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Abstract: : Rice (Oryza sativa) is a popular source of nutrition in most Nigerian homes. The differences in cost 

between the locally processed and the imported product and the shift in government policy almost recently have 

enhanced local participation in rice processing. However, local rice processing is associated with considerable 

kernel breakage amongst other challenges. The study evaluated the relative importance of the effects of roller 

speed, soaking temperature and the final moisture content of rough rice on head rice recovery rate (HRY) at 5% 

level of significance. It further optimized the head rice yield using Response Surface Methodology (RSM) based 

on Central Composite Design (CCD). Findings revealed that whereas roller speed and final moisture content 

were statistically relevant on the HRY (P<0.05), the effect of soaking temperature was not. It was further revealed 

that optimum HRY could be achieved by setting the roller speed and final moisture content of rough rice at 6.27 

m/s and 11.88% respectively. However, further studies on in relative influence of the engineering properties of 

rice would go a long way in providing supplementary insight into the minimization of kernel breakage during the 

milling operation and is hereby recommended.  
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I. INTRODUCTION 
Rice is an annual grass in the Gramineae family, which originated from Asia (Oryza sativa) and Africa 

(Oryzaglaberrima) [1]. It plays an outstanding role in nutritional applications globally; it feeds more than half of 

the world’s population (cooked rice, rice flour and brewer grain) [2], while rice husk (inedible) has been used both 

as fuel and in improving soil structure, seedbed mulch, and in brick making. Rice bran contains comparably higher 

levels of vitamins than the inner portion of rice kernel [3]; the bran is used as both raw material in oil extraction 

for human nutrition and an important component in the formulation of concentrated feeds for cattle, sheep, goat, 

poultry [4]. Its global production increased by 16per cent in 14years (i.e. from 520 million tons in 1990 to 605 

tons in 2004). In Nigeria, growth in the demand and utilization of rice is evidenced by the increased importation 

as documented by Reference [5], who noted that Nigeria is the highest importer of rice in Africa and second 

highest in the world.  

In Africa and Asia, both raw and parboiled rice has been processed locally for human nutrition, however, 

parboiling paddy is associated with a wide range of benefits such as enhancing milling yield, storability and 

nutritional value of rice kernels. The processing of parboiled rice involves the following steps – (i) soaking of 

paddy (ii) steaming to achieve partial gelatinization (iii) drying of steamed paddy; since up to 35% moisture is 

obtainable in paddy after parboiling [6]   (iv) husking and (v) milling to remove bran from kernels [7].  

Various quality and process parameters have been employed for evaluating the milling quality of rice 

(husked/milled rice), the most commonly employed are the head rice yield (HRY), total rice yield (TRY), colour 

index, kernel hardness, husking index (HI) ([8],[9]). Despite the aforementioned indices, however, the most 

important concern of rice processors is the minimization of kernel breakage during milling operation [10]. Head 

rice recovery rate or head rice yield, measures the proportion of milled rice kernels with length equal to or greater 

two-thirds the length of the original kernel in a given mass of milled sample [11]. Head rice attracts customers 

and generates more income than broken rice [12]. Correspondingly, a wide range of studies have been conducted 

with the essence of understanding the process of breakage in rice kernels, causative factors and the optimal settings 

for minimization rice kernel breakage ([13], [8], 14]). Earlier researchers centred on investigating the effects of 

final moisture content, shade cooling time and paddy variety on the HRY [15], the effects of soaking temperature 

(45 - 80oC), soaking time (1.5 – 5 hours). Others were steaming methods (Atmospheric/ pressurized) on the 

percentage of broken rice kernels during de-shelling and milling [13]; effects of harvest moisture content on HRY 

of long and medium-sized rice grains [9]. 

Reference [16] evaluated the influence of tempering period and vacuum drying (0.4 to 1 atmosphere) on 

the crack formation of Nemat and Pajouhesh rice at varying temperature levels (40 – 70oC). They revealed that 
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the tendency for cracks to occur increases with an increase in drying time and temperature. Moreover, lower 

atmospheric pressure during the tempering phase of the drying process reduced grain breakage significantly, 

attributed the effects to the slow rate of heat transfer in rice kernels during tempering, which results in minimized 

thermal and moisture stress. Reference [15] investigated the effects of final moisture content, shade-cooling time 

and variety factors on the milling quality and HRY. Similarly, the effects of sun drying and hot air-drying at air 

temperature between 40 and 55oC on the shelling/milling qualities of parboiled paddy rice have also been studied 

([17], [18]) but not without conflicting findings. While Reference [18] found comparably higher head rice 

recovery rate from hot-air drying  (40 to 45oC) than from sun drying, Reference [documented similar HRY 

between heated air drying (45 to 50oC) and sun-drying.  

