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INTRODUCTION 

In order to design and to control automatically various cooking apparatuses, it is 

necessary to determine first the cooking-rate equation from experimental data. In 

previous papers, we have already studied the cooking-rate equations for rice'-s), beans6•7), 

root vegetables8•9), spagetti and hiyamugi 10). 

In this paper, we studied the cooking-rate equations of udon, somen, soba and Chuka 

sob a which in Japan are very popular elements of food. For the measuring of the cooking 

rates, we used a weighing method, because the degrees of cooking of low water content 

foods such as rice, beans, dry noodles and so on may be represented by a water soaking 

phenomenon. The cooking-rate equations were postulated as a simple empirical rate 

equation and as a semi-theoretical one based on the water-soaking-shell model which was 

also used in the previous papers1- 4 •6•10•11). 

EXPERIMENTAL 

1. Samples 

The noodles used as sample were bought in the market. The commercial names of 

udon, somen, soba and Chuka soba (Japanese wheat noodle, finely-spun wheat noodle, 

buckwheat noodle and Chinese vermicell) used in this studies are Special Udon (Taka

hashi Seimen Co., Fukuyama), Somen (Yokoyama Seimen Co., Okayama), Hiruzen Soba 

(Hiryu Co., Okayama), Fukushima Ramen (Ezaki Seimen Co., Fukuyama), respectively. 

The weight, length and diameter of one piece of udon, somen, soba and Chuka soba 

were 1.280g, 25.2cm, 0.219cm; 0.235g, 19.0cm, 0.106cm; 0.605g, 28.5cm, 0.142cm; 

0.33lg, 18.6cm, 0.13lcm, respectively. As samples, we used 20.0cm length noodles 

which were cut with a razor knife. 

2. Cooking procedure 

The samples of 10.0 cm were put into a sample basket made of stainless wire net 

(20 mesh), and were put into hot water and cooked at a given temperature for a fixed 

time. The temperature of the hot water for the cooking was 70, 80 and 90°C. It was 

controlled in a water bath by an electric heater, and a covered pot was used for the cook-
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ing temperature of 99.5°C. 

The cooked noodles were poured out quickly into water of 20°C for 0.5 minutes in 

order to stop the cooking process. 

In each experiment, we used 5 samples for udon and 10 samples for other noodles, 

respectively. The observed values used in this paper are average values. 

3. Measuring method 

The surfaces of the cooked samples were wiped quickly by a filter paper, and then 

were transfused into a weighing tube. After this, the samples were weighed with a 

chemical balance. The weight of the completely dryed state of the cooked samples was 

estimated as being the values of 10 hours drying at 130°C in a dryer. The values of the 

moisture content of the samples at the initial state were 14.2, 12.2, 13.6 and 13.1% 

(W.B.) for udon, somen, soba and Chuka soba, respectively. 

The length and density of the samples were measured by means of a bamboo ruler and 

a specific gravity bottle at 30° C. 

The values of radius of the samples were calculated by using the observed values of 

the weight, length and density assuming the samples had cylindrical shape. 

RATE EQUATION 

1. Rate equation 

The cooking ratio x(-) can be expressed by the following equation from the weight 

of the sample: 

Ill 

where, w(g) is the cooking weight of the sample at any given cooking time e (min). The 

subscripts of 0 and e give the values at the initial and equilibrium states, respectively. 

As types of cooking-rate equations, we can consider two types. One is an empirical 

formula 12- 14). This one is useful, unless the cooking mechanism can be analyzed and 

their transforming model can be postulated approximately. The other type is a 

theoretical or a semi-theoretical rate equation based on the water-soaking-shell model and 

so on. 

