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. the freezing time of an infinite slab. Neumann's exact
solution to the. Fourier heat conduction equation results --
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,C.}‘iAPTER ll . o /2
_.INTRODUCTION ' CT

.o
’ ¥

0, o . . .

From early times, ‘man, has preserved foodstuffs by

\

- .-

| .
freezing naturally 1n area-s>h1ch have a sufflc:.ently Jow -

- AW
amblent temperature. During~the latter half of ‘the. nlneteenth

century, mechanlcal refrlgeratlon was dexﬁ.oped w1th “the sub- <

e

sequent use of"'sharp freezmg," actuqlly a relat:w‘ely slow

4

process i whrch food is frozen in cold stores through natural

b

alr convectl\/l. Freez::.ng of. f\grts began in the’ early part

‘ \ -of thls century and of’ vcgetables ‘about 1930, by whh.ch time

1t had been found that "qulck free21ng“ a‘}led o a. srzeable

1mprovement in quallty .(.1). - 'In recent years,(‘ extremely fast

freezing rates have be-é'ﬁ obtained with the use of c&_o,ge{:ics

2y
H

-~

3 . . . ?
'

,.such as llquld nitrogen and carbon @.mxlde. o7

'.-. / . "\

w. R

Although .an 1ncreased freez:.ng rate lleads to a better

\'

-quallty product w:.thln certaln llmlts, 1t is rather dlfflcult'

~to determlne an optrm‘um rate. of freezmg. LJ.un.d nltrogen

!

, .
.
’

-s/‘ mays result- 1n a short freezlng tlme, but the economlcs of thls

"a()/method of freez’rng may render it unfqas’uble Ifn add'itJ.on, .;

s
.

+
*
5 0

rapld freezmg rates may have ‘an adverse eﬁfect on, the quallty‘-,'

- .
-

of the product due to rupturlng caused by temperature 1nduced

~ ) a4
: v

- Iyumbers in parenthesis refer to references at end of

thesis,

¢

/S

8

I : ., [

v

-
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- N

A complex comblnatlon of organJ.c and lnorganlc substan,,ces,

g water unfrozeh and suggested that.all water is frozen,-at : .
N o o0 )

< f [N

: ;
. : . ., . . * l .,. LI
|
i

Vo . FEEY

N l.c . . . | e < "

mechann.cal stresses. {he flnal Jﬁdgment of quality comes m
. °|
. the eatlng of =the prod ct and, in this regard, 1t has- been

N V] ,’

' determlned that no notlcealgle J.mprovement is galned in: eatg.ng

o L]

i e

quallty beyond a certaln freezu.rgg rate (2):. It 15, howéver,

possable to detect changes in the v:.sual quality of the prod—'

uct over a broader rang’e of freeozmg rates, and features such,

o B

“as texture and appearance w1ll certalnly. affect the market
value )gf the commddlty. Lohgex freezmg tlmes, for exaxnple,

result in larger 1ce cr tals and ace coarse- ap earance, *givin
9 Y . 9

the 1m-presslon of freezing damag‘e and poog quallty .

aQ

Far - the purpose =of freezxng, food may be regarded as

‘ . ) 4 ;. oo

“often in solutlon 1n ‘a large quantlty of water, contalned
w1th1n a basm structure of m::.croscop:.c cells (39 The Lo

greater portlon of the watér is frozen out of solutlon in

.
‘- o

moslt foodstuffs at -59¢, although it has beeq’ shovgn that a - .

-~
< a

' 51gn1f1cant fractlon remains .as bound water 1n th,e 11qu1d

°

state at temperatures as low as.- 40°C (ll per cent 1n the

” o

case ofu haddock muscle) .(,4)' . Susaman has measured non—frozen

¢ . »

water 1n cod (Bl pert cent moxsture content) usfnq nhclear
- » ]
magnetic rpsoﬂanc_e. At -206C, he found about 8 per cent -
. : [} 1 -]
_670é (5)°. o, o e . C e
. R | ' ' . Te Ty u
? A typlcal temperature tlme curve for a slab of flSh N
¥ ¢° :
muscle is shown in Flgure 1. Unllke a pure substance, the

3 -

JAnorganic salt solut»iqn'has no -smgle free‘zq,,n_g temperature,'

s ' . . a - <
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* the inorganic;salt solution progressively separates into |

N

1.

but instead a range of temperatures dver which most of:the_ :

~water is frozen. _The7temperature.zone 0° to -5°C, which -

. T e ,

.corresponds:with the removal of the”major oart of the latent

heat of fasion, is often called the "therxmal arrest zone."

N

As the temperature of the product passes throuéh this zone,

{ \
. . Lt L .
crystals of pure water ice and a more concentrated solution.

The size and locatien of the ice crystals is determined by
the ratc of freezrng, smill crystals belng representatlve of

a qulckly frozen product 1arge crystals, the%result of \

) [

slower free21ng ' The time requ1red for the thermal centre

(1 e. the locatlon whlch cools the 'slowest) to pass through-

o )

this "zone of maximum crystal formation" may be regarded as

the freezlng tlme of the product.» It has been suggested -,

that a-body may be regarded as belng quickffrozen" if this. !

perlod 1s two’ hours or less (6). A second, 'broader defini~-

.
~ L)

) tlon of freczrng time, known as the "effective freezing

tlmc,“ is that time which is requlred to reduce the temper—

. ature of the' thermal centre from'an 1n1t1al prescrlbed

temperature, through the themal arrest zone, to a final
temperature (7) The latter deflnrtlon of freezlng ‘time is

more accommodatlng than the former as it 1ncludes 1n1t1al

C‘and - flnal temperatures whlch are° out31de the thermal arrest

zone, a srtuatlon which usually occurs in the practlcal

" case. For thls reason, the’ "effectlve freez1ng tlme"

Coa

“




shall be used exclu31vﬁly throughout thrs work

Jason and Jowrtt (8) state that it is desrrable to
bring the- product throdgh the thermal arrest zone ‘in the
rshortest possible time as it is usually within this-pro—'

.nounced change-of-phase region that the quality of the

v o BR

'product is most susceptible to changes in freezing rate.

They argue that the rates of many'irreversible spoilage '

7

reactlons vary wrth the salt concentratlons as well as w1th

)

the reaction rate constants. With a decrease in' temperatire,

‘the former increase whiie the latter decrease. The combina-
tloq of these two - factors 1eads to a peak. reactron rate whlchn
usually dgccurs in the thermal-arrest ZOne

A further factor necesSLtatlng a'short'freezing:time ‘
rs,that "prﬁp'losses;" due to dissolution of the~sol}d cel-
luiar food material,‘upon thawing of ‘the product,-increase._
with increasing freezing time. Such losses may amount to’ as-

3
‘much as 10 per ‘cent of. the orlglnal welght of the product

(8) . " i S
It is very difficu}t mathematically to accurately |

predicg the freezin@ times of foods due to the temperature.

dependence of the.thermodynamic properties and the lack of

a distinct"phase change teméerature. Since'the.concentratibn'

of the components in the w;ter-ice mixture'changes as freez-

ing progresses, a gradual.depression of the freezing noint

_ temperature results (as mentronedlin the=discussion of

Figure ‘1), thus necessitating, the chomﬁng:of an average:l'




o

freezingAtemperature for calculation'purposesf: Invﬁddition,
..because° the thermodynamlc propertles such as, thermal con- =
ductlvlty, spec1f1c heatnand den51ty also’ vary w1th tempexr-
ature, it is again.necessary to choose average values of
”these.properties for each'of the frozen and'thaWed phases.
For many practlcal purposes thls may be suff1c1ent. However,
thlS temperature dependence of the thermodynamlc propertles

. means that an exact analytlcal solution to the general "héat

‘ conductlon equation is generally very complex and may be .

. 1mpossxble to obtain for cettain boundary condltlons.

To accommodate such varlatlon in propertles, numerlcal o

fT\nethods have been used extensively. A-number of authcns have:

reported on’ the use of such methods (primarily u51ng/the

finite dlfference technlque) to-determlne the freez1ng ‘times

Al

'of food products usually in the form of regé*er shapes such

. as slabs, cyllnders and spheres (9, 10, ‘11, 12). While most -

such solutlons have. been based on the assumptlons'thathgil
‘the.initial temperature is the same'throughout”the_body to
he frozen, 1ii) the cooliné medium'temperature isbconstant,.
and (iii) the’phase'change occurs at a constant'average

temperature, some writers have dispensed with one .or another

. of these assumptlons. A complicated series . solution to the

h'free21ng .problem has been obtalned by- Westphal (13) assumlng_'

that the medlum temperature lS an arbltrary function of

’

tlme.- A few wrlters have developed solutlons for the(¢ase



in.which the phase change occurs over a range.of temperatures
- % . ’ ’ "' '

(14, 15, 16). )

-

There is very little‘data, hgyever, based on actual
heat transfer experlments to' validate any such. ssgutlons,
be they analytlcal orlnumerlcal The varlous assumptlons
imposed.on the derlvatlon of many of the theoretlcal formulae
restrlct thelr use. One dlternatlve is to obtaln-seml-.-
theoretlcal formulatlons which are based on a comblnatlon of
experlmental data and theoretlcal formulatlons ' Such solu—
tlons]may have fewer 1im1tat10ns since. they are: obtalned o
. with less dependence on various assumptlons regardlng heat

I'd

transfer and thermodynamlc propertles. ,

r

One of the objectlves of this work is tollnvestlgate-
sueh solutions to determlne thelr appllcablllty to free21ng'
~ fish flllets as found in commerc1a1 practlce. Free21ng
‘tlmes are flrst determlned experlmentally for rectangular
slabs of flsh muscle, in contact  through the lower surface

~with a refrigerated pilate, and are eompared'with computed

times from available formulae

In the 1ndustr1al SLtuatlon where 1rregular1ydsha§ d w
fish flllets are often frozen as individual unlts prior- t : )
packaging {(known commonly aS'IQF or Ind1v1dually Quick

i Prozen), it is desirable to. be able to predict the freez1ng.
time in terms of ‘the weight of the'product as this is the’

most easiiy measﬁnaiparameter.« To this'eﬁd; empirical rela--

.tions expressing freezing time in terms of weight are




developed for two species of fJ.sh, and -an analys:.s is made

of. t'he productlon of IQF prptducts us:.ng such relatlonshlps.

-
In a similar manner,: suph an approach could be extended to

4.

. other fish spéeies or to other foodstuffs that are individ-

ually. frozen. Such relationehips have obvious merit not

. !

on‘ly in determining the rate of operation of.the fi:eeziug

process, but also in deterrnlm.ng the optlmum throughput of

product in freezer systems. ) : o
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B . . CHAPTER 2"

@«

BACKGRQUND THEORY AND LITERATURE REVIEﬁ
. N * i)
. : . . 2.1. Neumann's Solution

~

written asy = . . - ‘
ot '.aT D . ' .

, PS 5 = div(k grad T)..

