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On the Rate of Fr~jng of Fish Muscle. 11 

By G.O. Langstroth 

A~stract. 
The time of freezing of var:i.ous thicknesses of Hacl<iock 

ranging from 0.78 cm. to 2.31 cm, with "hath temperatures of from 
-7.1 to -13.3°C. is determined. The yalUeS of the con<iuctivity 
calculated from an ecpLation de velol'ed i:.rl a previous paper are found. to 
be constant within tbe llIIlit of e}~::;lerj_!I\e::1tal error, thu s indicating • 
that the theoretical equation gives corr'ect resul ts under experimental 
conditions. The values of the cons-Gants in the freezing eCluation are 
also given for several other s:pecies of fish. 

The ~roblem of the rate of freezing of fish muscle has been 
treated by means of a one dimensional Fourier analysis! with the 
assumption that the muscle while not in the actual process of freezing 
is a hcmoge!l~U8 med_ium, A first ap:proximation eCluation is of the 
form ~ 

t = f (:L ,-'j /2:1<: (T-o) 
where t is the time of f'l~e ez. ~· n&, E is the thickne ss frozen) (' is the 
clensi ty, T is the te!npe:r.'ature of' the bath, e is the freezing point of 
the fish, an<i Land k are t?18 1&tent h8at and the cOl1d.uctivi ty 
respectively. All constants r efe r to the fish in the frozen state. 
It 'lv-as the purpose of this wo='};: to investigate whether this analYSis 
could be applied to actual ex)erime:.rltal conditions with sufficient 
accuracy to warrant its S. use:, and if' so) to determine the nece ssary 
constants so that kno",-,;::_ng the thiel-mess of the fish to be frozen and. 
the bath temperat·,.l:ce the time of f're e zing could be calculated. 

The method. of measurement of the time of freezing consisted 
in determining t h e temperature of a small plate in thermal contact 
with the fish rInJ_;;cle, 'fllt1ich in tunl was in contact 1Nith a plate at a 
constant low t eJl:"e n~ture. By taki::'lg the temperature at intervals it 
\vas :90ssible to f'oJlo w the hjstory of the layer of f ish farthest from 
the freezing plate ann nence to determine the time of freezing of the 
whole thickness of fish. 

--_.- --_.- .. -- ---­--~---

* Langstroth .. , ...... Trans. N.S. lnst. Sci. - 1929. 
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The apparatus was as shovm in Fig.l. The constant tempera­
ture bath A was of six gallon capacity. The cooling agent was a 
water-ice-NaCl or a water-ice-CaCl sol~tion. Stirring was accom­
plished by means of two motor driven propellors. The cylindrical 
container B whose bottom served as a cold temperature plate , was 

. . . . 

removable from -the bath. It was about ten centimetres in diameter. 
The thermocouple plate C was abou~two centimetres square and the 
constantin-copper thermocouple was soldered directly to the back of it. 
A sample of fish about six centimetres square was placed on the cold 
plate so that it did not touch the sides of the container. The 
thermocouple plate was placed on top of this and was held in place at ­
c onstant pressure by the spring D. The top of the container was then 
packed loosely with wool so tha t the sample was surrounded by a dead 
air space on all sides excepting that against the freezing plate. The 
~emperature of the bath was read from a thermometer inserted directly
in it. 

The sample vms kept in the container in a crushed. ice bath 
to insure a standard initial condition of the fish. At a noted time 
the container was introduceo_ to the fre ezing bath and the temperature 
of the thermocouple plate was read at intervals of t wo minutes. The 
thickne ss of the fish was measured. vvi th a centimetre rule direc tly on 
its removal from the bath. 

The readings of the temperature of the thermocouple plate in 
terms of microvolts vrere plotted against the time and gave curve s such 
as that in Fig.2. The ordinate of the point at which the sample 
began to act as a homogerWus medium ---i.e., \vhere the curve becomes 
nearly a straight line----was taken as the time of freezing. The 
assumption that the time t a]:en for the fish to cool down to its freez­
ing point is cegligible with respect to the time taken to freeze it 
seems a sound one. Since with the ~xception of k, the values of the 
constants in the eQuation are kno"vn*~, the value of k can be calculated. 
This was done for Haddock over a fairly wide range of thicknesses and 
bath temperatures and the results shov'! k to be constant within the 
~imit of experimental error, although some variation might be expected 
in consideration of the type of material under investigation. The 
constancy of Ie 'Ni thin these limits denotes that the equation may be 
?pplied Under conditions approximating one dimensional freezing. Such 
types of freezing as used ty the Atlantic Coast Fisheries, Kolbe, and 
to a lesser extent the Experimelltal Station at Halifax fall in this 
class. 

** Chipman and Langstroth.. .-.Trans. N.S. Inst. 8ci •.• 1929. 



- 3 ­

The results for the work done on Haddock are given in the 
following table. 

Table 1. 

Thickness Bath Temp. Conductivity Exp. Time Cal.Time 

1.30 '7.1 .0023 66. 63. 
2.31 '7.4 .0025 184. 191.j
0.'78 9.1 .0022 20. 18 . 

.i1.20 9.2 •0023 41. 39 . 
1.38 

l 
-10.5 • 002'7 40 . 45. 

.. 
1.44 , -10.8 .0023 50. 48. 
1.18 -10.9 .0025 31. 32. 

•.. 1.49 ~ -11. 9 .0023 50 . 48. 
1.33 I 

-12.4 .0023~ 33. 32. 
1. 72 -14.1 • 0025 49 . 51.I 
1.69 -14.8 .0025 46. 48. 
1.42 I -15.3 .0022 36 • . 33. 