 Reference [19] acknowledged that artificial drying of rough rice immediately after harvest as the major 

cause of kernel breakage but quickly acknowledged that higher temperature drying does not affect HRY unless 

dried with an air of higher evaporative capacity. Reference [20] studied the effects of output flow rate between 

400 and 600kg/hr on the quality of sorkheh variety of rice at rotor speed of 600 rpm, it was found that rice breakage 

was significant (P<0.05). In addition, highest kernel breakage and the least degree of milling (DOM) were revealed 

at an output rate of 600 kg/hr; below which the HRY was comparably higher. Similarly, Reference [21] observed 

a strong negative correlation between HRY and DOM; however, it was shown by their study that the change in 

HRY per unit change in DOM was significantly higher at higher moisture content. 

Reference [15] modelled the quality attributes of parboiled rice (i.e. HRY, kernel hardness and cooking 

time) and optimized the HRY using response surface methodology (RSM). Similarly, Reference [11] studied the 

effects of soaking temperature (50, 60, and 70oC), steaming time (30, 40 and 50 minutes) and drying time (10, 15 

and 20 hours) at the temperature of 32oC, and optimized the HRY using RSM method. While Reference [22] 

optimized the parboiling conditions of Japonica rice using the Taguchi orthogonal array (34). Reference [23] 

studied the effects roller clearance (0.4, 0.6 and 0.8 mm) of rubber rolls on the milling qualities of TaromHashemi 

and Daillman Mazandarani varieties of rice. Nonetheless, Reference [8] found a very significant effect of whitener 

type on HRY (P<0.01) with the least and the highest percentage of broken kernels for abrasive whiteners and 

frictional type bladeless whiteners at moisture contents of 8 – 9 and 12 – 13% respectively. While, Reference [24] 

acknowledged the suitability of both abrasive polishers and friction type whiteners for polishing long –grained, 

non-parboiled rice.  

Literature documents higher HRY at lower moisture contents (below 14%) ([25], [15]); hitherto, 

Reference [8] found that the amount of broken rice significantly increased at final moisture content between 12 

and 13% (w.b) than at lower moisture content (8 - 9% w.b). In addition, the percentage of broken brown rice 

significantly decreased from 18.83 to 9.97% as the differential speed increased from 1.5 to 5 m/s. While other 

researchers demonstrated that kernel breakage may be minimized by the conditioning of parboiled paddy at 

moisture contents between 15 and 19% using hot air at 80oC. Reference [26] investigated the effects of milling 

duration and conditioning by adding 0, 1, 2, and 3% moisture to paddy of 13.6% moisture content. His findings 

revealed a positive correlation between milling duration (0 - 60 sec.) and kernel breakage and increase in 

conditioning moisture levels (0 – 3%). While Reference [6] suggests that soaking temperature should not exceed 

75oC in order to avoid over-cooking paddy during the parboiling process, Reference [12] recommends that soaking 

temperature be 5% less than gelatinization temperature of rice, which ranges between 73 and 78 oC depending on 

the variety.  

Despite the wealth of findings documented on the milling processes of rice, scanty studies were 

conducted on the effect of roller speed of steel rollers even though a considerable number of rice milling machines 

use steel rollers. 

 

II.     MATERIALS AND METHODS 

2.1 Sample preparation  

 The study to optimize the HRY did not intend to evaluate the influence of variety factor, so a single 

variety was purchased from Mubi market. The dimensions of the purchased rough rice based on 50 observations 

are seed length (8.36±0.41 𝑚𝑚), width (2.05±0.13) and thickness (1.72±0.09). The samples were manually 

cleaned of stones, debris and immature seeds, and the cleaned samples were packaged in perforated polyethylene 

sacs.  