_ Forcheat flow in opeé dimension this equation becomes:

P
‘

< - ‘.. 2 R
9 . . Cr
_a_rg = a%_'%:' . . 2.1’-\‘1 '
. . . ‘ - 9X’ : - i
_where, T .is temperature, L. ' ‘

& is-time,

‘ ' x is distance.measured. from the "thermal centre",

o« is diffusivity;-
éna o ﬁiagr ' ' E . | " - )-
where, k'ié‘thermai conuctivify, ‘ o
p is density,

|
s 1s specific heat.

' With. the assumption that k, p and s are temperature

independént, Neumann (17) has derived an ekacﬁ, analytical
% v : - .

" solution for the case of change of phase in a sémi—infinite

slab’ subject to the follpwing conditions:

1. If Lf‘is the latent héat of fusion and the solid-

- liguid ipterféce is at X(8), then T, =T ‘= T_. at x = X{(8),

2 £

: .The general Fourier heat conducfion:equa;ﬁon may be '

s,

-




" where, Lf is the latent heat of fusion.

where subscrlpts 1 and 2. refer to the lquld (thawed) and
“i)
SOlld (frozen) phases respectlvely, and Tf is the phase .

change temperature

]

2. If reglon x > X(8) contalns ‘liquid at temperature Ty
23 K \
1]

and x < X(0) contalns solid at temperature T,, then when IR

~the 'solid-liquid 1hterfape moves a dlstance dX, a quantity

of heat LepdX per unit area.will be released ‘and must be

removed by conduction. This may be written as:

S T , ax
. kz——%-klg—}-{l—_:Lfde‘

3. ?l +.Ti ae x"+ o where Ti is‘the initial conStant

temperature of the liquid phase,

4. T, = 'b ‘at x = 0.

Condition 4 implies .that’the temperaturé of the solid

o} o frozeh phase attains th 'teﬁperature of the cooling"

. medium (i.e. zero degrees) immediately‘upbn contact; in

3

other words, the cooling medium surface heat transfer coef-
ficient is }nfinite. Allowance may be made for a medium

temperature/other.than zero degrees, and a ¢orrection factor’

“may be considered: for a finite heat transfer coefficient.

N

When equation 2. 1 1 is solved subject to conditions

1-14, the temperatures 1n the thawed and frozen reglons are

B

© given by the followrng equations: S

B T T S - 2.1.2

1 B arfcy (az/’l)erfc‘z(ale)g




. . " ' L | - ‘ ., ll.

T t
. = £ o : - 4
T, = &m erf —“—_lge) T 2
where X is a numerical constant determined-by‘triaﬁkand'
oreor fren gt ,

e - i(.'ﬁ(T.—T )eal e QH%L . - .
e _ } 1 7i “f T - £ '2.1.4 + “
erfa (a2/a ) A r s. 7. ..

: , kz Tf erfci (a /a ) K 27 £ o

: 3 . . S

As can be seen from equatlons 2 l 2 and 2.1. G,.there

is a second power dependence of o, the fre321ng tlmeﬁ'upon

the dlstance from the thermal centre, or more«clearly, upon i
the thlckness 0f~the product ' S ’

The chlef deflclency in thls solutlon 1s that of .the
-assumptlon of an 1nf1n1te surface heat transfer coeff1c1ent.

In most: appllcatlons of food free21ng, this w1ll not be the-

\

case,las for example with air blast and contact plate_‘
> - A . . i :

.'freezers. The approximation to an infinite heat transfer
' COefficient'may he valid in the case oftimmersion'freeéinéf'
of. foods in refrlgerant sprays at ‘low temperatures.

Charm (18) has proposed a correctlon factor to be used:
.iwhen the heat transfer coeff1c1ent is flnlte.' He suggests' g
..addlng an equrvalent'thlckness, t ’ of unfrozen "startlng"

material to the norﬁal thickness 't'. The equxva}ent thick-

ness is given as’

ey ='iki , . : o '
e . ﬁ; where kl' is the thermal conductivity of

'-the unfrozen material, and 'h' is the freezing medium sur-

‘face heat'transfer coefficient. .

\




. . Hence the fictional tﬁickness is. oo ‘
. L Sk

-t' = _H—+t '. v

?

to the tlme to freeze 3 seml 1nf1n1te slab of thickness t'

jw1th an 1nf1n1te heat transfer coeff1c1ent. However,
» ‘4 .
.accordlng to Cowell (19) , the use. of'ﬂns modlfled thickness

|
i ‘v. s L4
|

results in- overestl d freezing times when the BlOt num-

ht

“’ber (Bi = —=)is less ‘than one. This matter is discussed
' : ‘ . Cee ) :

again in Chapter 3 of t%is work.

2.2. Plank's Solution . '

t

o ’ y S P
The problem of the free21ng of'an'lnflnlte slab

(llnear flow) was solved“by Plank (20) by taklng an’ energy
|
: balance over the slab. Two assumptions were made in the
derlvatlon: (1) the temperature of the-material to be

- ‘ - '
frozen .was initially at the freezing point‘ throughout, and

(ii) the heat transfer from a freezing front in the sample

,

'made‘no.attempt td'deal.wlth pre-freezing and sub-freezing

.gtémpering) zones. .
4 ¢

Plank's formula may be applied in situations in

"which the inltlal‘epd final temperatures are close to the

. >

freezing temperature; that is, essentially in the thermal
- arrest zone. In following seetions, modificationsﬂto,this

-

. ‘ " o :

12

to_the;cooling medium was- in the steady state. - The solution

v
i
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) basic formula shall be consrdered~ such modiflcatlons enable.

R

the solution to be used over-a broader range of temperatures.
It is'a simple matter to derive Plank's equatlon for the
case of an infinite slab which is insulated on its top sur-

' : - ;b .
face and exposed to a cooling medium on its lower surface
. ; : . ‘
3

as shown in Figure 2.
- ° N .
o

. L1220 0007117

‘ X =t
" ) .
— — todx
' x = 0, X 3
: , aQ
Figure 2. Heat transfer in one dlrectlon from an

1nf1n1te slab . ,

‘ ,The initial temperature is the same“throughout the
slab and istequal to the phase changé temperature. Only
latent heat is to be extracted from ‘the slab since its

flnal temperature at the end of the process will also be
As fllm "dx'

o

equal to the phase change: temperature

freezes, arn amount of heat dins llberated, and the solld—
. 11quid'interface progresses upwards from plane x = 0 to’
plane x th. o
The quantity of~peat'removed from dx is given by

S . dQ = = LgpAdx




-,& -
'wherefokand p are as defined in section 2.1,
I. . g o i v lv
and A is the lower surface -area of the film.

: —~ ' ' - : :
o This amount of heat must be transferred Ehroughrthe
frozen part and to the outside medium. This‘transfet is
' e goYethd;by Fourier‘é law: . b .

g ' . .. L . .o
" = " dQ. = -UAAT do . R 2.2.2
wherg AT = Tf - Tm 1 |
Tf is phase.ghange_temperatu;e¢
) T is cooling medium temperature,

[

"and U isthe‘*overall conductance of the_frbzen-matéria;

of thickness 'x' énd conductivity k' and of thg'

. s - '
¢ transfer coefficient 'h',
: U= £ 2.2.3
' - = 4= .
o . ’ h .‘k
Coﬁbining equations 2.2.2 and Z.2.3:. K i
io oo g~ T 99 2.2.4
- A 3
; K . g . '. I3 ‘ h k .
* Combining 2.2.1 and 2.2.4: - o Ly
T aes T-——pr Sk B o
.Tf_Tm) h ..kA : " Ry

_Upon integration over 8 and x, the expression for ‘freezing

time becomes:
” T Lp L L2

| 5= E0 Lt t " s
| e - Tf'—Tm) :(h‘ -+ f]-{- ') . ) 2. 2. 5
Y ) ) ~-
N * . /Z‘ »

14 -

-
3

[

- surface codnductance whichﬂincludés the sufface heat

t
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2.3, Modifications to Plank's Solution ‘///

L]
-~ ‘ v -

2.3.1. Modification of Nagaoka, Hotani, and Takagi b .f

' Nagaoka, et al. {21) have modifiedvrlank(s basic; C o .

‘_ﬂormula to include an initial temperature above; and a. final

a

‘temperature below, the phase ‘change- temperature by con51der—

ing the total - hedt to be r m0ved 1nstead of only the latent

’

'heat of fusion. Thus, whe replacxng Lf in Plank's equatlon
by 2z, the total of sensible and latent heaty the resulting ) / o 1
time, e, will - denote the total tlme requlred for the materlal
_to cover the entrre temperature range. However, the result

will be slightly ,inaccurate for,the follow1ng reasons (22):

- '

(1) . The thermalvbonductivity.is lower in the thawed state

than in the frozen state [(see Figure 3a, Chapter 3). '

5\

"(ii)“During the sensible cooling period prior'to freealhq, " °
the. densrty is sllghtly hlgher than it is for the

1'frozen state (see Flgure 3b Chapter 3).

l(ii’i)T'The mean temperature dlfference between the thawed.

J ' i , .
state and the med1um is greater than -the dlfference . Lo

o 2

betweeﬂ%the phase change temperature and the medlum .

- o-. . . . ‘
temperature S K _ . . ;
To a certaln extent, these. errors tend to cancel each

other as some of them enter 1nto the numerator and others ) v

into the denominator of equatlon 2 2 5 The addltlonal

t

‘ 9
error 1ntroduced by cons1der1ng the temperlng .zone is

probably rather 1n51gn1f1cant as a vast~percentage of the.

|
. A ' s, [y
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water; as\established earlier} has frozen out of the material

at temperatures close to the phase change temperaétre. . ' ‘ [
‘ i - - - )

C o . To: accOmmodate these errors, Nagaoka, et .al. 1ntro—

duced a correctlon factor which 1s 1ncorporated lnto

2

'equation 2.2.5. The cﬁ#rectlon factor 'E‘ vatles w1th the

temperature alfference in ‘the p%e—freez1ng zone (T :_Tf)
) and is given by (22): R f T

E 1+ 0 0080 (T - T Ylfor'Celsine temperatureij

- E l + 0 00445 (T -7 ) for Fahrenhelt temperatures..‘
. . ]
~Rewriting equatlon 2. 2 5 w1th thlS modlflcatlon glves
- ‘_ _Ezp t‘ ézf a

—T 5

o

2.3.1 T

e U ) ‘ e e e a
. ,-",-,_' Nt ' . ° L R .
2.3.2. Mott's Modification

3

A modificatien to Plank's formula (equatlon 2.2. 5)

‘by Mott (23) has been developed through the dlmen51ona1 N
analy51s of @xperlmental data on freezing tlme. In thls'

. proéedure, a functional relationShip among three dimension-

less groups is utlllzed for the calculatlon of free21ng :

}lme. The relatlonshlp is wrﬁtten as:

’

;o s = 22 1 2.3:2
a'wrie're é,is'ahshape factor ginen by E
| : | s = a4 ,
C.B = %ﬁ o
c = oh(fy ~ T ';2}3.3' o

pHL
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.

v .t »
‘where A is area, L.

: Also, equatlon 2, 3 3 rearranged becomes.

. _ , .
, , , . e
. . . . § . »
X B o . ’ . 17
. ‘ . . ! ' R . L
. . .

>

''V'is, volume,
t is thickness for an infinite slab

(t & radius for a cylinder and sphere),
H is.an enthalpy ‘difference based on,_some datum.

