid. Arachi=
donie acid is present in very mmall quantitiés. Cholestercl may occur in
yolk either in the free form or in combiuation with fatty acids.




A portion of the ocarbohydrate sontent of whole egg is found in combine~
tion with the egg white proteins (54) and is reported to be present in the
following preportionss albumin, 1.7% mannoss; comalbumin, 2.8% of a 531
mixture of manmose and galactoses mmooid, 9.2% of & similar mixturey gle-
bulin, 4% manose; musin, 14.9% of a mixture of mammoss and galactose. A
free glucese content of 0.45% is also presemt (29). Neuberger (54) isolated
te component of egg albunin and found it to have "a molecular
weight of about 1200 and to be composed almost entirely of fowr molesules
constituent.”

D. Heat Dematuration and Cosgulation of Bggs.

behavior of a single protein, but in the over-all conduct of the various
constitusnts of liquid egg as they are affected by the application of heat.
Only one reference (26) has been found in the literature conserning the
effect of hest on liquid whols egg. The review of the literature on heat
denaturation and cosgulation is necessarily confined to the bel
ogg albwnin,

1. Goegulation of egg white and egg yolk.

In cookery, it has been generally observed {(45) that coagulation of
egg white may start at 52°C. if given emough time; it coagulates to a



Jolly-like consistency at 60°C.; around 64~65°C., a firm coagulum is formed.
' The yolk has been observed (45) to start thickeming at 65°C., and at
70%. it censes to flow.

2. '2me" coefficient.

mmuwufm Wlﬂzim inarmﬁth imrmiag tmymtm
ie ahm by the high ﬁwmtwe wsfﬁnﬁm& a&' mnlaﬁim maum-.m by
airrm investigators (18,40). Ohick and Martin (18) fownd the ‘temperature
coatfiotont amﬁaﬁmwnﬁmwmzmmmz.ﬁ per 19C.
rise in tmr&mw, or about 835 for a 10%. rise in Wm Ehsy
amluéa m “hu% Mlnts.m is & reaotion wiﬁlx a M@h Wm oo~
offiéimk. m resotion w&h&iﬁy af whiah wm m&i&wﬁly with éi!farm
proteins m& according to the eoidity and saline content of the solution.”
Lepeschkin (40) oonfirmed the data of Chick and Nertin. He showed that et
‘ sWW&W&%&mW%MW prmingmuwésmm
rapidly m the demsturation at the same Lemperature, provided

the protein
solution contains a suffieclently great amount of salt.

 Chiek and Martin (18) studied the effect of scidity on the rate of
cosgulation of a solution of egg albumin, and found that acid accelerates
the cosgulation rats, but that it doss not hasten the rate of dematuration.
The mean coagulation rate is not proportional to the hydrogen-ion concentra=
tion; the reaction velooity imoresses mere slowly at first, and then more
gquickly than the hydrogen-iom concentration. The dematuretion rate was
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which the protein is in squilibrium." Acocording to Chick and Martin (18)
dennturation is a resction beitwesn protein and water, and egg albumin is
. completely soluble after expomire to dry heat.

 Chick and Martin (18) reported a deorsase in the free acid comcentration
of a solution of egg albumin sz coagulation proveeds. For a definite gquantity
of protein, the deorease in the amount of free acid is at first proportionmal
to the concentration of free sold present, but ss this concentration is in-
oreased, the amount of aold "fixed by voagulation" is no longer proportional.

~+ They suggest that the phenomenon is one of adsorption. Chou and Wau {13)

studied the titration surves of matural and heat dematured egg elbumin and
found an incresse in slimlinity which they explain as being partly due to

a change in the albumin itself and partly to & liberation of ammenis.

Hendrix and Wharton (30) found little change in acid-binding and base-binding
power of egg albumin after heat dematuration, but found a marked decrease

“in the combing power after ccagulation. Thatheat denaturation does not
affect the mmber of titrable groups of egg albumin is reported by Booth (12).

7« Heat denaturation and viseosity.

