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SUMMARY : İn  this experiment, lean boneless beef  samples in different 
thickness  (20,  30 and  40 mm) were frozen  at -18, -20, -22 and  -24 °C until  their 
internal  temperature  reached  -12 XI  and  then they were thawed  at 10 or 22 %' in order 
to determine  their thawing times of  the samples were compared  to the mathematical 
prediction  equations of  thawing times vnhich have been proposed  by some 
researchers,  to determine  the best mathematical  prediction  model  for  these 
experimental  conditions.  The  results  of  this research indicated  that freezing 
temperatures  showed  no effects  on thawing times. With  the 40 mm thick  samples, 
the mathematical  prediction  equation of  thawing times, suggested  by Cleland  and 
Earle  (1982)  and  Cleland  et al. (1986  a) showed  good  agreement  with the 
experimental  data  at both thawing temperatures,  while Pham's  (1986)  mathematical 
prediction  model  were in reasonable agreement  with the experimental  data  of  20 mm 
thick  samples. 
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Freezing, today, is one of  the most common meat preservation methods. In 
Turkey, this technique is also frequently  used to preserve carcasses or chunked 
carcass parts (Gökalp, 1989). Frozen meat and meat products normally have to be 
thawed before  further  processİng and consuming. Thawing speed and consequent!y 
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time required to thaw frozen  food  is itıfluenced  by several factors  such as size, shape 
and physico-chemical attributes of  the frozen  food,  design and thermal assets of 
packagin material, temperature differences  between frozen  food  and thawing 
environment and energy transfer  techniques utilized (Ilıcalı, 1989). Determination of 
thawing time is important in order to maintain the quality of  the product and the 
optimum use of  thawing space, as well as effective  administration of  the institution 
using the thawed products (Cleland er al., 1986 a). In order to produce further 
processed meat products or to consume frozen  meats, it is often  thawed under several 
condıtions such as 23 °C or room temperature in areas which have appropriate air 
circulation (Sııccar, 1977; Nonhıo and Hayakawa, 1986) or in water having a 
temperature of  35 to 45°C (Cleland et al.. 1986 â  or under refrigeration.  However, to 
maintain the quality of  a meat product. the temperature of  thavving should be 
approximately 10 °C (a refrigeration  room) or the second choice would be ambient or 
room temperature (Gökalp, 1989). 

Mascheroni and Calvelo (1982) reponed that the fırst  mathematical prediction 
equation of  freezing  and thavving times of  food  products w as prepared by Plank 
(1913), then Plank revised his origanal model by considering the alteration of  initial 
and ultimate temperatures of  products in 1941 and 1963. The principal new 
experitnental modifıcations  on Plank's (1913) model have been suggested by James 
and Creed (1981), Cleland and Earle (1982), Cleland et al. (1986 b), Pham (1986) 
and Ihcalı (1989). Addıtıonally, Bonacina et al. (1974), Schwartzberg (1978) and 
Talmon and Davis (1981) have prepared some alternaüve numerical methods in order 
to determine the thawing times of  foods.  To determine the thawing times of  meat 
which was frozen  as carcass or tissue having a rectangular shape package, then "finite 
differences  method" has also been suggested by Cleland et al. (1984), Stıziki and 
Singh (1985) and Mannapperuma and Singh (1989). 

Bakal and Hayakawa (1973), James and Creed (1981) and Cleland et al. 
(1986 b), have reviewed the mathematical models and methods used previously and 
they noted that experimental methods under specified  conditions of  interest could 
present more accurate results than the theoretical models and this is the ultimate 
purpose of  this research. 

The objective of  this research work was to experimentally determine the 
thawing times under different  experimental conditions and to comapare these results 
with models developed by other researchres. Therefore,  the primary objective of  this 
work was to determine the thavving times of  frozen  stored, lean, boneless beef  in the 



Shape of  an infinite  slab which represents frozen  meat product conditîon of  several 
countries including Turkey, and to determine the best mathematical prediction 
equation for  this type of  meat product by comparing the thawing times observed 
under these conditions with the different  suggested mathematical models. 