I3

All other symbols have their usual meaning

.
1 o

;"aThe *two extreme values for the shape factor, as

1 for ‘an 1nf1n1te slabt51nce % - %

~g}ven by Mott, are S

:ahd s =3 for a sphere (— = %),:ﬁ : e

f ‘ +
) It 15 a 51mple matter to show that equatlon 2 3.2 lS

bas1cally equatlon 2.5.2 w1th the latent heat term replaced :

'.by the\enthalpy term, or equat1on . 3.1 without the correc—

tlon factor and modlfled sllghtly by the lnsertlon of the-

.enthalpy dlfference term., - -,

0 .Equatlon_2.3,2_rearranged becomes :

. R L
. 2k

——S__—'. . .' j 2.'3..4 .

o

: | e GDHt

p; .

** Combinihg equatlon 243. 4 and 2. 3 5,
. f 4




1. o c,

For an infinite slab, s

1

.7 and ‘g _ oH _ £ ' tz) R ;o
W ) Tm o . . .
h T T h 2K L

The enthalpy difference 'H' has 51mply replaced the latent

heat term . Lf in Plank's ba51c expre551on. S ' .

From Bakal's dlSCUSSlon (24) of Mott s method, one :

'would.lnfer that the relatlonshlp among the dlmen810nless

il

groups in equatlon 2 3.2 represents a llnear dependence only

of freez1ng time upon thlckness. ‘However, it is obv1ous

[N

tha't the dependence 'is ‘also uQOn the second power .of thick—'

a

ness. - T o v T _ : T

2]

e N .7

wafa g ware
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" CHAPTER '3

PRELIMINARY ‘EXPERIMENTS WITH RECTANGULAR
. SLABS OF FISH MUSCLE PN

’

'3.1. ‘Introduction

An attempt to experlmentally valldate the analyses
I '
of. Chapter 2 should be made so that the feaSlblllty of such

solutlons might be determlned for appllcatlon in practlcal

51tuatlons%f There is a dearth of supportlve heat transfer ..

.l

data for such splutiOns.and as a result, there is cqnfu51on

\ o . B . “ . .
regarding the validity, of these formulations (25, 26).

‘Qﬁ the three thermodynamie properties-;thermal

conductivity, den51ty and Spelelc heat—-requlred for the

calculatlon of freez1ng tlmes, thermal conduct1v1ty is prob-.

I

ably the least well investlgated and known.: The equatlon

) that has been used exten51vely to predlct the thermal con—

{
‘ duct1v1ty of frozen foods .and of mixtures of two or more

compbnehtshis;Eucken's'adaptatioh of Maxwell's equation for

_the'conauctivity of a,heterogenéous substance composed_of:,

émall spheres of -one substance dispersed in' another (27):
| C Lk =tkg R

Cc d
) =253 kg b I
K =" Kk d ck i ; ‘
, - ' R B b
R - 2k_ * kg .
o 19 A
- c: X

RN Ve ) ' ¥ . St . e v A
D Y L e B T IR VTN
.
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A N ' ./ L - 20 =
;. [ o agY .
where k 1s‘the conductivity of the.mlxture,
» ; & .
- kcfls conduct1v1ty of  the bontlnuous phase,

+

lkd is! conduct1v1ty of dlspersed phase, ' CL co

’ ’,

b 1s relatlve volume of - the dispersed phase."<
. The. equat;on assumes a low concentratlon of the dlspersed
.phase s0 that heat flow through one partlcle is not affected
‘by_heat glow through another. S !

Long (3) ‘has carrled out thermal conduct1v1ty measure—
ments of cod muscle and -compared them w1th values computed .
from thé Euchen equatlon.' He found reasonable agreement ‘
between the experlmental and theoretlcal values. Flgure 3a
shows the results of this work. The average conduct1V1ty of

" fish in the frozen_state is about_three and one half.tlmes

that of the thawed state.: !

- The change in den51ty of cod muscle has also been . o .

studled by Long (3) / From. Flgure 3b, lt appeaps\that the
den51ty decreases b§ about 10 per cent upon free21ng, a
small amount whlch would not be crltlcal in. most calculatlons_t
of free21ng tlmek ’ '; h ., S ., ‘ *

The average spec1f1c heats of foodstuffs in the
| .thawed and frozen states haVe been found.to be accurately
predlcted for most cases of food freezing (28) by the Slebel '
formula which expresses the speolflc heat in terms of the
moisturelcontent of the food. For the thawed state, the

specific heat is.given by (26) Sl 'O;OQBa‘j'b.ZO,-and for

the frozen state; Sé 0.003a +.0.20'where 'a' is the
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mbisture content'in per cent and'0;20'is‘the specific heat
of the solld constltuents of the substance.. Using the data

of Rledel, Jason and Jowrtt (8) have produced Figure 3c

which shows the‘varlatlon of - specific heat with temperature. -

1Whlle‘the temperature 'is 'in the thermal arrest 'zone, the
specific heat tends to infinity. 1In the pre-freezing‘and

tempering zones, the specific heat shows -only minor.depend-
' ence on temperature. g o -

’
£

A fourth proper%y requlred to compute free21ng t1me—~ ‘

the latent heat of fu51on-—1s usually obtalned by multl—_
: »

plying-the latent heat of fu51on of water by the m01sture
" content of .the food ThlS method has been shown to glve

enreasonable results for the latent heats of foodstuffs in the

t

thermal arrest zone (28)w

In the marketplaCe, where a hlgh standard of quallty

[ ..

is 1mperat1ve, the prOducer must be c0ncerned With maln-

talnlng a high deggee of predlctablllty, control and economy

A

' Tradltlonal methods of u51ng experlenced operators to man-

ually'adjust process condltlons based on. visual observations

are inadequate in view of the present complexitiesQBf.fon

"processing However, before a ratlonal approach can be’
taken towards ‘such prpblems, valld relatlonshlps 1nvolv1ng

the parameters of a productlon process must be establlshed.
‘ ' . .

‘To this end, prellmlnary,experlments.are conducted on

'

rectangular slabs of fish muscle to determine freezing -times

y “ A ‘- 4
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1n terms of the. thlcknesses of *the slabs. Later, work is

carrled out on 1rregular1y shaped commerc1a1 flsh flllets,

examples of whlch'are shown in Figures 11 and 12. of Chapter 4.
' Experimental freezing,tfmes obtained for the rectan-
guiar”slabs are compared with times computed'from Neumaan's
éﬁd Nagaoka-et al. solutlons u51ng thermodynamlc properties
ootaineo from the llterature. Both solutlons can accom—_ R }_'
modate pre—freeaing and temperingizones, and with modifica-,
tion,.ﬁeumann's'formuia may be'usedeor the case of a fiﬁite .
heat transfer coefficient}._The3probiem of.non-zerd medium

temperature may be easily surmounted by addino to.each tem-

._fperatﬁre involved. the nﬁmber of,degrees by which the medium

- temperature is different from zero. A description of the
-heasuremeﬁt'of the surface heat transfer coefficient is

giVen in the followihg_seF%ion.

Tt

3.2. Measurement of the Heat Transfer Coefficient
. o A

of the Refrigerated Plate’ S | , o

oy 0
N~ \ . L. 3

3.2.1. Theoretical'Development _ B ‘ o "' ) f. | T
| In order to compute free21ng tlme; the surface heat
transfer coeff1c1ent of the plate must be determined. A
method based on the approach of‘Ball and Olson (29) andoused
'by others (25, 30)° affords a determlnatlon of the heat trans- i

fer coeff1c1ent by con51der1ng transrent heat.conductlon in

anllnflnlte SOlld such as an 1nsu1ated rectangular block of

1ce whlch is in contact with the cooling medlum.



) rapldly, and a first term approx1matlon may be wrltten as:

! . ‘ ‘ R '
i A ‘ *
[ . . 24
oo . .« - : .
. o ,
. i ’ . - e
‘n

‘The equation which enables one to determine tle heat .

transfer c.o'eff.-icfent i's determined from the Fourier tran- )

. gient heat conduction equation (2.1.1) subject to the -

-fdl_lowing boundary conditions for hea-'t‘fléw in one direction -

‘i.n an infinite ‘slab (31):

- o -r_.';-*/' \,' 1

(i). at x =0, %}-'I{‘- = 0 (i.e., one surface insulhted),

a0 Ch, | I
(ii) .at x = t, ( ) = E(?_Tm)

.. where Tn’l is vthe mediﬁm temperature,

0o

' (iii) at 6 =.0, T = T, (iditial condition) 6 is time. .. =

0
The s\oﬁlution't'o' the Fourier equaticn éubject to these con; s

"ditions is: : . .
L e . . . - . T—=ab .

T-T ® 2 SlnB- 2 o

=1 . = B; * SinB, CosP - Cosby E e et 3.2.1

0 ‘m i=1 i ) '

.where 'Bi is obtained‘ from “the root equation

Bi = 8, tamd, im which Bl = i—t is {;he Biot. nunber.

For h1gh Fourn.er numbers (F _i)’ the series converges

= 'Biae o, | .2 Sing, .
T log ' Cose.](x)
. 2.303t2 . Bl + SlnBl COSB:L ‘
0 . , L7
or, = - i + log j
."‘.zwherfé'f =2—3g-§ oo i ) 322
\ ) . . dAl ) ’ K] e 2o

and Jj is the quantity in.sciuare brackets. In equation 3.2.2
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s
CL T=T i . ‘ S
If m is pIotted against °© on semi=-log paper, £

is the rtac1procal slope of the asymptote to the coo]éng
curve, or the tJ.me requlred for the asymptote to traverse’

_ One log cycle. ' 'j' is 'the 1ntercept value (or lag factor)

whlc”‘yh 1s obtalned by extrapolatlng the asymptote to the _

8 = 0 axis.

. i s L . "y

3.2.2% Experlmental Descrlptlon
’ \

The refrlgeratlon system- cons1sted of a horlzontal

;L

..plate (16" x. 30" x 3/4“) connected to a un1t conslstlng of

- M 1

- oompre,ssor, recelver and alr-cooled condenser. The refrl-_g-

erant'was d'ichlorodlfluoromet‘hane (Refrlgerant 12’). "i‘he .

i
'

plate was enclosed by a one-—quarter 1nch plywood cover Whlch

rested 6n the. mountlng platform and prov:.ded an ‘air space of

v

approxlmate.ly two inches above the plate. The inside of the

cover was J.nSulated with one 1nch polystyrene. A general .
. .

‘ vVJ.ew of the’ refrlgeratlon system is .shown. J,n Flgure 4-

A rectangular block of 1ce measur;yng 15. 0 J’ lO 0“}{ 2 0 an. -
R
was used in determlnlng the heat transfer coeff1c1er1t -This ,j

'block was ;nsulated around the edges ‘V\Ilth 6.0 cm. of po‘ly;
- styrene 'and on the.top surface with 2.0 cm. of polystyrene .
. which contacted the lower insulated surface of the cover over

" the, refrlgerated plate. ,Before'the block was frozen, a'n.

1ren—constantan thermocouple had been carefully pos:.tloned




Figure

4.

Refrigeration

equipment.