Relatively very little informetion in the literature has been fownd on
the use of viscosity as an index of the heat denatwration of egg albumin,
The investigations of Anson and Mirsky (1), Loughlin, lewis and MoCullagh
(44), and Bull {15) comstitute the only references svailsble. Anson and
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Mirsky (1) found an inorease in viscosity of an albumin solution after
demsturation. loughlin, Lewis and MoCullagh (44) compared the viscosity
of 3% solutions of undematured egg albumin with that of dematured but
unflosculated solubions and found that on densturstion, the vissosity of
the solution inoressed. The increase in vistosity wss found to be the seme
at all pR values for any given consentrstion of protein. They confirmed
loeb’s results which showed that the viscosity is independent of pH, Bull
(1) determined the visconity of dilute (less than 1¥) solutdions of
denatured and of native egg slbumin and used the viscosity valuss in ocalou-
Iating the saymmetry of the native and denatured egg albumin molecules.
The specific viscosities obtained were: 5.5 for mative; 9.8 for heat denatured;
and 12,3 for completely ures denatured.

 Greco (26) employed viscosity measuremsuts in studying dematuration
v  time and temperature of heating,
within the temperature range 56-63°C. His results indicate the following:
(a) at any one temperature, the rate of dematuration is a linear function of
time, (b) the rate is grester at hightr temperatures, (c) the rate of dematura-
tion of aged egg is slower than that of fresh egg.

of liquid whole egg as & funcd

Be Meanswrement of Viscosity

The choice of visoosity as a criterion of dematuration in the present
| study necessitetes the inclusion of some fundamental background masterial
gwi in its messurement.

The conocept involved in any work on the measurement of viscosity of
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solutions is bazed wpon hydrodynamic considerations; hense it might be in
order to give & brief explamation of the hpiredynsmic viewpoint. As stated
by LaufTer (38) "....the hydrodynmmic viewpoint is that, in a pure liquid
undergoing plane jeminay flow, infinitesimal layers of the liquid glide over
one snother, each layer moving with & velosity slightly less than that of

its neighbor on one side. In this process ensrgy is diasipated, moeounting
for the viscosity of the liquid. If a rigid, solid object, large compared
to the infinitesimal layers of the ligquid, % &.,large compared to the dimen~
sions of the fluid particles, is placed in such a flowing system, some layers
of liquid will move faster than the particle and some slower. Honce liquid
will have to flow around the obstrustion. This disturbance in the motion

of the fluid results in an added é&nﬁy&ﬁm of energy by the Wy that
is, in inoreased viscosity." -

_ The viscosity of a liquid is & messure of its resistande to shearing
 stress (20). The definttion of viscosity sseording to Mawwell (10) is as
follows:s "...the viscosity of & substance is measured by the tangential
forse on & unit area of either of two horisontal planes at unit distance
spart required to move one plene with unit velooity in reference to the
other plane, the space being filled with the viscous wubstance."

The coefficient of viseosity is explained by Bingham (10) as railml
"sonsider two parallel plunes 4 and B, s boing their distance spart. If a
shearing force ¥ per unit area give the plane 4 2 velocity ¥ in reference
te B, the velooity of each stratum, between A and B, as was first pointed
out by Newton, will be proportional to its distance from B. The rats of
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1. Zalswsillels law.

The simple law of Polseuille was first discovered experimentally,
after which its theoretical dedustion was msde (10). Poiseuille investiga-
tod the effects upon the rate of flow in oapiliary tubes, of changes ims
(a) pressure, (b) lemgth of capillary, {(c) dismeter of empillary. Briefly,
Poiseuille's law (10) may be stated as followse

8o Law of pressures. For tubes of very smll diameters and of suffi-
oient lengbh, the quantity of liguid whieh transpires in & given time and
at a given temperature, is direectly proporticnal to the pressure, or:

&3 I | VveXp
in which K 43 & constant, ¥ the volume, and p the pressurs head, causing

be Law of lengths. The guantity of liquid passing through a tube
of very emall diameter st & given temperature and pressure varies inversely as the
length, and we haves |

(2) | vz Lol
whare 1 represents the length of ‘&kﬁ t@»

¢._ Iaw of diamsters. The quantity traversing the tube is proportiomal
o the fourth power of the diameter; the formila beccmes:



2. Modifjcations of Poiseuille's law.

From theoretical deducstions made by Hagenback, Neumann, Jasccbson,
Helmholtz, Stephan, Mathieu, Stokes, and Bingham (10), the law of Poissuille

besomesn ¢
vergpits
817
(4) '

L/ RS
TERL S

where g is the gravitational constant, p the pressure in grams per square
centimeter, R the radius of the ospillary in WM&, 1 the length of
the tube, ¥ the volume of liquid flowing in time t.