The relationships of x vs. e do not show a S-shape curve. The empirical rate equation 

can be postulated as follows: 

dx/d(} = k.( 1-x)" (2) 

where, k 0 (min·1) and n(-) are the rate parameters which can be obtained from the 

experimental data of x vs. e. 
The other semi-theoretical rate equation based on the water-soaking-shell 

model1- 4•6.1°.1 1) can be used for the cooking of the noodles by assuming that the unsoak

ed core and the soaked shell occuring in the cooking process were cleary divided by the 

internal plane. The rate equation for long-cylinder becomes as follows: 



dx 

d() 
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where, R(cm), L(cm) and C(g-H2 O/cm3 ) are the radius, length and water concentration 

of the sample, and re is the radius of the soaked core which can be calculated by Eq. ( 5). 

km (cm2 /min) is the diffusion parameter of water through the soaked layer, and k, (cm/ 

min) is the reaction parameter of the noodle's component with the diffused water at 

internal plane. These rate parameters can be obtained from the experimental data of x vs. 

fJ. If, from the experimental data obtained, the values of L were not constant values, 

then we can assume the follows equation 10>: 

L=Le-(CLeiLo)-1) (1-x)Lo !61 

This equation is same to the one dimensional increasion of the thickness on the infinite

slab shape of the water-soaking-shell model 1 >. 
2. Calculation method of the parameters 

The experimental data on the cooking of noodles can be obtained as relationships of x 

vs. fJ, as shown below. As the data were scattered, we could not obtain reliably the differ

entiated values of dx/dfJ from the data of x vs. e by a differential analysis. Therefore, we 

had to calculate the cooking-rate parameters in Eq.(2) or (3) with a non-linear least 

square method Is} using a digital computer. The cooking-rate equations were integrated 

numerically using the Runge-Kutta-Gill method. The programs for the calculation are 

nealy the same as in the previous paper 1' 14>. 

The values of the following standard deviation a (-)were minimized. 

a= (t,Cxobs-Xcat)7!N) 0
•
5 171 

where, N is the number of data, and the subscripts of obs and cal give the observed and 

calculated values, respectively. 

The initial values of the rate parameters in Eq.(2) were given as n= 1.0, and the initial 

values of kn were estimated by the following integral equation obtained from Eq.(2). 

kn=l = - In ( 1- X)/() 181 

The initial values of km and k, in Eq. (3) were calculated by the following integral 

equations which were obtained for the cases of only a partly control of diffusion or 

reaction rate, respectively. 

km=CCR5R;- (RJ-R5)rD In (RJ(R5-rD+R5rD 

+2 (R;-Rg)r~ lnrc-C4R5m-2CR~-Rg) rDinRo) 

(we- Wo)/( 4 (Ri-R8)( Ce-Co) Vo ()) 

kr=Ro(1- Crc!Ro)) Cwe-wo)/((Ce-Co)Vo()) 

191 

(101 
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where, V(cm 3 ) is the volume of samples. 
From the experimental data, we could not obtain the values of we. Therefore, we 

assumed the value of we as one of the rate parameter as shown in the previous paper to) c 

The FACOM M-200 digital computer of the Computation Center in Nagoya Univ. was 
used for these calculations. 

RESULTS AND DISCUSSION 
1. Experimental results 

Each noodle was cooked at a temperature of 70, 80, 90 and 99.5°C. The relationship 
between weight w(g) and density P (g/cm 3 ) of the samples with the cooking time() (min) 
are shown in Figs. 1-4. In Figs. 1-4, the curves of w vs. () at a cooking temperature 
below 90°C and/or 99.5°C are monotonous, but the curves for udon at 99.5°C are not 
monotonous and have maximum states. The reason may be perhaps that the dissoluted 
weight of cooked noodles is more than the soaked weight of water. The values of the 
equilibrium weight we can not be obtained from these experimental data. 