The other aims of  this work were to determine (1) if  thavving times were 
different  for  meats frozen  at different  temperatures, (2) since meat quality is superior 
at a thavving temperature of  10 °C, one of  the additional objective was to determine 
the real time differences  betvveen 10 and 22 °C thavving temperatures of  frozen  meat 
and this time factor  is important for  the meat industry in Turkey, (3) the thavving times 
of  meats frozen  at higher temperatures vvill be identified,  and subsequent research will 
evaluate meat frozen  at lower temperatures in order to compare their quality 
differences. 

MATERIAL AND METHODS 
Materials 
İn this research, semi tendi nosus muscle section from  young beef  carcasses 

held at 4 °C for  24 h after  slaughtering were used as meat samples. To freeze  the meat 
samples, a freezer  vvhich has a ± 0.5 °C sensitivity was employed. Also, during 
freezing,  polyethylene bags having about 0.302 W/m °C thermal conductivity were 
utilized to prevent moisture loss from  the surface  of  the meat by sublimation (De 
Michelis and Calvelo, 1982). Temperatures were measured by using constantan-
copper thermocouples having 0.2 mm diameter and they vvere connected to a digital 
scale milivoltmeter vvhich had a ± 0.01 mV sensitivity and the mV measurements 
vvere transformed  to degrees celsius by using an appropriate table (anon., 1976). 

To prepare a celi in vvhich the samples vvere placed in order to determine 
thavving time, poiystyrene insulation material vvhich was 5 cm thick and had about 
0.036 W/m °C thermal conductivity was used (Kakaç, 1982). 

Also, to determine the surface  heat transfer  coefficient  (h) and to construct an 
appropriate thavving model for  the thavving process, an aluminum block vvith 99.9 % 
purity, 2707 kg/m3 densİty and about 204 W/m°C thermal conductivity was used as a 
Standard in this experiment. The thermal caharcteristies of  meat vvhich are used to 
peridict thawing times vvith mathematical equations are as fallovv  (Mascheroni and 
Calvelo, 1982); 

Cp1 - Specific  heat above freezing  of  meat samples (3506j/kg~ 

3.65xl06j/m3). 



CpS = Specific  heat below freezing  of  meat samples (1825j/kg = 

1.90xl06j/nı3) 

kx = Thermal conductivity above freezing  of  meat saçnples (0.51 W/m°C). 

k s = Thermal conductivity below freezing  of  meat samples (1.55W/m°C). 

T e = Freezing point of  meat samples (-1.8 °C). 

Tj = Initial temperature of  thawed meat samples (-12 °C) 

T r = Final center temperature (0 °C) 

L h = Latent heat of  meat samples (2.09xl08j/m3) 

Methods 
Determmation of  Surface  Heat Transfer  Coefficients  for  Thawed 
Meat Samples 
An aluminum block model as suggested by Hung and Thompson (1983) was 

prepared and four  of  its sides were insulated with 5 cm thick polystyrene to allow 
only the top and bottom to be the primary heat transfer  surfaces.  As with the meat the 
aluminum block was covered with a polyethylene film.  The model prepared from 
aluminum (Fig. 1) was also chilled to -12 °C and then subjected to heating 
temperatures until it reached 0 °C. The meat samples were treated in the same manner. 
The heating times obtained versus İn {(T^ - T t ) / (T - T t ) } dimensıonless 
temperature weıe plotted (Fig. 2) and the slope (m) was calculated by regression 
analysis. The h values were calculated by inserting the slope values in to the Hung 
and Thompson's (1983) equation. 

P . V - C P . m 
h- (D 

A 

h = Surface  heat transfer  coefficient  (W/m2 °C) W = Energy exchange 
between the system and its surroundigns (Watt = Joule/second). 

p = Density (kg/m3) 
V = Volume (m3) 
Cp= Specific  heat (j/kg °C) 
m = Slope of  the curve 
A = Surface  area (m2) 
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Figüre 1. Aluminum model prepared as stated by Hung and Tompson (1983) and 
the placement of  the thermocouple ends. 