Acoording to Bingham (10), there is a considerable amount of data for
whioh the simple law is not sufficient. Ho states that the law may be given
‘5:'&,.%:;&:- usefulness by adding certain correstion terms. Bingham (10) dis-
ousses in detail the possible sources of error, and from his ammoﬂtiam.
it appears that under proper conditions, the only eorrection that ;,a necessary
to make the simple law of Fas.sm;la is that for the kinetic energy of the
fluid as it leavez the oapillary,

m F‘g ?
in which m is a oonstant whose value is taken as 1.12 and ,0 is the density
of the liquid. Bingham considers the other sources of error in detail, and
comes ta the conolusion that they may all be eliminated by using long,
narrow capillaries, with a low velosity of flow. Thus taking imto mcoount



the loss in kinetic emergy, the formula of Polseuille becomess

(8) 7= g t - mo¥

87l &

34

When used for a given viscomeber, this formula may be written in the form:

(e 72ept=Cp 3 CErght v
= -G/ | g R 3 O3 MV

in which € and ¢' are the constants of the instrument,

$. fhe viscomster.

~ &+ Determimation of the sonstants of the instrument. The conatant
C* may be estimated by the tam}.m
(n ¢=0448 ¥

The term £l of equation () 1s the kinstic energy sorrection, which,
sooording to Bingham should never exceed 5% of the valus of C p . For this
reason, the value of C' and of the demsity, o , need be imomn with an
socuracy of 2% only in order to allow viacesity determinstions to be made
with only an error of 0.1%. .

b. The rate of flow. Binghem (10) distinguishes the kinds of flow
under three regimes: (a) vissous, linear or laminar flow, (b) turbulent
flow, and (o) plastic flow. Bingham states thet "it is character

istio of

viscous or limear flow that the amount of deformation is direstly proportion~
al to the deforming force, and the retio of the latter to the former gives a
messure of visoosity., It has been guestioned at times whether this ratio is
truly constant, but it appears that only one qualification is necessery. In
very visocus substances time may be necessary for the flow to reach a steady
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2.87 dynes/om®s Ancther objection sgainst the "yield value® hypothesis is
that the extrapolation is too arbitrery, end that it depends upon capillery sive
as well as the mature of the sol {13).



1. Proparstion of sumple.

For this study, day-old pullet eggs, secursd from the College poultry
farm, were inoubated at 50°C. for seven days and them refrigersted umtil
ready for use. Incubation was done in order to simmlate the condition of
oggs used in commereial freezing and drying. The slower rate of densture=
tion of aged eggs &s sompared to fresh eggs (26) seemed more desirable for
the purpose of the study.

& m 8gg. The eggs were broken and mixed in & Waring blender for
two seconds at & time using two second intervals, giving & total blending
time of five minutes. The short~time blending was done to reduce foaming
to & minimum. Thie procedure was found essential for the purpose of
breaking wp the structure of the egg, thus insuring & homogemeous sample
for viscosity measurement. The blended egg-~melange was placed in the
refrigerator for s few hours and the small amount of foam skiwmed off the
swrfsoe. |

be Hgg white. The whites were separated from the yolks, and mixed in
a Waring blender one second at & time using two msecond intervals for a total
blending time of five minutes. The sample was allowed to stand in the
refrigerator for a few hours sand the foam skimmed off.