The relationships between the length L(cm) and the radius R(cm) of samples with the 
cooking time () (min) are shown in Figs.5- 8. In Fig.5, the curves of L vs. () show 
characteristic S-shape's curves as the previous experimental results of spagetti (R=l.90 
cm) and hiyamugi (medium-spun wheat noodle: R=O.l35cm). This S-shape's tendency 
is less or not obtained in Figs. 6-8. The reason may be perhaps that the expansion of the 
axis is difficult for the larger and harder noodles, before the softening at the center parts 
is induced by the cooking. 

From the S-shape's curves of L vs. () , we can considere two parts in the inner 
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Fig. 1. Relationships between the weight w or density p and the 
cooking time 8 on the cooking of udon. 
Cooking temp. : 99.5 90 80 70 oC 
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1.2,------------------, components; a softer shell and a 

harder core. Accordingly, the water
soaking-shell model mentioned in 

Eq.(3) can be applied approxima

tely in the cooking of the larger 
and harder noodles at these states. 
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2. Calculated results 

The rate parameters in Eq.(2) or 
(3) can be calculated from the rela

tionships of w vs. () shown in Figs. 
1~4. The initial values w0 were 

used as the weight of samples soak

ed instantly and wiped quickly by a 

filter paper. 

wo=ct w* 1111 

Fig. 2. Relationships between the weight w or 
density p and the cooking time e on the 
cooking of somen. 

where, w * is the weight of undoaked 

samples. The values of a were 1.051, 

1.158, 1.138 and 1.129, and the 

values of w0 were 0.535, 0.144, 

0.242 and 0.201 g for udon, somen, 

soba and Chuka soba, respectively. 
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Fig. 3. Relationships between the weight w or density p and the cook
ing time e on the cooking of soba. 
Cooking temp.: 99.5 90 80 70 °C 
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Fig. 4. Relationships between the weight w or density p and the cook
ing time 8 on the cooking of Chuka soba. 
Cooking temp.: 99.5 90 80 70 °C 

0 6. 0 \1 

0.15 

1;;--
E 
~ 
~ 

t<>. 

r12 
0.10 

~ 0.08~ 

0.05 

10 20 30 40 50 
8 (min) 

Fig. 5. Relationships between the length L or 
radius R and the cooking time 8 on the 
cooking of udon. 
Cooking temp.: 99.5 90 80 70 °C 
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Fig. 6. Relationships between the length L or 
radius R and the cooking time 8 on the 
cooking of so men. 
Cooking temp.: 99.5 90 80 70 °C 
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Fig. 7. Relationships between the length L or 
radius R and the cooking time e on the 
cooking of soba. 
Cooking temp.: 99.5 90 80 70 °C 
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Fig. 8. Relationships between the length L or radius R and the cooking 
time e on the cooking of Chuka soba. 
Cooking temp.: 99.5 90 80 70 °C 
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The equilibrium values we can not be obtained from the experimental data of Figs. 
1-4. Therefore, we assumed the value as one of the parameter with the other parameters 
of n and kn using the same method shown in the previous paper10). 

The data for the longer cooking times are very complicated, since there are soaking 
and dissoluting phenomena. Then, we used only the data for ealier cooking times to 
calculate the rate parameters; up to 20, 30, 40, 40 min for udon, 6, 8, 10, 15 min for 
somen, 20, 30, 40, 40 min for soba and 10, 15, 20, 30 min for Chuka soba at 99.5, 
90, 80, 70°C, respectively. The relations between the cooking ratio x(-) and the cooking 
time fJ (min) used for the calculation of the rate parameters are shown in Figs. 9-12. 

The calculated values of the rate parameter in Eq.(2) and the standard deviation are 
listed in Table 1. The values of the equilibrium values we were 2.095, 0.574, 0.971 and 
0.987 g for udon, somen, soba and Chuka soba, respectively. The values ofn are found 
to be from 2 to 4, so the values are unified as n=2.0 as shown in the previous paper10>. 
The solid curves in Figs. 9- 12 show the calculated results used the rate parameters 
obtained n=2.0 in Eq. (2). The accordances for the lower cooking temperature region are 
not better than the ones for the higher region. The reason is that the lower region has a 
higher value of n than the used value of 2.0. 