't‘he‘plate is very clgse to the temperature of the refriger-

27

on-the surface of the water in an aluminum tray: Once
frozen;. the block of ice was removed from .the tray and

transferred to the 1nsulated frame.l It .was then allowed to

reach an equlllbrlum temperature a few degrees below the - g

®

'f‘reez:l.ng point in a refrigerator before it was transferred _'

to the refrigerated plate. The ice surface temperature was

.then monit‘ored on a digital outplut temperature recorders. .

' T‘his exper.iment was carried out three times and .gave .results

£ K X ..
wh1ch were- in very good agreement. R " T, /

It should be noted that 1t was J.mp0551ble w1th the

.set-up to dlrectly determlne the temperature of the cool:mg

4

~med1um, i. e., the refrxgerant in the evaporator co:.ls.

-However, as the steel plate on Wthh the sample is placed is -

thin, it is to be .expected that the surface temperature of -

_ant, -anad it is this tempe'i:ature‘ that.‘was monitored during

e

. the experiments .and used as the coollng medium temperature.

'3_2.,3, Experlmental ‘Results and Calculatlons

A representat:.ve cooling curve of the block of J.ce 1s e

shown 1;1 Figure 5 . From three pd.ots of log - Tm agalnst

To=Tn

'time', the mean .value of 'f' was found ‘to be- 22 5 minutes, . " -

Table 1l summarizes the results of the threae experlments - .
T--Tni

To~ T

and Figure 6 shows the log " vs. 6 plot for experiment 1.,
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TABLE 1 )

' "£" VALUES FOR ICE SLAB | ’

; . . ‘Average ‘Plate '° R
Experiment No. Temg (OC) ' £ (Min.) .

U T - — - .
1.1 " ’ -39 . 23.0 !
1'2 ' .O o . —39 Vo '.220\4 )
1.3 L =39 C22.2

]

' By using equ'atibn' 3. 22 Af g\ay"ﬁéw be determihed
4 tl‘ 0
The thermal dlfoSlVlty of ice may be found from the follow-
b
1ng average data of: thermal conductJ.VJ.ty, dens.lty and

spec1f1c heat of ' ice: (32) o ?
. k = 48 x 10 3 cal/cm—sec- C,
T = 0,92 gn/em, C ‘
.o. j s = 0.49 cal{ém -OC, _
o - -2 2 L. ‘ o ;e
o0 = ‘Kfps= 1.06.% 10 “ cm”/sec. . ' :
Thexefore ?\i'= 0.161 cm I,
. g However, .)‘l is’a ‘function of h, the heat transfer
coefficient, which'is obtained by trial ‘and error accerding
to‘the'fdllowing steps (25): , . T 2N
J(i) Assume a value for 'h'-. .
(ii) EC—:‘!ate the Biot number (BJ_ = -EE) for htl';e ice samp'.le.‘
. B t .t . .
(iii) " F Bl corresponding to Bi from Figure 7.
' (iv). Solve B/t = X and compare )\i thus obtaindd with the .
. - . . [ N
values obtained from equation 3.2’.%,"7 ...- . L .,
B , , o ’ .o .
O ' - et "o vr ! ) .
» . o v ] J
1 ) 5 3] >
[ B S v ~ ¢ 1
.' ' '9’ o i -
o

i
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‘ P )

. (V) Repeat with other values of 'h' and’ plot values of
-.'gh - . 'n' aga;nst galculated values of Ai as»shown in
\

»Figure 8. . : . '_ P

{from‘figure.B, the heat transfer coefficient is
foundlto'be 2.04 x 19‘3 cal/cmz-secjoc. Values given in
the Ilterature‘for plate;freezers aré in;the ranoe 1.36 to

2,08 x 1073 (26). L '

3.3. The.Freezing Times of Fish Muscle Slabs .
Ty ’ 7 : - 3

" ' L4

G 3.3.1. Egperlméhtal Description :

‘The rdé;lgeratlon system has been descrlbed in Sectlon
: a : .
3{2.2. A three- quarter 1nch plywood frame with- inside dlmen-

“s1ons of 10 0 x 6 0 X 4 O cm. was 1nsu1ated with 6.0 cm. of

polystyrene, frame and insulation were glued to.a sheet, of

'20-guage aluminum which rested on the'refrlgerated plate

whlle a flSh sample was belng frozen. The aluminum prevented T

-

the fish slab from stlcklng to’ the plate whlle having no -

"measurable effect on the heat transfer characterxstlcs The

]
—

_lnSulatlon,around the-perrphery,was 1ntended to»r upe- eat“
flow through the'edges.to é-Very small amount. Thermocouples
pos1tloned around the perlphery and at the geometrlc centre of
~the slab (all at ‘the. saﬂe depth) showed that the, temperature
was unlform over the slab throughout the free21ng perlod%

. The thermal centre-was found to %e at the top surface
of the slab An 1ron—constantan (Type J) thermocouple con— :
s1st1ng of 0 005 1nch dlameter w1res was flxed to the surface

‘s
’\,'
.

.‘\ |

atw®
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vof the slab at ltS geometrlc centre, and the temperature

v

was monltored as descrlbed 1n Sectlon 3 2.2., For thls"
experlment, the recorder was fltted with a manual selector

to enable other temperatures (in other parts of the slab,

-on the plate, etc.) to be recorded as well.

The fish samples were cut from commerclally frozen

'one—pOund cod blocks using stalnless steel frames as guldes

when cuttlng These frames had inside d1mensrons of v
lO 0.cm. "x 6 O/cm. with thicknesses ranglng from 0.5 cm. to

4.0 SEL,ln 0.5 cm. increments. 'he’ samples were allowed  to

" thaw in these frames after which each was transferred to

: the 1nsulated woodenfframe.

The thermocouple was then flxed to the surface of the
slab and‘the latter was allowed to equlllbrate to a temper-'
ature ofi40°F (4.4°C)-in a refrigerator, Whereupon it was
quickly transferred to‘the refrigerated'plate...A.stop

watch was started.and the temperature recorded,at regular

intervals untll the temperature reached a few degrees below

0°F (-17. @%ﬂ Thls procedure was repeated for each sample'.

from 0.5 cm. to 4,0 cm, thlckness (a total of eight samples)
Graphs were plotted to determlne the tlme for the temperature~

to decrease'from 40°F (4.4 C)Ito_o F (=17.8°%C). The "effectlve,

"freezing times" were then'compared withltimes;computed from

Nepmann's and Nagaoka et al's. formulations. '
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’

3.3.2. Computation of Freezing Time by
Neumann's*Formula

\

The temperature at the thermal centre of the fish
- . .
— f _—.— ' . 4
sldb is glven by T, = Eifi-erf 2(azq)% | 3:3.1 :

‘where T, is.the phase change temperature,
t is the thlckness of the slab,

o, is the dlffu51v1ty of the frozen phase.

. Lk . .
' USinq t' = hi + t to accommodate a finite heat trans-
» ’.'.' ,' Y
" fer coefficient, the formulaxbecomes B ¢
. N Tf . : . g !
LY = ———— . . * N o , 3‘-3.2
. T2 T eEex erf 2(a e)% ’ . , ,. ,

The follow1ng data are used in *the computatlon of the

A
L]

freez1ng tlmes of- tﬁe slabs of cod muscle
|

"fi) experlmental 1n1t1a1 temperature' 'Ti= 400Fw= 4.4OC,

(ii) experlmental flnal temperature.' -T,= 0°F ‘17t80C'

2 )
('iii) average phase change tEmperature (26)': 'Tf ‘=A28°E“ ="\-2:.2.°C, R

I

. (iv) latent heat .of fusion (26): ‘ L, = 64 cal/gm, .
7 , £ - A

(v)" experimental medium température:, .Tm = -39%,,

/. r

(vi) expefimenta} heat'transferjcoefficient:
. 4 A

h= 2104 x .1p",3 g
(Qii)l speoific heat of thawed phase (8): slf= 0.84 §—~$E' :"5 f"
(?iii): specific heat of frozeh phase (8): s2'= 0. 44.§%§é_ , :
(ix) . averaoe conduct1v1ty of thawed phase (3) .
' -3 cal

<.L kL = l 3 X 10.' cm—seOrqu

N
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(x) average condudtidity of ffozen'phase (3):
' k2?; 4.2 x 10 ? cal/cm-sec-°¢, .

(ki) dens1ty of thawed phase (3): pl

1.05 gm/cm3.,

(xid) density of frozén phase (3): Py 0.98 an/em3.

Since the medium temperature must be zero degrees,

- all. temperatures are 1ncreased by 39 degrees.'

A may be determlned by plottlng the left andyrlght— '

hand sides ,of equatlon 2. l 4 of Chapter 2 with'the aboveA

data 1nserted From Flgure 9, X = 0.32.
Equatlon 3.3.2 may now be wrltten (w1th substltutlons

r

and evaluatlons) as:
\

' s o o0 . ! e .
-erf t y =-'0.20 - o o .. D
. 0.20867F o e T
AT B = 11.9 ' . . T . ,
' o Ky L S
= 11.9- (t + E_)z)) o e oY
= 11.9 (t + 0.6k/? | Dol

where the effective freezing time, 6, is in minutes.

| 3.3.3. Computation of Freezmng Times’ by

Nagaocka et al's. Formula S :. .

Nagaoka et al's. modlflcatlon to Plank's formula with'

the correction factor for temperatures on the Ce151us scale 1s.3

o _ Zo 2,
. 8 = [1 + QwOOBO(Tl_Tf)] . (T,-T ) (h 2k)
e . . m : o

where 2 is the total heat_(sensible and latent) to be

>
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removed from the slab to. reduce the temperature from an
- 1n1tlal to a final value,- - - .
i.e. z‘= s (T T ).+ Lf + s (Tfsz).

Upon substltutlon of‘the ﬁata llsted in Section 3.3.2,

the formula may be reduced to the,form:

0= 17.8-t + 4.3 t2.

v

3.3.4. .Discussion of Experimental and . : Lot
Computed Results

.