¢. BEgg yolk., The yolks were separated from the whites, and each yolk



sarefully washed with running water to remove n,ww traces of white. The yolk
was then transferred from ous hand to the other, S&agﬁm»& the hand

~ dry on a towels thias served to remove the excess water from the washing pre-
sedure. It was then transferred to a Petri dish and allowed to stand for a
few minutos before picking off the chalazae with a pair of forseps, breaking
the yolk membrane and pouring the supposedly pure udww {free of membrans)

, into fruit jars. To insure uniformity of yolk samples, the percentage total

o 2 nggw of ;

solids was determined for sach batoh and it was found to vary from §0.5 to
. 51K total zolids. Homogenization of the sample was accomplished by the use
of the Waring blender as in the whole egg sample.

i les.

%, Instentamsous heat treatment. The prepared sample (st 25°C.) was
brought up to the desired temperature nesrly instantameously by the use of
& special heat exchanger mrrangement (Fige. 1). Water used for w&ﬁﬁ the

ssuple was pumped from a censtant-tempersture wabter bath into the gondenser.
‘The egg sample, in & ons liter suction flask, was driven into the spiral part
of the condenser by the use of air-pressure at 60 centimeters ss registered
w«»%gg b%@?ﬂg thermocouple connested %o & ;,
ggg (378961) potentiomster was inserted by the use of & T-tube
at the aﬁnwﬁn of the heating condenser to record the final tempersture
attained by the sample during the heat treatment. For whole egg, it was moted
that & tempereaturs differential of only 1.56°C. (between the temperature of the
water bath and the finel temperature of the sample) was required to bring the
temperature of the sample mearly instamtansously from 25°C. to the desired
¢§«ﬁ.§y For whites, & tempersturs differentisl of 1.6%°C. was required,
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(1) Calibration of the viscometer with sucross solution. In
order to insure the mma of any peculisrities of the apparatus, the
viscometer was calibrated by the use of 40% and 60X sucrose solutions.
The caloulated viscosities of the sucrose solutions were found to check
with the figures as given by Bingham (10).

(2) Pressure correotions. Ths pressure (in grams per square
centimeter) to be used in celoulating the coeffisient of viscosity was
sorrscted sccording to specifications by E:mg;ua {10}« The corrections

nede were: (a) for temperature, and (b) for the hydrostatic head exerted

by the “ﬁ”iﬂﬂ
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This linear relationship may not hold at extremely high pressures, since

it has been shown by mumerous investigators that colloidel systems exhibit a
non-Newtonien flow, Howsver, for systems of low concentration, the decrease
in apparent viscosity with increasing velocity gradient is usually insignifie
oant (36). It will be seen that by extrapolation to zerc pressures, all the
lines pass through the origin except the line representing liguid yolk, which
intercepts the pressure axis to the right of the origin, showing & “yleld
valus"., However, since the intercept made on the pressure axis wes obtained
by extrapolation alone, it may not represent a true “yleld value®. It

seems likely that at extremely low pressures, the linear relationship may
not hold and that the line curves toward the origin, and therefore, would
indicate no "yield value”.

Tt was nmot considered important to attempt to establish the existence
of & "yield value" for egg yolk, since the main interest was not in the
viscosity as mg. but only in its employment in following the detection
and progress of densturation ae & function of the time and temperature of
heating.

€. Denaturation as s Punotion of Temperature of Heating

The employment of a nearly instantansous method of heating the samples
was devised in aa/atraﬁ to separate the effect of the temperature of heabting
from that of the time slement. It was hoped that by this method, the process
of heat denaturstion oould be followed as a fumstion of the temperature of
heating alone, since the sample was hested to the desired temperature within
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Table 2

Apparent Viscosity (in cemtipoises) of Liquid Whole
- Bgg, Bgg White and Egg Yolk as a Pumetion ef
" . Temperature of Heating

113
L £

g8 6.06 2.48
- 82,6 8.26 2.8 852.4

6.46 1446 '
' 8.79 2.68 864.3

8.32 1.2 543.4
L3 6.32 1.3

8.02 1108.0

Be28
10.2
17,36

2288

4833
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F1g.5 Effect of healing on viscosity of liguid egg white.
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Pable 3