The values of logalithm of kn = 2 . 0 are plotted in Fig. 13 against the reciprocal of the 
absolute temperature. Nealy straight lines are obtained. The Arrhenius equations are 
obtained as follows: 

For udon; 

kn=2 =3.79x 106 exp(-1.31 x 104 /Rgn 

I. Or--------------------, 

0.8 

Fig. 9. Relationships between the cooking ratio x 
and the cooking time 8 on the cooking of 
udon. 
Cooking temp.: 99.5 90 80 70 oC 
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Calculated results: Eq. (2) -
Eq. (3) ---
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Fig. 10. Relationships between the cooking ratio x 
and the cooking time IJ on the cooking of 
somen. 
Cooking temp.: 99.5 90 80 70 oc 
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Calculated results: Eq. (2) -
Eq. (3) ----
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Fig. 11. Relationships between the cooking ratio x 
and the cooking time 0 on the cooking of 
Sob a. 
Cooking temp.: 99.5 90 80 70 °C 
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Calcualted results: Eq. (2) -
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Fig. 12. Relationships between the cooking ratio x 
and the cooking time 0 on the cooking of 
Chuka soba. 
Cooking temp.: 99.5 90 80 70 °C 
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Calculated results: Eq. (2) -
Eq. (3) -----

Table 1. Rate parameters in the cooking-rate equation of Eq. (2). 

Cooking Udon So men 

temp. (°C) kn=2 (min-1) a(-) k 0 =2 (min-I) a(-) 

99.5 7.73 xlo-2 0.0178 2.48 X 10-3 0.0137 

90 5.32 " 0.0190 2.25 0.0391 

80 2.61 " 0.0323 1.65 0.0521 

70 1.84 " 0.0262 1.02 0.0576 

For somen; 

"-rz=2 = 1.1 7 X 1 04 exp(-7.90 X I 03 / Rg T) 

For soba; 

kn=2 = 2.68 X 105 exp ( -1.09 X 104 /Rg T) 

For Chuka soba; 

k0 =2 = 5.34 X 104 exp(-9.66 X 103 /RgT) 

Soba Chukasoba 

kn=2 (min-1) a(-) kn=2 (min-1) a(-) 

12.5 X 10-2 0.0530 10.8 X 10-2 0.0235 

8.37 0.0190 8.86 " 0.0345 

4.55 0.0309 5.95 0.0385 

3.83 " 0.0374 3.64 " 0.0449 

where, TCK) is the cooking temperature, and Rg=l.987 ca1/g-mo1·°K is the gas constant. 

The values of the apparent activation energy for the cooking of udon, somen, soba and 

Chuka soba are in the same order as the values of 8.72 and 10.5 kca1/g-mo1 obtained 

respectively from the cooking of spagetti and hiyamugi in the previous paper10l. 

The calculated values of the rate parameter in Eq. (3) and the standard deviation are 

listed in Table 2. The broken curves in Fig. 9~ 12 show the calculated results used the 
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-0.4~ 
rate parameters obtained in Table 2. 

The calculated results for the reaction 
controlling only differ too much from 

the experimental data as same to the 

results in the previous paper10>, then, we 

may deduce that the cooking rates of 

noodles consist perhaps both of the 

diffusion and reaction rates. 

-0.6f ~ ~ 
I 

-0.8 

-1.0 

'M-1.2f 
It is difficult to find a certain relation 

between the values of kr and those of 

the cooking temperature in Table 2. 

This is due to the interrelation of kr and 

km, and the cooking rates of noodles 

consist perhaps mainly in the diffusion 

rates. 