The results of experlments Wlth slabs of’ cod muscle
-of erghtndlfrerent thicknesses from 0. 5‘cm.~to‘4 0 cm are‘
:shown'in lable 2 and a plot of freeZLng time agaumt thlck-h
‘ness is shown in Figure 10. For comparlson purposes, computed
‘ free21ng tlmes from Neumann s and Nagaoka et al S, formula—
'tlons are also plotted agalnst slab thlckness.. The graphs o B o
;clearly show the dlsparlty between the results from Neumann‘s =
théory and those computed from Nagaoka et al's. modlfled.
formula. Whlle the latter agree favourably w1th experl-
mental'freezing tlmes, the former'’ s overestimation of
,freez;hg times becomes progress1vely worse with lncrea51ng

ce

2;_;}yﬁlckness. It follows that, 1n.add1tlon to overestlmatlng £

freezing'tlmes for\Blot numbers less than one as Cowell (19)
- mentioned, the Nepmann solution, with the adaptation for a:'.
finite heat transfer coefficient}falso overestimates even - g L

-more markedly for increasing Biot numbers. It is clearly

evident that the freezing time dependence on thickness is a’
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relationship incorpbratiﬁb first and second power terms{

‘ w1th the linear term predomlnatlng for finite values of the“

a

heat transfer coefficient’ and small thlcknesses. T _

-
TABLE . 2

FREEZING TIMES OF FISH sLfB . -

Slab . )
. . Experlmental Effectlve :
Th?ckness Freez1ng Time. (Min. )
cm. )
- 0.5 . . . 9.6
’ 1.0 ' S © .+~ 19.8
. 1.5 . ©o31.1r .
2.0 45.0 . . :
2.5 65.0 Y o
3.0 80.5 ’ . ‘
‘3.5 95.5 L.
4.0 126.5 :

‘The diffeiences,in;the results from the Nagaoka ‘et al.
 formulation and'expe;imehtal times as shéwn in-Figure. 10

.ihcrease~only slightly with increasiﬁg slab thickness. This

-'_would seem to 1nd1cate, not unexpectedly, the'uncrea51ng

vlmportance of edge 1osses .as the approx1mat10n to an 1nf1n1te
-slab becomes less accurate w1th thlcker slabs .HoWeye;( for

: fpodrproducts whlch can be’ consldered as lnfln;te'slabs,'the'

'fprmulatlon'would'eppear £o be reasonably accurete.in'the
f..éredlction of fcod ﬁreezihg times and as such should éé a
- valuable tool for.aid in‘the deslgn cf freezing.equipmentl
: .endlin the dete;minatich of'throughéut:rates of freezingi
. ; : A

’

' processes.

'." . . .
t . - . Ay
N s : o®,
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' CHAPTER 4 -
‘ 4§’. ! . -',

FREEZING TIMES OF COMMERCIAL FISH FILLETS . . S

4,1. Intfoduotion

It has been.shoanthat ekperimental freezing times for '

infinite,slabs of fish _muscle may'be preaicted by equation

2.3, 1. The second part of thls work is concerned Wlth the

“appllcatlon of thls equatlon to the freez1ng of - commerc1al

flsh flllete.‘ Examples of such fillets are the ocean‘perch
(Sebastes marinus) - and flounder (Hippoglossoides‘platessoides)
flllets shown in Flgures 11 and 12.

a

It is 1mmed1ately eV1dent that the shape of such fll—

‘lets is not that of a rectangular slab, the degree of deV1at10n

:lthroughout the entlre length of the fillet rlslng to a max1mum

. the heat transfer takes place in such an 1rregular shape, the

l 'ratlos of maximum length and w1déhlto /maximum thlckness are

L

from such a regular conflguratlon belng dependerrt upon the’ ' . h
species. -The length and width of a partlcular,flllet are not
constant, and the'critical dimension of thickness Variesf

N

value at some locatlon which is- the thermal centre of the

¢

fillet." Although it 1s rather dlfflcult to,say prec1sely how

lusually large enough_to ensure that the major.part pf the heat
removed from the thermal centre is transferred 1n the downward .

dlrectlon (for a flllet being frozen from the lower surface) .

41




(a)

(b)

Figure 11. Ocean perch fillet.
(a) plan view, (b) profile.



(b)

Figure 12. Flounder fillet.
(a) plan view, (b) profile.



1y

‘heat transfer coeff1c1ent, a rectangular slab may be consld—

i o _
~ néss of flfteen for the case of freezing rectangular slabs in

.1s typlcally small and in the order of 0.5 cal/cmz—sec-

~(28). The heat transfer coeff1c1ent'determ1ned in Chapter 3

' cates ‘that ¥he former ratio (8) is more applicable to this case.
fexpected thatﬂthe‘approximation'to an ihfinite slab is ﬁore'
accurate for the flounder flllet than for the perch flllet
,due to the more extended shape of the former. The extent to

..r slab. and irregular'fillet configuratiohs for each species.’

" be-affected by-heat transfer into or from the air layer above

the fillet.' To determine the effect of this air layerion the

Chapter 3 were repeated with the top surface insulation

. .
glble lnfluence on the}free21ng tlme_and essentrally acts as

t‘ : . [ . - &

Jason and Jow1tt @aL~suggest that, 1n the"case of a, large

T . .

a

ered 1nf1n1te 1f the shorter 51de length 1s 51k or seven tlmes

Ay 5
.

the thlckness. Long.(3ﬁ suggests®a ratlo of dength to thick-

- . -

an‘airlblast freezer-for which ‘the“heat transfer coefficient e

Oc’

ofgthls work 1s~approx1mately four times thls ‘value and 1nd1—

3 ‘ »

\
From an observation of Figures 11 and 12, -it is to be

g amins

R A

whlch each conforms to the 1nf1n1te slab approx1mation is later
[}

determined by establlshlng a relatlonshlp between thearegular ‘

1 H

-

- One mlght expect that such a relatlonshlp could p0531bly

[

A r

freeéing time, the-experiments with the rectangularaslabs of . -

remoVed . The resulEing freezing times, together with those
from’ Table 2, page 40, for comparlson purposes, are shown

in Flgure 13 . It can be seen that this alr layer has negll-
e’

9
. d .
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. is.easily measured, and it would be advantageous, in

- the thickness: of an,equiyglent‘infinite slab (i.e., the

46

s . ¥
p;

<an ipsulatiné barrier over the top surface of the sample ,

being frozen. - ' ‘ ' o 1

. In the commercial situation, theAwéight'of the fillets
) . . R L . :‘ﬂ:’_’“.

A4

‘terms of efficient operation, to know the freezing time in

terms 6f"the‘wéight; The'followingfsectibn proposes a method

'b“'hichrthe‘freeiiﬁg time can be'expressed in terms of the-

Weigﬁt of the.commercial fillet. ‘ . oo ,
‘ ‘l ‘ N ‘ ‘-
& ‘. .. . '

4.2. The Freezing Time-Weight Relationship ¢

: ) : ‘ v
In order to obtain an expression (based.on equation

2.3.1) for freezing time.'in terms of the fillet weight, it is- -

necessary to determine the thicknéss.of an infinite slab- in

terms of the weight of the irregularly-shaped fillet. Opg L
method'of apprdaching'this problem is_to'fifst détermine a.

relationship between the maximum‘thickhess of the fillet'and . .

*

thickness that resuitS'in the. same freqzing time)? and, second,.'
. .. '“ . . ": ',. . g .. .
to determine a relationship between the maximum thickness and
t N L1 ‘ 4

wéight of the fillet. By combining the two, a third-.relation- -

' ship ' is obtained for the iqfinité slab thickneéss in terms ofi:

’

A JRY

the fillet weight. & . .. . .

! . .
( A suggested relationship between fillet maximum thick-
\ . . * . . ) ‘. LRy . ¥
ness’ @nd equivalent infinite slab thickness is
° (‘ o . , . .

= ~ +Y s .
t‘ 1 max - 473-l

-
N . . ‘ . '

“~0




‘where t___ is .the fillet maximym thickness,

¥

max , . ..
. i

t is the thickness of .an e@uivalent‘infinite‘slab,

c and Y 3re constants determined by .the fillet

configuration.

, A relatlonshlp between flllet maximum thickness and

/ -

welghE‘%sy be determlned by obserV1ng that,.for a rectangular""

.slab,

L LS
where c2"= pabﬁ@’ p is. den51ty, a and b are length/thlckness
and w1dth/thlckness.-
It is to be expected that for the 1rregularly shaped
flllet, : I
. = a . B ‘ 4 .
toax -?ZW e 4.2.2 .
where o is a constant. - - : -
N L
Comblning equatlons 4.2.1 and 4. 2 2, o \\ . ' : .
‘ L oYY ' o .
£ = -1 zw S
Or, , ‘t‘_ l zw ’ s 4-?-3
‘where 8 = ay. ' s S e .
C C o o o _ _ \
' Combining equations 4.2.3 and 2.3.1 ) .
L : : ) .
Y- 2 ZY 2R ' -
_ .EZp (clczws L 1% W ) : ' \
: (Tf—_Tm). h 2k g
'Eorha given .set of heat transfer‘cohditions, o
o = ko WP+ kWP . R S

1 2

.
- . T nfe g R e R R T R L
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~where K

1 % AT )E' : ST

. . ) S r " ['

Fo Echi g* , - | :
and \K_ =" —‘———r—' ' . - " . ) -

- 2 (T £ Tm 2k' o ‘ 3 o ]

P k’..Tf are'constants for the fillet spe'cgs, E

T . . Tt
E, Z, :1‘ , 'h are determined by process conditions,

. N

v ci, -02, Y, B are determlned experlmentally for a
. ' . spec1f1% spec1es. . “'
The advantage of this approach to the 'problem. of deter- = R

mining freez1ng tlme in terms of fillet welght over, for
‘e:;ample, an emplrlcal f1t of a curve to exper1mental data
. will now be obv1ous. Sapéose that an emplrlcal fit of
o freemng time agalnst flllet welght ylelded an equatlon. of'
the form ¢ = ]'_Ww + KZW . From .such an equatlon,‘ unl:.ke a
formulation i:ased on equation 2_-3Q‘3|-, one would obtain. no '
informatioh'-on-' heat transfer 'co-nditio;'xs or, more iméortant,, [ ' i R
in'formation' on process conditions and te‘mpe'r‘atures: a mat.ter

. ) ' ' ! RN i

which is of paramount importance to allow flexibility.in an

Op'erati'on- and yet to predict the result of such 'flexiéilitj(. . ‘-'

v 4.3, Experlmental Descr:.pt:.on

Experlments ‘were carrled out W1th two spec:Les of flsh |
' that'are rcommonly frozen commerc:.all'y ‘by the IQF (Ind1v1dually
. Quick Frozen) method. (Thls method \15 ‘described moré fully
1n‘ Chapter 5). Samples of ocean perch and flounder flllets

weréj’_coilected from/ghe fllletlng line .in a commerc1al.

S o " .
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installatio-n.‘ T'hese‘samples we're' a good representation of

the welght. range experlenced 1n the 1ndustry. _For each

flllet, the welght and maximum thlckness were measured. The .

measurement of maximum thickness prov:Lded some d1ff1.culty as

the softness of the fresh muscle prov:.ded little res:l.stance

‘to the callpers used in the measpre'ment.; It was-found that

\ ‘o

firs't freez':i:ng the'sample resﬁited in hardened surfaces
: [

whlch prov:Lded more res:Lstance and therefore ellmlnated

anonSJ.stenc:Les due to dlfferent flnger pxessures on. the

callpers + The contrlbutlon to the - overall error in the

]

_‘Section 4 4.

. 4
thlckness measurement due to the expans:mn of the muscle upon

f;:eezing was negliglble. .
- -

"The method of measurement of. free'ung time for each

V4

fillet was smllar to that described for the 1nf1n1te slab
The fillet was, first .allowed to reach an .equilibrium temper—

~‘ature of. 4d°F (4..4°C) whereupon it was transferred to the

refrlgerated plate.; In this experiment, the fillet was 'not :

'

-placed in an 1nsulated frame as some 51m11ar1ty with the

1ndustr1a1 process Was desn:ed. .The'time required for the

. .'temperature to" drop from 40°F. (4. 4°¢) to. 0 F {=17.8%) S

(i.e. the effectlve freez:mg time) was obta:med in the manner

; descrlbed—- in Chapter 3, and the tJ.mes so obtalned were

plotted, agalnst the maxlmum thlckness and weight of the .