Apparent Viscosity (in centipoises) of Iiquid Whole
Eggu&?mimmfﬁmafm&m%
56°, 62.5°, s&.s“ ‘and 86,

ﬁmx es’ -
Heating
(mma)

28
81

118 o
163 7«20
170 8.00
236 Te28

370 - 7.82

5100 6.67
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8ince the visscosity-time relationships are linear (Figure 7), the
rate of dematuration was caloulated for each temperature as the inorease in
viscosity per unit time held at that temperaturs. The rate of dematurstion

A% x 300
at

was obtained by oaloulating the slope of the line (Pigure 7) for each tempera~
ture used. Thess wvaluss were then plotted against temperature, as shown in
Figure 8 and Table 4. It will be noticed that an inorease in viscosity is

Table 4

Rate of Dematuration ( Ay x 100) of Liquid Whole Egg
. e ;

at 56°%, 62.5°, 64.5%, and 66°C.

o 03 0a76 2.49

observed above 58%C.; the rate is slow st first, bub with rise in temperature,
the inoresse in the rate beoomes dimepertiﬁmtﬁy greater, reaching &
maximm at 66°C.

These results are to bs expected. The temperature coefficient of
coagulation of egg albumin was found by Chick and Martin (18) to be 1.8

per 19C. rise in temperature.

2. liquid egg white.

The effect of the time of heating on the viscosity of egg white is shown
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Table &

Apparent Viscosity of Ligquid Egg White as &
Punotion of Time of Heating at
§89, 80°, and 62.86%C,

19 2.83

38 | 2,68
46 ; 2.80
70 2.80 2,20

80 : 2.18
148 2.87 2.11
1s6 2.80
187 2448
258 1.14
285 2448
380 2448
445 1.08
48¢ 2448
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of the polypeptide chain, and (b) maximum solvation. Thus a decrease in

the degres of solvation may result in "eoagulated systems of low viscosities”.
Jirgensons (32) followed the hest dematuration and 'éogruéw&ian of

various globular proteins (egg albumin included) viscometrieslly and found

that viseosity incresses at first until) e maximum is remched, and then

deoreases. He explains the inereass in viscosity as being dus to the increase

in the degree of asymmstry of the protein particle brought about by the

umwinding of the molecular ball. On decomposition, hydrolysis of the chiof

~valence chains coours, thus causing a deoresse in the degree of asymmetry,

and decreased viscosity.

The viscosity of mative liquid egg yolk, containing 49~49.5% water,
was found to be about 800 centipoises at 25°C. This velue is approximately
100 times as large as the viscosity of liquid whole egg. Moran (51)
oalculated the viscosity of fresh yolk with & water content of 47+47.7%
to be approximately 2500 centipoises, st 18-19°C. Comparison of Morsn's
value with that obtained in this study reveals some diserepancy. This
may be explained as being due to ’eha temperaturs at which viscosity was
measured, and the water content of the yolk sample used. Moranm (51)
found the viseosity of yolk to be a fumstion of the water comtent. From
Moran's graphical illustration of the effect of water content on the time
of outflow, it was found that an inorease in water content from 47.7%
to 49.5% corresponds to an ineremse of about 54% in the outflow time, which

would indiocate a smaller visoosity value for the sample containing more
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water. Thns & yolk sample of 49.5# moisture would have a viscosity of
nhw&: 1150 centipolses. The difference in the temperature of measurement
and the limitations of the method used probably sceount for the rest of the
diserepsney. A liquid exhibite inoreased fluidity or decressed viscosity
with rise in tempsrature.

The change in viscosity of liquid egg yolk with time of heating st
625 and 6§°C. is shown in Figure 10 and Table 6. It is evident that the
viscosity of yolk increases with the period of time held at one temperabure,
nntil a maximum is reached. Further holding at thet temperature results
in & progressive decrease in viscosity. At éa.s”e., the yolk was not held
long enough at that temperaturse for coagulation to ocour. At 65°C., it
was found that 477 seconds was the longest period of time that the yolk
could be held; with further holding, no sample could be collected, as the
rate of flow beoams very slow umtil it finally ceased and ccagulation
cocurred. It will be noticed tm‘ the rate of change in visscosity is much
greater at 869C., than it is at 62.5%.