 

2.2 Soaking and steaming of samples 

Samples were soaked with water at three temperatures of 29.0, 75.0 and 52oC corresponding to low, high 

and centre-point levels respectively for the screening experiment and at two additional water temperatures of 

19.47 and 84.53oC corresponding to axial points of ± 𝛼  (Table, 1).  The sacs containing samples with diverse 

soaking temperatures were labeled differently  and steamed in a pot under atmospheric pressure for two hours and 

shade dried until a final moisture content of 9.0, 12.0 or 15.0% d.b (screening experiment) or/and 7.76 and 16.24 

(axial points) (Table, 1) as determined with a digital moisture meter (±0.5%). 
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2.3 Rice milling  

 Rice samples were de-husked and milled with conventional hulling (steel-roller type) milling machine 

powered by a diesel prime mover of four horsepower (4 hp) capacity. The levels of roller speed used in the 

experiment were obtained by sampling the range of speeds used by 20 huller operators in Mubi town using digital 

photo/contact tachometer (model Lutron, DT- 2236). They were found to be 671 ±  12 and 943±  26 rpm 

corresponding to linear speeds of 5.27 and 7.41 m/s respectively (𝑣 = 2𝜋𝑟𝑁 60⁄ ). Prior milling each sample, the 

roller speed was adjusted until the required value was achieved as confirmed with the tachometer (Lutron DT- 

2236). A 50 g of each milled sample was manually sorted based on the length dimension and the HRY was 

calculated in accordance with Reference [6] (equation, 1).  

 

𝐻𝑒𝑎𝑑 𝑟𝑖𝑐𝑒 𝑦𝑖𝑒𝑙𝑑 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤ℎ𝑜𝑙𝑒  𝑟𝑖𝑐𝑒 (𝑔)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑖𝑙𝑙𝑒𝑑 𝑟𝑖𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 (𝑔)
                    (1) 

 

2.4 Experimental Design and Statistical Analysis 

The head rice yield was optimized using a two-step approach; (i) the screening design/experiment and 

(ii) the Response Surface Method based on Central Composite Design (CCD). The screening design to identify 

the significant factors consisted of a 2k full - factorial based on a regression model (equation, 1).  

 

𝑌 = 𝛽𝑜 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 +  𝜀                     (2) 

Where βo, β1, β2, β3are beta coefficients, X1, X2, X3 are the studied factors (X1 = roller linear speed or roller speed, 

X2 = soaking temperature, X3 = final moisture content) and ε is the error term. The natural units, Xi (i.e. X1, X2, 

X3) are related to coded units, xi by the following expression ([27], [11]) 

 

𝑥𝑖 =  
𝑋𝑖  −      (𝑋ℎ𝑖𝑔ℎ+ 𝑋𝑙𝑜𝑤) 2⁄

(𝑋ℎ𝑖𝑔ℎ− 𝑋𝑙𝑜𝑤) 2⁄
                        (3) 

Where;  𝑥𝑖 = coded unit of a factor, Xi = original unit of a factor, X high and X low  are in natural/measurement units 

 

Table 1,  Experimental Settings in Coded and Natural units 
 

Independent Variables 

(Natural units) 

 Coded units 

- 𝛼  

Low 

 

Center point 

 

High 
+ 𝛼 

- 1.4142 -1 0 +1 +1.4142 

Roller linear speed 

(X1,  m/s) 

4.83 5.27 6.34 7.41 7.85 

Soaking temperature 

(X2, 
oC) 

19.47 29.00 52.00 75.00 84.53 

Final moisture content 

(X3, % db) 

7.76 9.00 12.00 15.00 16.24 

 

The design consists of five centre points (0), and to enhance the precision of the experiment (dFerror≥ 

12), the three factors (roller speed, soaking temperature and final moisture content) were studied at three 

replications and the results were analyzed at 5% significance level. Based on experimental data, it was evident 

that both roller speed and final moisture content were statistically important (P<0.05) (Table, 2). Moreover, there 

was significant curvature (p<0.05); which was graphically shown in figure (1).  