"fillets. The details ‘of the procedure used to fina the

values of the constants in equatJ.on 4,2.4 are descrlbed in

»

T I
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4.4.° Experimental Results .
: . P N [
"4,4.1. OceanPerch (Sebastes marinus) .
+°  The Tesults of experiments with ocean: perch are sum-- §
marized in Table 3. 1
. ' TABLE 3
OCEAN PERCH .DATA - .
Weight of ~ Maximum - Time to Freezeé (Min.)
- Fillet (gm.) . - Thickness (cm.)  from 40°F (4.49C) to
e : 0°F (=17.8%c) --*
. 107.0 + 0.5 l.6 £+ 0.1. ' " 27.0 %Y 0.5 . .o . 1.
123.0 1.8 : , 29.0 ‘ AT K
- 66.0 1.7 .o 23.5 I N o o
106.0 1.7 29,0 L : v
144.0 1.9 - 4 33,0 . : : '
.. 55.0 1.6 A 23.0 .
. 77.0. 1.7 \ "/ 29.0 - L i
125.0 1.9 AN 35.0 g 1
- 69.0 , 1.7 . 25.5 SR IR
200.0 - . L 2.4 : ‘47.0 " T
179.0 o 2.3 . 41.0
- 95.5 L9 33.0 ° AP -
. 1370 Y 200, 36.0 T
_ou8.00 .. .1.9 ©34.0 - -
©116. 5] 1.9 34.0
.122;0\ . 1.8 28.0
1110.0 | . 1.8 28.5
87.0 " : S 1.8 26.0 .
114.5 \ . 1.8 30.0
113.5 \, 1.9 35,0
98.0 .- 1.8 2900
82,5 '\ - . . 1l.6 ° 25.5. e o
94.0 \ 1.7 29.0. : o
160.0 2.0 - 37.5 -
55.0 - % s 1.6 22.0
30.5 . ... 1.3 14.0 -
-50.0 S 1.5 . 18.0- o
84.0 1.8 . 28.0 -
61.0° 1.7 * 25,0 o
1861 0 - 2.2, 45.0 - o
190.0 2.4 . 52.5 ' ' :



- ~'s1
' 11;1 Figure 14, the exp:erli‘mental free.z-ing time is'plotted
.aeainst ‘the maximum thickness of the fillet. Assumlng that
'each maximum th1ckness is the constant thlck,ness of an 1nf1—
nlte.slab, a second plot is made by calculatn.ng freezing
titnes' ‘froni equation 2.3.1, ft is now a sin"niole matter to‘
determlne a maximum . thlckneSS whlch‘"wn_ll result in the same
free21ng time as the equlvalent infinite slab Table 4 has ,
been constructed by select:mg varlous freez:.ng tlmes and )
: determlm.ng from F;Lgure 14 the .correspond:mg maxlmum ‘
_ thlcknesses of the flllets along w1th the thlcknesses of the

v

8 - equlvalent 1n\f1n1te slabs,

3
TABLE 4
MAXIMUM FILLET AND EQUIVALENT SLAB THICKNESSES

2

A Freezing , Fillet - to Equivalent Slab
‘ Time (Min.) - Maximum ~ =~ Thickness (cm.)’
S .__Thickness {(cm.) . :
26, . .1.66 .. 1.1
30 18l o 1,29
35 1.45 . 1.96
. 40 , CoL1.61 . ‘ 2.1 -
- 45 S 2.26 1.77 °
50 -1.92. R 2.41

From equation 4. 2.'1, we obtain: .

1 1 ; :
~lnt . = K In t Y-ln“cl._' (”’;
S " A plot of 1n tmax, against ln t results in a stralght line

¢

with ‘slope %— and :Lntercept - %— ln cl From Flgure ZLS

Y = 1.63 and c; = 0.484. Hence the relatlonshlp between the

.
P




r
[ .
- fa) - y —
. Cl

s
50F
:i_' -
2
w40
=
-
§30
Ll
-l
x
[

S

1o

" .. 0@ FILLET 'MAXIMUM THICKNE SS

-

FREEZING TIME - VS. THICKNESS FOR OCEAN PERCH -

X INFINITE SLAB THICKNESS

(EXTRAPOLATEQ TO 'ZERO)

= . @ 6 8 o - 12 14 . 16 8. 20 22 24
S ' T THICKNESS (CM) ‘ - :
. . Figure 14\. -Freeé_i_n‘g time' 'c._urves_ f.o.r oc—:ea’n'perch._
-

AT




t - . o . - Y s . ' N
® ) .- . - 53 "
. . ' 3 , :
v
2p "
Ap : ,
0 N N I N 3 Y L L x
S0 2 .3 4 5 B Ng
. ‘ LN T
L Figure 15 Lo'ge of maximum fillet thickness versus
: S loge of J.nflnlte slab thlckness for ocean ..
\ perch flllets. ' Ce -



54
maximura‘fillet thickness of .ocean perch’ arf}he thickness ‘of -

1.63"
ax

‘the equlvalent J.nfln:Lte slab’ may be wrltten as t ="0.484 th
"In Flgure 16, a plot is madeof thl.(:- relatlonshlp show1ng com- ¥
‘puted values of . equlvalent slab thlcknesses up to a maxlmum
fillet 'thlckness of 1.3 cm. and experlmentally determmed

values from Figure 14 up to a maxlmum f:;.llet thlcknesls of

2.2 cm, The graph shows that the equat:.on fits the experl—

" ‘mental points well, and. the eomputed poq.nts for thicknesses

" below .those used experimentally have been added for oofnpletenes_s. '
‘The felationship between fillet weight. and maxlmmn
"thlckness has9 been establ:.shed by equatlon 4, 2 2. By plot-

"tlng In W agalnst In + ., the constants o« and c, may be

2
determlned. The curve, of Figure l7 has been fltted to the

data by the\least squares method, from which a = 0.298 and

c, = 0.459. . Thus the JFelationship between maximum thickness
and fillet weight for ocean perch ist

t _ = 0.45000-298

max. .

¥The‘required relationship between fillet weight ana' |
'freezir'lg time exparéssed By equation 4.2.4 may'n'ow‘ be 'deter- o
lm'ined. The data whlch allow the calculation - of the enthalpy.
term, Z, have been obtalned from the llterature and are
identical to the data 'for’ cod muscle used in Chapter 3, In
‘_fact, these data will give good results forr most flsh |
spec1es, the exceptlons are thc;se spec1es that have a hlgh

.oil content (e.g. salmon, herrlng and mackeral)- whlch

reduces. the water content and results in lower values of
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the 'specific and latent heat terms., Species such as cod, !-

N

perch, flounder, hake and haddock all have moisture contents . -

.0f 80 per cent t'2 per cent.,”whi.le salmon, herring, ,étc., A
.have moisture contents of 60 per cent *3 per cent (26).
- Values of the constants and data for ocean pezxch
ares ~ : o _ SR . TN
. _ 0 . . ~ Q ° v i - -J O - .‘
T, =.40%C 7/”2._2 S ;39 c |
_ S - | . : .
T, = 17.? C: . . R
s; = 0.84 cal/gm-°¢ - s, = 0.44 cal/gm-°C Lg = 64 cal/gm,
o, = 0.298 ) - oo™
L - } ) B = & = (,486. L .-
y = 1.63 ) : : . ., ° . : -?.
> . . .. ’ e
c, = 0.484.° - -
. ' N ‘ % v o E
c, = 0459 ' and o2 = 0036 -
-' ' N f m : " ' - .
Therefore;ﬂ'Kli .= -T-E—Ef’l,'— . 1% = 2,40 , ) ‘
" - 7f m h ' * e
. ' . 2 2y . . ’ ‘
. cjc . . :
and Ky .= TEf%. 12 = o.077. o . o
T 2k = ' . .o

o = 2,400 486y o 077w0-%7%, ’
"Th‘ié‘ relationship is plotted iAn Figure 18 which‘aiso
. shows the. experiméntal fr‘eezing times in terfns"of t.he‘ ﬁil'let o
weights. =~ . | (O o 3
. )

fillet weight for ocean perch may be written as:

:

' " ! . - » '. '
‘Hence, the relationship between freezing time and
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4.4.2. Flounder (Hippoglossoides platessoides)
- o o ’ ) . P v
. Experiments ‘conducted with flounder fi;lets_were
‘similar. to those described in Sgction 4,4.1. The results .
of thesé experiments'are*shown in Table 5.
) ! ' TABLE 5 -
. ' E FLOUNDER' DATA -~ ° .
. n x. " . . . R - o, ) , . .\ . Al
v R —— .
. . : ' L - Maximum . Time to Freeze from. .
T, " Weight of . ..r :Thickness . ,400F (4.40C) to 0OF
S © Fillet {(gmn.) . {em.) ' {(-180C) (Min.) ,
St T . 161 = 0.5 1.8 + 0.1 -, . 35.0 t 0.5
- ~ 56.5 . oo 1.0 S 215 S
. .+121.5 S S A 23.0
. ~ 68.5, 1.2 ' ©o- 0 22.5
e s 117.0 . 1.3 22.5 .
L - 179.5 ~ , . 1.4 S 30.0 - s h
r-. - Lo ’ ' . ] 86.0 '.p . - 1-6 , 24-5' -
, 79.5 . . e~ .« 1.2 - 19.5 -
o . 290.0 : : ‘1.8 ~ 49.0 : ’
- C "80.0 " 1.2, © -19.0 .
e, . T 7., . 288.0 r 1.7 . 54.5 . )
- N 204.0 T 1.5. ' 33.0 . N

;; -. . . 1517-0 '106 32.0 - R
p . 86.5 1.4 25.0.