Figüre 2. Relationship between time and dimensionless heat exchange of  aluminum 
model at 10 and 22 °C heating environment. 

T : Temperature in any given moment 
T t : Heating temperature of  environment 

T; : Initial temperature of  aluminum block (°C). 
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To illustrate the înfluence  of  different  experimental conditions, h values of 
13.2 W/m2 °C and 24.5 W/m2°C were obtained from  meat samples thawed at 10 and 
22 °C, respectively Cleland et al. (1968 a). 

I 

Prepar ing of  Meat Models for  the Freezing and Thawing 
Experiments 
The semitendinosus muscles from  the young bull carcasses were dissected to 

the approximate size and shape in ali treatments. Total moisture of  the samples was 
determined according to Ockerman (1976) and fat  content was determined by the ether 
extraction method described by Gokalp (1986). After  determining the moisture and fat 
content of  the meat, the muscle was uniformly  cut into pieces of  20, 30 and 40 mm 
thickness with a 7 cm width and a 8.6 cm length, by using a sharp knife  on a cutting 
board. Then the meat models as described by Hung and Thompson (1983) were 
prepared by covering the four  sides of  the meat section vrith a single layer of 
polystyrene having a 5 cm thickness in order to allow the majör heat transfer  to occur 
only from  the top and bottom surfaces  (Fig. 3). 

Figüre 3. Experimental meat sample prepared as stated by Hung and Thompson 
(1983) and the placement of  the Thermocouple ends. 
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The temperature measurements of  the meat model s prepared earlier we 
recorded by placing 5 individual constantan-copper thermocouples vvith 
thermocouples placed in the center horizontal plane (2 cm apaıt) in the meat section 
and one eaeh vvas placed on the upper and lovver tissue surfaces.  Temperatures wer 
measured with a milivoltmeter as mV reading. The meat model samples as describe 
by Hung and Thompson (1983) were frozen  at -18, -20, -22 and -24 °C until thei 
iııternal temperature reached -12 °C and then these meat samples vvere thavved at 1 
°C (in a cooler) or 22 °C (in a lab.) without forced  air circulation. During the thawin 
process mV readings were recorded at 5 min intervals until the samples' internal 
temperature reached 0 °C, 

Mathematical Equatiorıs for  Thavving Time Predictions 
In order to evaluate the mathematical prediction equations of  thawing times of 

meat, 4 different  mathematical models which were developed by various researchers 
or teams were evaluated in the present research. For this calculation, Plank's (1941) 
prediction equation as gıven by Pham (1984) was evaluated as well as equations 
suggested by Cleland Earle (1982), Cleland et al. (1986 a) and Pham (1986). 

RESULTS AND DISCUSSION 
Resul! Of  Surface  Heat Transfer  Coefficient  (h) 
As described in the method section, serial calculation s were done with the 

aluminum block in order to obtain the h value. The values of  15.09 VV/rn2 °C and 
15.58 W/m2 °C for  h vvere attaired for  the 10 and 22 °C thawing temperatures, 
respectively. Then, these h values were inserted into the prediction equations used to 
calculate thawing times. 

Experimental Results Of  Thawing Times 
For the meat samples frozen  at -18, -20, -22 and -24 and with 20, 30, 40 mm 

thıckness, the thavving times found  experimentally at 10 and 22 °C thavving 
temperatures are presented in Table 1. As mentioned previously, the thavving at 10 °C 
was in a cold room vvhile the 22 °C thavving process was in a regular lab envirronment 
having no air circulation, neglecting natural convection. Relative Humidity vvas 
approximately 38 % in the area of  the 10 °C temperature vvhile it v/as 50 % in the 
22 °C thavving temperature vicinity. In order to demonstrate the influence  of  the meat 
thickness and different  thavving temperatures, the thavving times are graphed in Figüre 