Table 2,  ANOVA Statistics for the Screening Experiment 

Source DF Adj SS Adj MS P-Value 

Model 10 651.770 65.177 0.000 

Blocks 2 0.761 0.380 0.894 

Linear 3 531.505 177.168 0.000 

X1 1 49.020 49.020 0.002 

X2 1 15.200 15.200 0.050 

X3 1 467.284 467.284 0.000 

2-Way 

Interactions 

3 63.421 21.140 0.005 

X1*X2 1 20.720 20.720 0.025 

X1*X3 1 4.950 4.950 0.243 

X2*X3 1 37.750 37.750 0.004 

3-Way 

Interactions 

1 1.984 1.984 0.454 

X1*X2*X3 1 1.984 1.984 0.454 

Curvature 1 54.100 54.100 0.001 
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Error 16 53.793 3.362    

Total 26 705.563       

𝛼 = 0.05; X1 = Roller speed, X2= Soaking temperature, X3 = Final moisture content 

      

 

     

 

 

Figure 1, Pareto plot of the effect of roller speed, soaking temperature and final MC on HRY 

 

 According to the literature on statistical modelling, the presence of a significant curvature (p<0.05) in a 

screening experiment limits the application of steepest ascent/descent method or any region-seeking approach 

optimization process [27], and suggested that a second order model may be fitted. Response surface methodology 

based on Central Composite Design (CCD) was used for model fitting, and a typical of which was presented in 

equation (4). 

𝑌 = 𝛽𝑜 + ∑ 𝛽𝑖𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖𝑖
2𝑘

𝑖 + 𝑘
𝑖 ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝑘
𝑗=1

𝑘
𝑖<𝑗                                   (4) 

Where;    

Y = response variable (HRY), Xi, Xj = independent variables, 𝛽𝑜 = regression constant, βi, βii, and  βij are the 

regression coefficients for the linear, quadratic and the interaction terms respectively in the regression model. 

The CCD consisted of four cube points and four axial points (𝛼 = 2𝑘 4⁄ ), and to estimate pure error the 

center point was replicated five times (Table, 3). 

 

Table 3, Central Composite Design Matrix for the Optimization of HRY 
 

Standard  

Order 

 

Run Order 

Coded units  Natural units 

Roller speed Moisture 

Content 

 Roller speed 

(m/s) 

Moisture 

Content (% d.b) 

1 10 -1 -1  5.27 9.00 

2 3 1 -1  7.41 9.00 

3 7 -1 1  5.27 15.00 

4 1 1 1  7.41 15.00 

5 5 -1.4142 0  4.83 12.00 

6 13 1.4142 0  7.85 12.00 

7 8 0 -1.4142  6.34 7.76 

8 12 0 1.4142  6.34 16.24 

9 11 0 0  6.34 12.00 

10 4 0 0  6.34 12.00 

11 6 0 0  6.34 12.00 

12 9 0 0  6.36 12.00 

13 2 0 0  6.34 12.00 

𝛼 = 2𝑘 4⁄ = 1.4142; Each HRY reported is a mean of two measurement 
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The developed model was examined for lack-of-fit, and the region of maximum response was visualized using 

the contour and response surface plots. While the coordinates of the stationary point were calculated using the 

matrix approach, based on which the second – order model generally may be represented in matrix form by 

equation (5).  

 

Y = bo + b1x + x1Bx                          (5) 

 

Where, 

b1 = vector of the first order parameter estimates (b1, b2, ...bk) or the transpose of matrix b, B = second – order 

(quadratic) parameter estimate i.e. 

 

𝐵 =  (
𝑏11

𝑏12
2⁄ ⋯

𝑏𝑖𝑘
2⁄

⋮ 𝑏22 ⋱ ⋮
𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 ⋯ 𝑏𝑘𝑘

)  

 

The stationary point of a second-order model can be obtained by setting the partial derivatives of the 

response variable (Y) with respect to the independent variables (X) in equation (5) to zero (0), 
𝜕𝑦

𝜕𝑥
= 0  [27] the 

solution for which are the coordinates of the optimum (stationary point), and was estimated using the relationship 

𝑥∗ =  
1

2
𝐵−1𝑏1 

Where, 𝐵−1 is the inverse of matrix B (second - order parameter estimate). 

 

 

III RESULTS AND ANALYSIS 

 The ANOVA statistics of the second –order model of HRY is presented in table (4). It indicates that both 

the linear and the quadratic terms were significant (P<0.05), whereas the two-way interaction was not (P>0.05). 

It is clear from the ANOVA statistics that at least one term in the model did not contribute meaningfully in 

describing the variations in the response variable (P>0.05); thus indicating a mild presence of an over-fitted model 

(Predicted R2> Adjusted R2).  