'131.-0 - 1.5 ©30.0 L
o ‘ . ¥  260.0 1:97 > 50:0- s
Lo o . 224.0 1.7 °© 46.0
Tl © 45.0 1.2.. 17.0
128. 0 1.2 28.0"
;‘. . L
- ' : C e .Graphs-simiiar to those. of 5ecgicn1é.4.l‘wefe plotted Ce
‘ ﬁorjﬂpunéer, and'from these g;aphé the Qariéﬁs constants ,“f'
e ‘-ﬂréquiréd\infe&uatioh 4.2.4 were detérﬁingd. From Figure 19
W % - the maximuﬁ fillet:thickhess and thickness of an;eqﬁivalent‘
' R ' . . . ' . T s,
infinite slab were determined. With'these walues, a.plot of .
2 - - . ' s . L o
t < ! \ ¢ e‘f
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In"t agalnst 1n t was made and.lshahown in Fagure 20:

The values of constants Y and c1 resulting from this plot-

- . -
.

are y = l 17 and cl = 0.839.~ A plot by the least squares ' K C
method of in W agalnst 1ln t ax “in Flgure 21 resulted ln
values of the constants of a = 0 276 and e, = 0. 346.. Upon:

substltutlon of thesezconstants and the approprlate data

¥

* into equation-4.2.4, the effective freezlng,tlme in terms
" of the fillet weight for f.loundez.“is:

. 0323 ‘ 0646' , L s
T oe = 428W ¥ 0.25W . L _' U

\

Thls relatlonshlp is plotted in Flgure 22 wh1ch also

J

shows the exper1mental freez1ng time agalnst flllet welght

;.g.' Discussion of .Results.
lt‘is euident from examination:of Figures 18 and 22
that the deviation: of experimental freezing'times.from times
.calculated‘with the aid_of.eouation';.zlﬁ is nore pronounced.i

o

. for'flounder than for peroh "This may be attrlbuted to the

greater lrregularlty in flounder flllets due to extenszue |

trlmmlng whlch may be necessary during the.fllletlng opera-

‘ tion. Such trimming, which 1s less exten51ve in the case. of .

j'peroh, entails. the removal of muscle 'in order: Eo ellminate

’ blood spots, paraSLtes.and jelly.' As a result, the relation--
ship between weight and maximuﬁ thickness_is not as‘definitiue‘,
'as it would othertwise be. This,‘in turn, .leads to'a lQwer
“religbility ip the equatlon‘relating freezing ime‘and

~weight of'the fillet.. Notwithstanding these anomalies,

L4
1
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Ffigui:e 20. Log, of fillet maximum thickness ver:sus' logg
of infinite slab thickness for flounder. -
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.hOWever, the'prediction of freeziﬁg times”for'ﬂouﬁder fillets

L4 kN

agrees favourably with experimental times for the major per—

‘ centage of the welght dlstrlbutlon given in Table 6, Chapter 5.

The prediction of.freez1ng tlmes bynequatlon 4.2.4

for perch fillets gives results in good agreement with

‘_experimental'freeziﬂg times over the range of fillets tested.

Some comparlson of the rellablllty of the free21ng tlme-'
welght relatlonshlp may be made. for each species by determln—
ing the standard error of the calculated free21ng time. "For

©

perch the error is found to he +3.6 minutes while for

. flounder this error extends to £7.4 minutes, - if only flounder

' filiet weights below 220 grams'are con51dered4 the standard

error in the, calculated free21ng tlme decreases to +2. 8~'

i -~

fmlnutes. It w1ll be later seen in Chapter 5 that in a

\‘typlcal flounder fillet dlstrlbutlon, only about 1 per cent

of the fillets welgh more than 200 grams.
.The freezlng tlme-welght relatlonshlp for these two -

A3
-

~.species,of 'fish are specific representatlons of the‘more?

general ‘semi-theoretical formula (equation 4.2:4) which .

should find application in many situations where the freezing

\’f.time'is required in terms of'thesﬁeight cf the product berné

frozen. It would then be a matter of determining the values

of the various constants in this equation{'some of whichn

.
,J

are set by the process condltlons and Sthers by the conflgura-

t‘on o] the product belng frozen. For regular bodies such as

slabs), cyllnders and spheres, such constants-may be written




equlyalent'regular shape for the irreqular object is deter-’

' ‘mined on the basis of actual experimentation into the

temperature of the body. _' ' also depends on the flnal

dlfferently to the -overall free21ng tlme of the body, the

variation of freezing time belng less pronounced w1th flnal

6:6: ‘,‘.

v . " @ f

. ot . . .. 1 .
* K . D )

down”direétly;‘for irregular Eodies, other approaches are
’ ’ ) i
possible. The body may be approx1mated by a- regular form

on the basis of geometry so that the- drmen51ons of ‘one may
(_L

¥ be Aimmediately expressed in terms of the other- thls is an’
‘obv1ously expedlent method where feasible. However, w1th

objects whlch show c0n51derable 1rregularlty, such relatlon— ‘ \ i

.
1

-shlps, if 'at all p0551ble, may be very complex. One alter-

e L v "

freezing time of such objects. -+ ' . ‘.,
v . ' .' . : L)

4.6, Extension to Other Initial Temperatures

v

In equation 4.2. 4, Ky and'K contain the correction e

factor 'E' of Nagaoka et al‘s. formulatlon and'Z2!', the

enthalpy term, both of . whlch are functlons of the 1n1t1al

\,

<P

:~temperature of the frozen body but to a much 1esser degree
. as +the spec1f1c heat in \he frozen phase is apprpx1mately S

'half'that of the thawed phase. In addltlon, heat removal is.

¢
v

at a faster rate in the frozen .zone than the thawed zone Ce :

a

because of the 1ncrease in thermal conduct1v1ty (as estab-
lished 1n Chapter 3) ' For these reasons, equal changes 1n L I

the "initial and flnal temperatures of the body will contribute

P —_—

A

temperature than with 1n1t1al,temperature. Because of thls,‘d

; N

native then is to use the approach of thls work in which an “ - ﬂ
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i
3

' the f1na1 temperature has been arbltrarlly kept constant at

3-17 8°C (O F) whlle the initial temperature assumes dlfferent

3
\ L]
values. The resulting plots of equation 4. 2 4 for perch and
'flounder are shown 1n Flgures 23 and 24 respectlvely. These
‘charts enable one to qulckly determlne the free21ng tlme of
P I
©a sample of spe01flc weight for a prescribed initial temper-
' . . 2 ‘ ‘ .
ature. . ’ T o ' , L
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CHAPTER 5
‘v . THE ‘A"PPLICATI(‘)Nu TO COMMERCIAL IQF PROCESSES
o L - ° L ¢ B .
5.1. A Description of IQF Systems .
< . :

’,

In IQF (Individually Quick Frozen) prOcesses, food-

stuffs areufrozen'as’separate units prior to packaging. The

‘absence of a packaging Fmterial“means that higher heat trans-

- " . c ",‘ - \ ’ ?
t1me of the product. '

There are many types‘bf IQF systems, but - the majorrty

:con51st of a contlnuous belt on whlch the product to be frozen .

rests. . The product may be cooled from the lower surface by

-;c1rculat1ng refrmgerant beneath the belt or from the top sur-. :'

‘- !

. face by dlrectly spraylng the product with llguld refrlgerant.

through a meshed helt,'kpther designs are theximmersion.‘

. freezer in which the'product is immersed in liquid refrig?\

‘erant, and the rotatlng double—walled ‘drun in whlch the

refrlgerant c1rculates between the walls and removes heat from

: the’product which adheres to the surface ofpthe drum (33).
. ’ A ‘ : : ’

o . 5.2, Productlon Theory of IQF’ Systems'
FlSh -fillets of the type descrlbed in. Chapter 4 arel

often frozen in IQF systems It has been seen that such

-fillets extend over a broad range of welghts, and assuming

y " S A

.70

ot

fer rates may'occur with a subsequent decrease inh the' freezing

Y

A third p0331b111ty is that of spraying the product from below ‘
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that every fillet is to pass throhgh a prescribed temperature
* ° range, it.is obvious that the process‘time will be determined
by the largest weight present,in the "input. _It would-appear‘
-to he advantageous to have the fillets sorted before enter— |

1ng the free21ng system and d1v1ded 50 that all fillets

below a certaln welght could be processed at a faster rate

¢
.

and all those above that weight processed at the prev1ous

e rate. For the purp05es of thls development, the Fillet 1nput

,1s arbltrarlly Spllt in half With a two unlt set-up, each
' unlt ‘would contain half of the total number of fillets and
' ' -~ be 0perated at a rate determined by the max1mum wejght pres“

ent in each of the new welght ranges. For a one unit set=up

" the 1nputs could be - run consecutlvely.

The total load pa551ng through the process may be
, s -

. expressed as: *

ALoad' number of fillets x mean flllet welght :
. . - ' ‘ , ]
3 . . . . L

P . _ Effective surface area oo <
k .. = Area per Fillet - X mean flllet:welght.

‘o

For a rectangular slab,

Load ‘Effective surface aré€a x piﬁt

\"; ' & Area per fillet

where i, ﬁ, and t are.the’ d;men51ons of the mean flllet slab.

»
1
.

Load ;ﬁEffectlv&usurface area x pt.

: The loading density is, ‘

. p=at- PR © . s
. mhere Tar isvapproximateiy equal to the density of the
— ;f. | . fillet, but is also;affected‘by the nu er of voids

on the freezing surface. JEN

Sl i o S MR T kT

o i AU
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For an 1rregularly shaped flllet, the loadlng %ehsityqbecomes'

i

(using equatlon 4. 2 1), S -
K : = =Y . S . T N . :
oL D acltmax o ‘ —_— 5'2’? St S
, . s The productlon.rate for a-single prpeesé,mey be .
written as, . e L .
DA- ac) Aty x . © 5.2.3
Q.= E 6 , ' :
" - . where 6‘ls.the process time, . , E 5 L
A is the effecﬁgge surface area of . the freezer. o
o L : , o o ) ‘: o . ST
" o Now tﬁax and fillet weight, W, are related by ‘equation.®4.2,2 %
R " v ~ Reces Lo .o’
;o and for the mean fillet weight, e . - oo o
' ’ ' ; N S .o
- = =a = : e - ) st
nax c,W ., . U 5.2.4 .. ‘
9 a . 4 . .
' Comblnlng equatlons 5.2.3 and 5. 2 4,
aAc,clwf . .
N ... l 2 T ‘ - ’ . .
Q= —5 - ,‘ S 5.2.5
' where.8 = ay. . L _ L‘.‘ o . o " e
' e . B . ) - ‘l .t
The process time 6 based eh the maximum.fillei welght - .
As obtaihed from eQuation'4.2(4:;_ s 1 " ,
e S g 2B ‘ 3:" ‘ e 5." .
0 Klwm + szm . Z EE . 5.2:6 . -

. ©

Comblnlng equatlons 5. 2 5 and 5 2 6 results in the follow1ng

" ‘ expre551on for the productlon rate 1n1nuts ofnass perlxut time:
.‘l . -B . I‘ { . ' .
. Q= 5 wB + X Wzs } C - 5.2.7\Yu
B -, 3 4 . 4 S
e K . . Ky _ .
~ wheré K3 = and. K4 = — " ) i ¢
: eAclc2 . . | ; \aAcl.c2 » ‘ -
s ) ¢

A comparlson may now be made between productlon rates based

e ~ on. dlfferent welght ranges by 1nvest1gat1ng the productlon'
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“
~
L
e’
-
7
»
) .
14

rate ratio: ] '!
E B L. 28 . T : l
a KyW + K. W. N it
Q. '(Ef e S RSO .5.2.8 - }
Q = 26
_ L WKW 4K w S | |
. . o o ) ;
" ] - . - s . B . ' ’ i
) : 5.3. Special Cases of the Theory . .- ) v
A' t ’ s . ' .-& T J 1 T ,. o . -
5.3.1.- High Heat Transfer Coeff1c1ent e T .','”&"wi,-uﬂ
. < N - R . . S
. In some IQF\ systems, such as- éhe l’J.quld refrlgeraht

» ANy
spray and 1mmer51on systeT:i\the heat transfer coeff1c1ent

B . ]

‘is hlgh enough to rend effect of the term- KlW in

g O for 1arge h.