The decrsase in viscosity shown by liguid egg yolk as a function of
the period of heating probably indicates a deoresse in the degree of stability
of the miselles of the disperse phase. An sxplanation of this phenomenon
will be attempted on the basis of the behavior of the constituents of the
liquid yolk, nemely, the yolk proteins, the fat present as an emulsion,
and the leeithoprotein, which £z the emlesifying constituent of egg yolk
{456), as they are affected by heat.

The stability of a protein in colleidal dispersion depends on the
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Table 8

Apparent Viscosity (in cemtipoises) of Liquid Bgg
Yolk as a Punotion of Time of Heating

MM‘

Hoating
{Seconds)




degree of solvation of the micelles. The degree of solvation is known to
decrease with increasing temperature (35), accounting for the inoreased
fluidity at higher temperstures. The proteins of the liquid yolk possibly
becone gnwwww desolvated on exposure to heat, the degree of desolvation
probably being a function of the time of heating. The protein micelles
probebly remain in the partly desclvated state even when cooled to 28°C.,

at .aw,muw temperature the viscosity was determined., Hence, a drop in vis-
cosity is %n%&&. With inoreased periocds of heating, a further decrease
in viscoaity may indicate an incresesingly greater degree of desolvation

of the micellen, so that cosgulation ocours almost instanteanecusly with

an inorease in heating time.

As mentioned earlier, sgg yolk vonmtains 51.6% fat (21) in the form of
an suuleion. The stability of this emulsion may be affected by heating.
During the heating psriod, the fat globules probably increase in size snd
become unstable. Stiffer mayomneise, as indicsted by viscosity or pene-
trometer tests, have smaller spheres of oil, as shown by photomiorographs
(45). BHeating of the yolk possibly affects sdverssly the emulsifying
properties of the lecithoprotein, resulting in s cvaiescence of thc fat
globules, and hence, the decreased viscosity of the system. With further
heating, separation of the phases may be brought about, and this is
reflected in a progressive drop in viscosity, until coagulation cccurs,.
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DISCUSSION

Within the limitations of the methods employed, this study has shown
that liquid egg produsts may be successfully preheated within a time and
temperature range which is specific for each of the products studied.

In liquid whole egg, the region of dematuration ccours within the
temperature range 66° - §6°C. Above this range, precipitation of the
proteins occours, such that at 73%C. the liquid whole egg coagulates almost
instantaneously. 7The time study shows that the rate of densturation
inereases rapidly with rise in temperature of heating. The choice of
the perioeds of hesting at the temperatures used are based on the results
obtained by Grece (26) in his study of the pastewrisation of liquid
whole egg. He showed that a 99% kill (mioroorganism) was obtained et the
following temperatures and periods of heatimg: at 56°C., about 85 mimutes;
&t 62.5°C., about 8 minutes; at 84.59C., about 2.8 mimutes; and at 689C.,
about 1.6 minutes. The present study has shown that preheating at the
twor&‘zuru and periods of heating to obtain a 99% kill, as reported by
Greco, oan be ;atcly applied to liguid whole cu.l

The findings on the behavior of 1liquid egg white during preheating
indieate that the temperature (58°-62.5°C.) and time renge (0~48 seconds
at 62.5%°C.) in which pasteurisation u!;y be 'u;aléyud are limited, due to
‘the oocowrrence of fractiomal precipitation of the proteins above the
temperature and time ranges used.

In liquid egg yolk, only two temperatures were studied. From the



results cbtained, it seeme possible to preheat liquid egg yolk at 62.5°C.
within the tims range, O - 321 seconds. At 65°C, the time range is very
short, 120 seconds possibly being the maximum time that the sample can be
held at that tempsrature. The very rapid increase in visoosity that
eacnﬂ beyond this period of heating limite the applieability of the time
of pasteurization to & maximum of 120 seconds.