4 and 5. As can be seen in the fîgures,  different  thawing slopes were attained for  the 
meat samples, of  the same thickness at 10 and 22 °C thawing temperatures. 
Additionally, as shown in Table 1, different  freezing  temperatures of  the meat 
samples did not have any effect  on the thavving times. Hovvever, the literatüre 
(Fennoma and Powrie, 1964; Cemeroğlu, 1986; Gökalp, 1989) suggested that lower 
freezing  temperatures cause small, smooth and uniform  ice carystals in the tissue 
while higher freezing  temperatures results in frozen  food  products with larger and 
more dispersed ice crystals. However, in this experiment, the freezing  temperatures 
did not have any effect  on thawing times obtained probably because there were not 
large differences  between the various freezing  temperatures. 

T h a w inç Time ( hou r s ) 

Figüre 4. Thawing curve of  the meat samples of  different  thickness, thawed at 10 °C 
environment. 



Figüre 5. Thawing curve of  the meat samples of  different  thickness, thawed at 22 °C 
environment, 

Thavving Times Calculated by Mathematical Equations 
The comparison of  results of  the thawing times calculated with mathematical 

models and observed experimentally are presented in Table 2, Calculated thawing 
times, resulted by using the equations, were found  to be shorter than the 
experimentally determined times in this experiment. For the thick meat cuts, 
experimentally determined times were closer to the values obtained using the 
mathematical models and differences  between experimental and mathematical models 
were noticeable reduced. This fact  can be observed in Table 2 where almost ali of  the 
mathematical prediction equation results for  the thavving times vvere in reasonable 
agreement vvith the results of  the experiment vvhen the meat slab thickness increased 
from  20 to 30 mm. Especially, at 10 °C thavving temperature vvith 30 mm meat 
thickness, ali of  the model aquations, except Plank's (1941) equation (Pham, 1984), 
resulted in a 90 % or higher agreement vvith the experimental measurements for 
thavving times. Hovvever, at 40 mm meat thickness and 10 and 22 °C thavving 
temperatures, the equations suggested by Cleland and Earle (1982) and Cleland et al. 
(1986a) resulted in thavving times with 10 % orless inaccuracy (that is, they vvere 



Table 1. Experimental Conditions For Thawing and Thawing Times Determined 
Experimentally. 

Expmt* Tf  L Tt Tj h M a t ^ ç Average SD 
# (°C) (mm) (°C) (°C) (W/m2°C) (%) (hour) tDC (hr) 

i -18 20 22 -12 15.58 74.48 2.86 
2 -20 20 22 -12 15.58 76.86 2.91 
3 -22 20 22 -12 15.58 75.96 2.80 2.870 0.0523 
4 -24 20 22 -12 15.58 76.93 2.91 <r 

5 -18 20 10 -12 15.09 75.53 4.90 
6 -20 20 10 -12 15.09 77.10 4.73 
7 -22 20 10 -12 15.09 75.03 4.70 
8 -24 20 10 -12 15.09 77.42 4.90 

9 -18 30 22 -12 15.58 76.83 4.16 
10 -20 30 22 -12 15.58 76.13 4.35 
11 -22 30 22 -12 15.58 76.28 3.76 
12 -24 30 22 -12 15.58 77.21 3.96 

13 -18 30 10 -12 î 5.09 76.27 6.83 
14 -20 30 10 -12 15.09 76.60 6.78 
15 -22 30 10 -12 15.09 75.11 6.46 6.692 0.1639 
16 -24 30 10 -12 15.09 77.09 6.70 

17 -18 40 22 -12 15.58 74.93 4.66 
18 -20 40 22 -12 15.58 75.94 4.71 
19 -22 40 22 -12 15.58 76.18 - 4.593 0.1607 
20 -24 40 22 -12 15.58 76.49 4.41 