-

.5' -\~~Equ tion 5°228 may tpen be‘a roximated by,, ¥ ;
N - .. . ‘._.- ) ’ N u.- . -‘"
. 9o . == B 28 . e .
= =" (W/W,) (W_ /W )%  -thus making -a'determination _
' c . Ql‘ 1 vml m* . ’ A ; ) : .
" of K2 unpecessary; ST ‘:‘ : ‘ e
T 5.3.2. Low Heat Transfer Coeff1c1ent v ' . — :
v IE the»heat transfer coeff1c1ent is suff1c1ently : .
: H . J -
Ljsmallmas, for’ example, in air blast-freezers,:then Klv>,>K2
. apd‘ghe‘approximatipn:to equatéon 5.2.8 is, * E
- . ‘g-' = (ﬁ w /"'q‘ w ‘),B . - ) W T L, . Lo
- Q . = ¢ ‘ .
Tt ‘ : l' ST e e l ' T - o J- .
[ LYo : p€” - Lo . K . ' R . ) , . . . .
s T : IR ) ?'l Coe \ K oy
:' .5.3.3.. Flllet ln,the Shepe of a tangular Slab - : -

ENS :°H It has been establlshed that for an lrregular fillet,

DN K [ g P -
. ‘.‘ . ‘.' g .v lr' ('r‘f'!'\,rm)‘h . and "T.r Kz “ ) "('_T'f'_ﬂT "j "_"2k . . N \.

N \
Lol h e TR 2.2v. TR
. . - : & < e Y , “ . .. .
EZDC EZﬁCl 2 L . N

-

o ok 2163

B '
o, L -
i + e L] R + 1Y
i > H " ]
" “« i
! t S v} L t
. \" - . - ’
s ey 4 o f ’gv
. .
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. A ‘
"For a iectangular slag, t Fitmaxi'hence’ cC =yY= l-and
a = 1/3.as shown.tn Chapter 4, Section 2,"Thus,
. . . Ezpc,’ f\ L o Ech2
L PR = o2 T . apg K. = -— 2 __ ..
o1 (Te-T)h o2 (TeT)2k - oo

;'Rewritingaequation 5.2.8 with B = ay =*1/3'results

S el t ' . SN
~in the form, . e o - S
. l m : ..
. : SR SN mp W1/3 KW 273 oy
\’A' 4 . . 4 l 2 . .

3

Jﬁs' Use of thlS form may dive reasonably accurate results

!

Ln smtuations where the IQF product approx1mates a rectangular

slab. It can be seen, for example, that by examining the

. .

values of-B;obtalned in Chapter«4.for perch’ and flounder

fillet5‘(6 .= 0.486, = 0, 323), one would expect this form

Bf
of the productlon rate ratio to glve moxe accurate results
for flounder than for perch., i’ v
ASimilar'lappr’bxima’tions to those made in Sections
. 'S N . N - ' . - L4

5.3.1'and 5. 3.2 may be made for the rectangular slab.-

AR ve Q2 G Y3 w23
- If. h > = 0, '(w/w_l.)' (W /W_m) ‘
"If h -0, 2 = (ww /w w)“1/3 )
T o Q my
Y , ‘ - . . "“, ‘ T L .

S

L . 5.4 Application of the'Prodhctiqn Theory

'5.4.1. Example L: Flounder (HlppOglOSSOldeS
ElateSSOldeS) flllets ) : ;

The advantage of d1v1d1ng 1nputs to IQF systems may

be shown by c0n51der1ng a typlcal dlstrlbutlon of flounder

r

) . N + .
4 . o . -
. L L

kN LT W




When diyiaed.in half,
“ ‘

for lower half, W=

G: . . ‘.. . ' " ] W =
for upper half# W=

W=

: in Chapter 4, Sectioh 4, P

N

found to be, “u

- The data to be used in "equ{..l.on‘

0.323"

AN

/

+ 0 25(230)

LA '
- fillets as shown in Table/ﬁ.l &
. T ( ‘ S Y
ST g .. TABLE 6 X
L o ;.. "+  FLOUNDER FILLET DISTRIBUTION
x_.‘ . o - - ] 1
. .. Fillet Weight (gm.): Percentage
‘ . : " 80 . . 14
110 .o 34
D . 140 32 .
5 S & 1 , 12 :
S 1200 . .8 -
230, ° 1
° Mean weight v’vl = 126 gm.
, ' Maximum weight W n = 230 gm. :
S, : 1 . .
2 .

0.646

4. 28(110)

"o 3 o _ 98)0 323 ‘4. 28(230)
o : q, ~ ‘128

. a'local fish 'Processing plant.

0. 323

0

+ 0 25(110)

et

)

0.646

1
The dlstrlbutm\n was obtalned from. measurez’nents at

'3
1

75. ¢

5.2:8 thas bee{n' given

‘ For the 1ower half, the rat:.o of productmn rates 15‘

"= "1.24 or'an 1ncreajse J.n_production rate of 24per cent.

s

=
‘v




1

For the upper half of the fillet input,’

oo’
il

0.323: 0.646

4.28(230) + 0.25(230)

+1.06 or an increase in production rate of) 6 per

o

cent.

The - overall productlon rate with the unsorted 1nput

A

was 2Ql W:Lth the input. dlvn.ded as descrlbed ‘the- productlon '

‘ w1ll be 1. 24Q + l 060l = 2. 30Ql for an overall 1ncrease in
productlon rate of 15.0 per cent. C \ <

. ('

' The process time for the upper half w1ll remain _the a
§me as for -the orlglnal total. 1nput The lower half w1ll
" be run at a fester'rate. The ratio of. the new process txme

to the old procesos. time for the lower half of the input may"
. be-found from, ‘
¢ . e A L - R N
K WB + 1(2w2B

B 28 .7 . ‘
1 «.K,W8 + K_W o o :
' l ml E 2 l~ : = e . ‘ - ‘ \‘ .

PSP

.8 . T
. Upon subst;LtutJ.on of the appropriate datd; 3 = 0.74. 'The

.

' new process time is thus 74 per cént of.the previous process’

time for the lqwer half of the."i'npufc.

€. ,
: s oo R : ,
5.4.2. Example‘ 2;. Ocean Perch (Sebastes marlnus) .
) ' The procedure may be repeated w1th ocean perch
X flllets whose typlcal dlstrlbutlon is shown in Table 7
. oy P f N . L. . : . N .
- e ) C e h (.l'
: " o A * ' - *“,
. i ' ' R4 Y
; . LY ) ' 1 )
. L I .' » \-' " \J
‘ “." < " 0“. ~
. ;\"ﬁ o '

76

'-153)-0'323 ~ [4 28(230)0 -323 L . 25(230)° 646 ]

]
e et e, s st s
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o TABLE ;T '
OCEAN PERCH FILLET DISTRIBUTION’
] . ,_-—f/'
Eillet W ight ) R | ot
. Py el K . :
(gm.) -~ - ' Percentage
.20 ' A
. 50 - A / ©21
: L 80 ", - 30 L
L 110 T , 27 .
- ‘140 - I . . 6 . / ..
. 170 .\‘.- ] 9 . ' C y
2000y - L ‘ 3 L
) . o . . ? . y
Mean- weight\*wl = -95 gm. L e i ' _
. . N « ' S .
Maximum weight th = 200 gm. . A -
" . When divided in-half, for' lower half,. WL = 80 gm. R &
: . ' N s ’ . ° . ’ [N . ’ .’.
' W = 64 gm.
. \" - .‘f for upper half, .Wm = gooagm. |
: ' W= 125 gm.-

Repeatlng the procedure of Sectlon 5.4.1 w1th the

apprOpr:Late data for ocean perch flllets, the follow:.ng produc-

.\ - tion rate ratlos are determlived-_/ T ;
cL ‘J For the lover half of.the input- -8—1 =144,

" P o or' an increase in. productlon rate of 44 per cent;

',‘., For the upper halﬁ‘ 810- 1. 14 ‘ N ._ ', S
P Co , or an lncrease\ln product‘.lon rate of 14 per cent.
;_'. . o '. ' The overall mcrease 'in productlon rate fpr the perc,h,‘."_ N
. \'. . flllets 1s 29 per cent. \ Thls sizeable increase in pr’od‘;.lc'tion'

- L’ ) 'rate as’ compared to that for the flounder flllets is- due R

- D )




'mainly to the,increase in production rate~oE'the lower half

1llshed; From observatrons of locanIQF_processes, the = e

. 1nd1cat10n is that presortlng is not done, instead the - ° S

,and, consequently, that fractlon may not be. frozen ade- - ‘ a

quately and'may be of lnferlor quallty

'~ . K " . . v . . . B ) .
i . . f . o .
: : . v . ‘
. . . . .
e . . . . “ M
° RN P . . . B . . i
REE . - .
) " . 2 . . ' .
, .
. L S 78
D . - v

: s . .

¢ -

of the'input The maximum welght for the lower half of 'the

pexch flllets is- 80 gm. while that for the flounder flllets
is 126 gm. When the ratio of maximum weight of the unsorted
1nput to the maximum welght of the lower half of the sorted

input is found for each specres, it w111 be notlced that

H ;
A

the,ratlo for perch 1s con51derably larger. Thls factor -

coupled wlth the larger B -factor for perch accounts for the

" marked dlfference in the 1ncreases in productlon rates for. = ..
N - . . o S S B B

=3

the two spec1es.
The new process tlme for the lower half of the perch

flllets is found to be 58 per cent of the previous tlme w1th

unsorted lnput,

7 v -

6 .

ST o 5.5. Conclusion B R

From the foregorng analy51s, ‘the theoret1cal advantage

. of spllttlng the input to IQF systems has been clearly estab— .. BT

V

-

process rate, is set on the ba51s of a high percentage of the ' . I
total welght of the dlstrlbutron, 80 per cent being a common

flgure This means that the thermal centres of 20 per cent

of the 1nput do not” reach the flnal prescrlbed temperature T
i ¥ 4

n ' ' . ‘ ’ L Y

The splrt_ln,thls analysrs has ‘been arbitrarily

:‘jfhosen to be at-the,median'of;the_input and need not be the

- T ’ ' ' ’ P i . )
r' R , R N . A R . ) T
. . . .

-

. O . . .
¢ .. N L. B R ' . L.
. o . .

i
©
A -
Bhant
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.dlfferent.IQF processes experlenc1ng various Operatlng con- .

d;tlons. - . o

A

)
-

optinum eél;t.either from a theoretical oripractical‘point
ef v;ew.,'In the-practicai situatibn, the concern ie)that
all units are Qperating'uniformly andfare'hg}ng utilized
equally This may'pose'a problem when units are being run

{
at different rates leadlng to completlohAof the&processes'

- at dlfferent tlmes. In the‘theoretlcal development, a con~

: tlnuous supply of fillets has been assumed w1th each 1nput

batch exhlbltlng 1dentJ.cal dlstrlbutlon charactel‘n.stn.cs.‘

¢

Such assumptlons may -not be borne out in pract;ce.‘ Despltex\;
' T e

sdch possible dlsqrepanc1es in the theoret;cal development

.

and practical'situationh the analysis clearly shows‘that

con51derable advantage is to- be galned by d1v1d1ng the 1nput

P

to IQF systems. The calculatlons have been based on a.

spec1flc set of heat transfer and process condltlons, but

: fthe results are lndlcatlve of what mlght be expected w1th

LY
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