The findings of this study may be applied to the prehesting of liquid
ogE products prior to freezing and amm. Freesing and dehydration
%x-s carried out .fz:r the preservstion of fm for human conswmption. Hence,

to be of walue, preheating should aecomplish the purpose for which it is

used, yet without markedly affecting the culinary properties of the product.
" The study has been oconfined to the basic fundamental aspects of heat
denaturation as shown by visscosity, but it may be expanded for greater
usefulness by & series of studies dealing with specific applications.
Studies on tim oulinary behavior of the prehsated liquid eggz products are
needed 80 a8 to be able to determine to what extent preheating can be
employed without sdversely affeoting the funstional properties of eggs in
sockery. If the cbjestive is to preheat the product for the purpose of
pcwmmm and hemce prolongation of its storage life, it is obvious
that the ultimate judge of the produst will be the conswmer. Will the
preheated product serve its purpose in cookery as efficiently as the
unheated product? How will prehesting affect the flavor and general cooking
9&:1’%? These are some of the problems on which work may be done.

1ikewise, studies may be made on the effect of certain substances
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on the rate of heat dematuration of liquid egg. These substances may de
iwaﬁiwka that are used in oookery, a&s salt and sugar. What effect will
the addition of varying smcunts of these substances have ou the r&ts of
dematuration? Is it possible Lo prolong or delay the onset of cuzgulation
by the addition of certain substsnces and thus make pasteurizstion more
efficient?

Prom the bacteriological angle, a considerable amount of work can
be done. This field has been explored partly by soms inmvestigators in
this laboratorys | |

An attempt to evaluate the findings of this investigation reveals
that more date eould have boen obbtained on the maximum periods of heating
~ possible at the different temperatures, before the onset of cosgulationm,
particularly on whole egge. The effect of pH on the rate of densturation
might have been explered. 4 cousiderable amount of other data my.hm
besn obtained m various sspects of the problem. BHowsver, if the investiga~
tion is of any value at all, it is felt that it lies chiefly in the
technique devisdd for "flash pasteurization" or instantansous

heat treatment,
and in the seb-~up for holding every single particle of the sample &t the
desired temperatures for varying periods of time. Thus, overheating was
avoided and the progress of heat demaburation oould be followed acourately
at the different stages. It is hoped that this study may st least start
the stimmlus for the investigation of various aspects of the proeblem which
will ultimately be of walue to food processors and consumers alike. |
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CONCLUSIONS

Under the experimental conditions employed end the limitations
imposed by the variation of biclogical materials, the following conclusions
may be made:

J. Viscosity is a sensitive index of denaturation, so that thes rate
of denaturation and degradation of liquid egg products can be followed
visoometrically.

2. Demsturation of liguid egg pfﬁﬁwﬁ iz a function of the tempera-
ture and time of heating.

3. Liquid egg produsts can be preheated within a temperature and
time range that is specific for each of the systems studied.

4. Por the three systems studied, dematuration progresses at |
unequal rates, starting at lower temperatures for whole egg and for egg
white than for yolk. The temperature range for whole egg was found to
be 58% §6°C.; for egg white, 58% 62,6%.; and for egg yolk, 62,5° -
70%.
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4 study has been made of the effect of heat treatments on the dematura~
tion of liquid egg products, using viscosity as a oriterion.

The apparatus devised for the nearly instantanecous heat treatments was
found to be of value in studying separately the effect of the temperature
and the time of heating on the progress of heat denaturation of liquid egg
produsts. |

Visoosity, as determined by the eapillary viscometer, was found to
be & sensitive index of dematuration.

gﬁkgwg of liquid egg products is a fumotion of the temperature
and time of heating.

Temperature of Heating

For 1iquid whole egg, the region of demsturation, as determined
viscometrically, occurs within the temperature range 568% 88%°C, At tem-
peratures above this range, fractiomal precipitation of the proteins and a
_ general break down of the system are indicated by an ivregular viscosity-
temperature relationship. Above 739C, whole egg coagulates almost ingben-
tansously.

In liguid egg white, dematuration cocurs in the temperature range
58% 62.5%. As in whole egg, the irreguler charaster of the viscosity-
temperature relationship above 62.5°C. indicates the region st which
fractionsl precipitation of the proteins aannﬁw.
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