21 -18 40 10 -12 15.09 75.30 8.36 
22 -20 40 10 -12 15.09 75.18 7.90 
23 -22 40 10 -12 15.09 76.71 8.03 8.087 0.1945 
24 -24 40 10 -12 15.09 75.10 8.06 

* Experiment rıumber SD : Standard Deviatiorı 
Tf Freezing temperature (°Ç). 
L Thickness of  the meal slab (mm). 
t t Thavving environmeııt air temperature (°C). 
Ti Initial temperature of  lhawed meat samples (°C). 
h Surface  heat transfer  coeffıcient  (W/m2°Q. 
M a Percentage of  water in the meat, Mass fraction  of  water (dimensionless). 

CDC Experimental thawing times (hours). 

better for  thicker meat samples). At the 20 and 30 mm meat thickness and at both 
thawing temperatures especially at 10 °C, Pham's (1986) mathematical prediction 
equation resulted in the best relationship with the experimentally determined thavving 
times. 

Under these experimental conditions, the equations suggested by Cleland and 
Earle (1982) and Cleland et al. (1986a) can be recommended when the meat thickness 



is large (40 mm) and when the meat is thawed at 10 and 22 °C thavving temperatures, 
while the equation developed by Pham (1986) can be suggested in order to predict the 
thawing times of  the less thick (20 mm) cuts of  meats whick were thawed at 10 °C 
thawing temperature. For the thavving of  30 mm thick meat samples at 10 and 22 °C, 
ali the experimented equations resulted in similar results and no noticeable variation 
was determined among them 

Table 2. Percentage differences  between experimental thawing times and thavving 
times calculated by mathematical equations for  the different  meat samples. 

Exp* L Tr Average t Devial.** »CE Deviat.** »CC Deviat.** tp Deviat** 
# (mm) (°C) (tDChr) (hr) (%) (hr) (%) (hr) (%) (hr) (%) 

1 -A 20 22 2.870 2.27 -20.90 2.00 -30.31 2.20 -2334 2.32 -19.16 

5-8 20 10 4.807 4.27 -11.17 3.83 -20.32 3.84 -20.11 4.20 -12.62 

9-12 30 22 4.057 3.64 -10.27 3.22 -20.63 3.50 -13.73 3.76 -7.32 

13-16 30 10 6.692 7.54 12.67 6.07 -9.29 6.10 -8.84 6.71 0.26 

17-20 40 22 4.593 5.27 14.73 4.58 -0.28 4.93 7.33 5.40 17.57 

21-24 40 10 8.087 10.66 31.81 8.57 5.97 8.58 6.09 9.48 17.22 

* E*periment number. 
** Deviation from  experimental resul ıs. 

L : Thickness of  the meat slab (mm). 
Tr : Thavving environment temperature (°C). 
Tdc : Experimentally thavving times (hours). 
Tpl : Thavving times calculated by using Plank (1941) model. 
tçE : Thavving times calculated by using Cleland and Earle (1982) model. 
İCÇ : Thawing times calculated by using Cleland et aJ. (1986a) model. 
t p : Thavving times calculated by using Pham (1986) model. 

CONCLUSIONS 
The results of  the thavving experiment analysis indicated that meat cut thicknesses 

and thavving temeratunes have and significant  effect  on thavving times. 
There vvere no significant  differences  determined betvveen the thavving times of 

the meat samples vvhich were originally frozen  at the different  freezing  temperatures 
(-18, -20, -22 and -24 °C). 

The results indicated that almost ali model prediction equations employed for 
estimating of  thavving times in this experiment presented satisfactory  results for  the 30 
mm thick frozen  samples. However, the mathematical prediction equation prepared by 
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Cleland and Earle (1982) and Cleland et al. (1986a) were slıghtly better for  the 40 mm 
thick samples at both 10 and 22 °C thawing temperatures, while Pham's (1986) 
mathematical prediction model gave somewhat better results for  the 20 mm thick 
samples at 10 °C thawing temperature. 
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