The col~mn headed calculated time is given for comparison 
with the experimental time. The values are calculated from the 
theoretical equation using the mean value of the conductivit~ from 
column three. The following values were used for Haddock,* 
L=63 cal/gm., e = -0.9°G., {"= 1.06 gm/cc., k:: .0024 cal/cm.C c , 

sec. 

Since the evidence indicates that the theoretical equation 
gives correct results under experimental conditions, the values of 
the constants were obtained for Cod, Herring, Salmon, Skate and 
Mackerel. The results are given in the following tables. 
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Table 2. (Cod ) 

T k EXll.Time Cal. Time 

I.2!s 
0.95 

-10.5 
-10.2 

.0023 

.0023 
38. 
23. 

38 ~ 
23. 

The 
L=63 cal/gm., 

following values for the constants 
6... -0. goC., (?~l.06 gm/cc. 

were used,** • 

, 

Table 3. (Herrj_ngl 

E~ T 1<: lxp,Time Cal. Time 

l.07 
0.96 

-10.2 
- 9.2 

.0017 

.0018 
29. 
38. 

29. 
39. 

The 
e!!-l.O°c., p 

following values vv'ere used, ** 
~l.06 grn/cc. 

L=56 cal/gm., 

_E~~~______~T__________k 

Table 4~ (Slmte) 

Exp.Time Cal. Time 

0.95 -12.0 .0020 25. 25. 
l.13 -10.2 .0021 41. 42. 

The following values were used, ** L=60 cal/gm., 
8!!!--1.8°C., :-<J~l.10 gm/cc. 

Tallle 5. (Salmon) 

E~ T k/L Exp.Time Cal. Time 
/" 

1. 32 -12.2 32 X 10-~ 43. 43. 
l. 70 -15.4 34 X 10=6 5l. 54. 
0.87 -11.6 31 X 10 20. 19. 

The following constants were used, e=-0.8~C., 
p ~l.06 gm/cc. 
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Table 6. (Mackerel) 

E~ T k/L Exp.Time Cal-Time 

0.81 -13.4 26 X 10- 6 18 19 
1.08 -12.9 24 X 10-6 24 25 

The following values were used. 8!!!. O.9°C., , 
{J ~ 1,07 gm/cc • 

• The experimental error of observation causes an 
error of less than eight percent in the above values of the 
conductivi£y. The values check to this degree of accuracy ­
with one exception - a fact which may seem rather surprising in 
view of the nature of the material. It is probable that the 
constants differ for fish caught at different times of the year, 
but such variations should not be large enough to materially 
affect the approximate value of the results. The samples used 
for Had.dock 1Jllere talcen from different fish which had passed 
through wi~ely different handling. 

The values given for the conductivity may vary by 
quite a large amount from the "absolute fT conductivity, due to the 
fact that the initial conditions are only approximately those of 
the ideal case, and to the large experimental error involved. 
The value obtained cannot be said to be closer than twelve per­
cent to the value of the absolute conductivity for a single run, 
although the results allow the time of freezing to be calculated 
to less than eight percent. It must also be noted that these 
values are for the conductivity taken as an average value 
betwe en -7° and -16°C., and that while they can probably be 
extrapolated to a fairly low temp erature they will not hold so ~ 
accurately at very low t emperatures. 

It was tho-J.ght that the conductivity of the dark layer 
of muscle along the lateral line was less than that of the white 
muscle, since several runs in which this layer formed part of 
the sample indicated tnis fact. Subsequent measurement of the 
conductivity of the dark muscle however showed that in Haddock 
there "vas no detectable d.ifference, and tb.at in Herring the value 
was only very slightly lower, being two or three percent below 
the limit of experimental error. 
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The times for freezing for different thicknesses of 
Haddock have been plotted in Fig. 3. This has been done for two 
bath temperatures (-10 0 and -18°e.) and for freezing from one 
side and from both sides. The curves are dravm from values 
calculated from the theoretical equation using the constants 
which have been given in the first part of this report. The time 
of freezing under other conditions of temperature and thickness 
can readily be calculated from the equation itself •

• 

Fig.4 is also given as an illustration of the use of 

this analysis. Here the add.itior~al thickness of fish which is 


- frozen on removal of ~l~ . sam~~e from therbath ~efore freezing 
is complete, is plotted against the thickness of fish which has 
frozen before removal. With high bath te:nperatures the effect 
is small but it increases \Iiith lowering of the temperature. At 
a temperature of -78.5°e (solid carbon dioxide) it contributes 
approximately tw·enty five percent of the whole effect. 

Summary. 
The time of freezing of different thicknesses of Haddock 

muscle with different bath temperatures has been determined, and 
the values for the conductivity have been calculated from a 
previously developed equation. These values are constant within 
the limit of experimental error indicating that the theoretical 
equation may be ap:glied to ex~eriQental freezing to give correct 
results. 

2. The constants in the eQuation have been determined 
· for several different species of fish. 

3. Graphs are given nhich shoW' the relation between the 
·time of freezing and .th~,- thiclme ss for a ·fe ...v cases. Jurves are 
a lso given for the residual freezing effect investigated in the 
former analysis. 
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Fig. 1. 

• 	 The letters in the illustration have the following 
signific a nce; .. 

A Freezing Bath. 

B Conta iner. 

C Thermooouple plate. 

D Constant pressure s~ring. 


E Cork. 

F Cold Temperature jUl~ction. 


G Thermometer. 
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Fig~ 2. 

The o~e shown in Fig. 2 is typioal of the data 
• obtained. The ~oint A was taken as the point at which the 
_fish was frozen. Points below O°C. only are plotted.. The 
~ sample was generally slightly. above the zero point in 
- temperature when intrcduced to the bath. 
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