 

Table 4, ANOVA Statistics of the Second- Order Model for HRY 

Source DF Adj SS Adj MS P-Value 

Model 5 448.623 89.725 0.000 

Linear 2 6.867 3.433 0.022 

X1 1 4.465 4.465 0.020 

X3 1 2.401 2.401 0.064 

Square 2 441.034 220.517 0.000 

X1* X1 1 215.729 215.729 0.000 

X3* X3 1 282.163 282.163 0.000 

2-Way Interaction 1 0.722 0.722 0.267 

X1* X3 1 0.722 0.722 0.267 

Error 7 3.470 0.496    

Lack-of-Fit 3 2.090 0.697 0.254 

Pure Error 4 1.380 0.345    

Total 12 452.092       

X1 = Roller speed, X2 = Soaking temperature, X3 = Final moisture content 

 

However, despite the aforementioned evidence, the model exhibited statistical lack-of-fit (P = 0.254); 

this confirms the statistical validity of the developed model and its suitability for describing/predicting the 



Bwade et al., International Journal of Engineering, Bus3iness and Enterprise Applications, 28(1), March-May  2019, pp. 01-08 

IJEBEA 19-201; © 2019, IJEBEA All Rights Reserved                                                                                                                            Page 6 

variations in the response variable. The coefficients of determination, which were all greater than 90% (R2, 

Adjusted R2 and the predicted R2); this further confirmed the aforementioned status of the developed model. In 

addition, analysis of the probability plot revealed that the residuals generated from the conducted experiment were 

normally distributed (figure, 2). 

 

 
Figure 2, Normal Probability of Residuals in Head Rice Yield 

 

 A close examination of beta coefficients (βi,  βii, and βij) revealed that the model constant, roller speed 

and the quadratic terms are statistically important (P<0.05), while, the interaction term (X1X3) and the final 

moisture content were not. Yet, their negative beta- coefficients indicate that lower levels of each term in the 

model are necessary for achieving the optimum yield (Table, 5).  

 

Table 5, Regression Coefficients of HRY Versus Roller speed and Final MC 

Term Coefficient 

Standard Error of 

Coefficient T-Value P-Value 

Constant 63.900 0.315 202.95 0.000 

X1 -0.747 0.249 -3.00 0.020 

X3 -0.548 0.249 -2.20 0.064 

X1* X1 -5.569 0.267 -20.86 0.000 

X3* X3 -6.369 0.267 -23.86 0.000 

X1* X3 -0.425 0.352 -1.21 0.267 

X1 = Roller speed, X2= Soaking temperature, X3 = Final moisture content 

 

The developed model describing the optimized settings of roller speed and final moisture content on the head rice 

recovery rate (Adjusted R2 = 0.98) is presented in equation (5), this was similarly presented using contour and 

surface plots (figures 3 & 4). 

Y= 63.9 - 0.747X1 –   0.548X3 – 5.569X1X1–  6.369X3X3 –  0.425X1X3                                                (6) 

Both plots indicate the absence of saddle point with a parabolic optimum region, and that the region lies around 

the centre points of the experimental space. The coordinates of the stationary were – 0.0655 and – 0.041 (coded 

units) for the roller speed and the final moisture content respectively. The findings in this study were similar to 

those by Reference [15], who documented the significant parabolic relationship between HRY and moisture 

content with optimum HRY ranging between 62.5 and 67.5% within moisture content range between 9.0 and 
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14.5%, and beyond which it declined. It compares favourably higher to HRY of 12.74 to 47.96% documented by 

Reference [28], and lower in comparison to the HRY of 70% and above documented by some authors ([22], [11], 

[23]). Reference [10] (2013) found optimum HRY of 73.9% for CO43 rice variety at soaking time of four hours, 

at a temperature of 60oC and steaming time of 3.0 minutes. The comparably lower HRY in this study may be 

attributed to varietal effects as documented by some researchers ([15], [11], [23]), who revealed that significant 

differences in HRY could result from varietal effects.  

 

 
Figure 3, Contour plot of Head Rice Yield versus Moisture content and Roller Speed 

 

 
Figure 4, Surface Plot of HRY versus Roller speed and Moisture content 
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