" I .cf I 
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2.6 2. 7 2.8 2.9 3_0 X 10-3 

The values of the apparent activation 

energy of the reaction region on the 
cooking of rice2> and the one on the 
gelatinization of rice starch 16); are much 

larger than the values of about I 0 kcal/ 
g-mol obtained for noodles in this and in 

the previous10> papers. Thus, we may 

infer that the cooking rate of noodles is 

perhaps limited by the diffusion rate of 

1/T CK- 1 ) 

Fig.l3. Arrhenius plots of the cooking 
of udon. somen, soba and Chuka 
soba. 
Udon Somen Soba Chuka soba 

0 0 

Table 2. Rate parameters in the cooking-rate equation of Eq. (3). 

Udon So men Cookins 
temp. (C) kr(cm/min) km(cm 2 /min) a(-) kr(cm/min) km(cm 2 /min) 

99.5 6.69 X 10-2 7.19x 10_. 0.0110 4.25 X 10-1 6.58 X 10_. 

90 9.87 4.08 0.0076 11.3 5.28 
80 10.7 1.80 0.0056 18.7 3.13 
70 3.32 1.36 0.0094 9.36 2.12 

Soba Chukasoba 

kr(cm/min) km(cm'/min) a(-) kr(cm/min) km(cm' /min) a(-) 

9.65 X 10-2 6.13 X 10_. 0.0181 8.10X 10-2 6.57 X 10-4 0.0175 
20.7 3.29 0.0211 74.6 3.63 0.0023 
15.2 1.80 0.0066 56.1 2.36 0.0099 
14.0 1.53 0.0141 34.3 1.41 0.0143 

a(-) 

0.0053 

0.0282 

0.0117 

0.0306 
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water, and the chemical reaction rate of starch components with water is perhaps negli

gible. 

As the accordances of the broken curves with the data in Figs. 9~ 12 are better than 

the one of solid curves for the lower cooking ratio region, the model equation of Eq. (3) 

is better than the simple empirical rate equation of Eq. (2). However, the values of 

standard deviation for the higher cooking temperature region in Tables I and 2 are not 

too much different, so the simple empirical rate equation of Eq. (2) is more useful than 

the equation of Eq. (3) for designing and so on in the higher cooking temperature region. 

SUMMARY 

In order to design and to control automatically various cooking apparatuses, it is 

necessary to determine the cooking-rate equations. In previous papers, we have studied 

the cooking rate equations of rice 1-s) and so on 6-Io). 

In the present paper, we took up the cooking-rate equations of udon, somen, soba 

and Chuka soba following the one of spagetti and hiyamugi10). The cooking rates of 

noodles were obtained by the weighing method at the cooking temperature of 70~99.5°C. 

The cooking-rate equations were postulated in two types; one type is a n-th order 

empirical rate equation and the other is a semi-theoritical rate equation based on the 

water-soaking-shell model. The activation energy for the former rate equation was about 

13, 8, 11 and I 0 kcal/g-mol on the cooking of udon, somen, soba and Chuka soba, 

respectively. These values are very similar to the values of 9 and !I kcal/g-mol obtained 

for spagetti and hiyamugi in the previous paper10). From the results, we may deduce 

that the cooking rate of noodles is perhaps limited by the diffusion rate of water, and the 

chemical reaction rate of starch components with water is perhaps negligible. 

c 
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NOTATIONS 

concentration of water in sample, (g-H2 O/cm3 ) 

diffusion rate parameter of water in noodle's component, (cm2 /min) 

rate parameter of n-th order empirical rate equation, (min-1 ) 

reaction rate parameter of noodle's component with water, (cm/min) 

length of sample, (cm) 

number of data, (-) 

order of n-th order empirical rate equation, (-) 

radius of sample and uncooked core, (cm) 

cooking temperature, C K) and (0 C) 

volume of sample, (cm 3 ) 

weight of sample, (g) 

cooking ratio by Eq. (1), (-) 

cooking time, (min) 

a : standard dt<viation, (-) 

Subscripts ; 
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0 and e initial and equilibrium states 
obs and cal : observed and calculated values 
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