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Abstract Optimization of machine parameters using re-
sponse surface methodology (RSM) greatly overcomes the
numbers of experimental trials generally undertaken for
milling study of pigeon pea apart from maximizing the
output of the system. The independent milling parameters
for Central Institute of Agricultural Engineering dal mill
viz., roller speed, emery grit size, and feed rates were
optimized for pigeon pea dehulling using RSM. The roller
peripheral speed of 9.6 m/s, emery grit size 1 mm, and feed
rate 111 kg/h were found optimal. The dal recovery and
milling efficiency at optimized independent parameters
were 75% and 80%, respectively.

Keywords Pigeon pea .Milling efficiency . Dal recovery .

Emery grit size . Response surface methodology

Introduction

India is the largest producer of pulses in the world. The
Annual production of pulses in the world in 2006–2007 is
54.4 million tonnes and in India is around 13.2 million
tonnes from 22.5 million hectares area (Anon 2007a, b).
India ranks first by contributing about 22.52% to the global
pulse production and 35.2% area of global production area

(Anon. 2007a). Pulses along with cereals play a vital role in
human nutrition (Tiwari et al. 2007). Pigeon pea (Cajanus
cajan) is the most commonly used pulse in the Indian
subcontinent. Pulses are also referred to as a source of
“Poor man’s Protein.” It is more popular in vegetarian diet
especially for the poor socio-economic group. The per
capita availability of pulses is around 30 g as against the
requirement of 40 g per day (Indian Council of Medical
Research) for an optimal diet (Anon. 2007b).

In India, about 80% of the pulse production is consumed
in the form of dal or powder and remaining 20% as the
whole seed and other forms (Chacko et al. 2001; Mangaraj
et al. 2005). Whole pulses are milled into split dal by
various methods/processes. The recovery of dal varies from
60% to 75%, depending upon the type of pulses and
techniques adopted by the millers such as methods of
pretreatment and milling machinery used (Sahay and Bisht
1988; Mangaraj et al. 2005). Generally, the husk is tightly
attached to the cotyledons in pulses (Chakravarty 1988). In
most pulses, husks are attached with cotyledons through a
layer of gums (Kurien and Parpia 1968). Hence, a
pretreatment of pulse grain for loosening of the husk prior
to milling is desirable as it increases the recovery of dal
(Sahay et al. 1985; Mangaraj et al. 2004). Kurien (1981)
reported that dehulling of pigeon pea can be rendered easier
by prolonged soaking in water for 12 h or more, but the dal
so obtained remains uncooked and tough even with
prolonged boiling (Singh 1995). The maximum dehulling
efficiency for pigeon pea was obtained at 10.1% moisture
content (db), dehulling time 12.3 s (with closed outlet) and
mustered oil treatment 0.3% (Goyal et al. 2008). Tiwari et al.
(2007) studied application of oil and subsequent heating of
black gram as a premilling treatment on the removal of husk
and observed that 85.5% of dehusking was obtained at 0.8%
oil and at drying temperature of 90°C for 30 min.
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Dehulling is the most important operation of post harvest
handling of pulses. The removal of seed coat is very
important because it is indigestible and bitter. At present, loss
of about 10–12% (as broken grain) edible portion takes place
during milling operation due to improper milling practices,
uncontrolled operational parameters, and lack of knowledge
about the appropriate emery/carborundum grit size for
different pulses and operations (Chacko et al. 2001). Ehiwe
and Reichert (1986) studied the dehulling quality of cowpea,
pigeon pea, and green gram cultivars with the tangential
abrasive dehulling device and reported that seed size was the
most important factor affecting the dehulling process. Seed
size affected both efficiency of dehulling and splitting of
cotyledons (Erskine et al. 1991). Some work has been done
in identification of emery/carborundum grade and few for
milling studies (Sahay and Bisht 1988; Kulkarni 1989;
Mangaraj et al. 2004). Other researchers have worked on the
optimization of process parameter for milling of various
pulses (Singh et al. 2004; Tiwari et al. 2007). Response
surface methodology has been successfully employed for the
optimization of pulse milling operation (Khuri and Cornell
1987; Mandhyan and Jain 1993; Phirke et al. 1996; Goyal
et al. 2008). Also, Ribott et al. (2008) determined the
influence of sodium stearoyl-2-lactylate, transglutaminase,
and xylanase on soy-wheat dough and bread properties,
modeled by response surface methodology. Therefore, the
machine parameters of Central Institute of Agricultural
Engineering (CIAE) dal mill was optimized using response
surface methodology for milling of pigeon pea.

Materials and Methods

Raw Material Pigeon pea (C. cajan, cv. ICPL-87) was
obtained from CIAE farm.

Machine The CIAE dal mill (Fig. 1, manufactured by
Central Institute of Agricultural Engineering, Nabibagh,

Berasia Road, Bhopal, India) with overall dimensions of
770×630×1,020 mm, total weight 90 kg (without motor),
capacity 100 kg/h, power unit 2 hp electric motor, labor
requirement two (one to operate and another to load/unload
grains) was used for all the milling studies. It consists of a
feed hopper, feed screw, shaft, pulley, frame, and abrasive
roller cylinder. The abrasive roller rotated inside the
perforated screen cage. Dehulling took place due to friction
between grain and abrasive surface. Scratching of raw grain
and milling of pretreated grains was also done in the same
mill (Sahay and Bisht 1988; Mangaraj et al. 2004).

Fabrication of Carborundum Roller The roller was a main
component in CIAE dal mill and basically consisted of a
cylinder of 2 mm thick mild steel, 250 mm diameter with
10 mm mild steel end plates. It was coated first with emery
of grade number 30 by mixing of two parts (by volume) of
emery and one part of special cement (magnesium oxide,
MgO) with hot salted water prepared into a paste of desired
consistency and then pasted in the roller. Finally, it was
coated with a working outer layer of desired carborundum
grits, which were thoroughly mixed with white cement and
magnesium chloride salt in a proportion of 6:1 (Sahay et al.
1985; Mangaraj and Kapur 2005). Separate roller was made
for each grit size (Mangaraj et al. 2004).

Pretreatment Method The CIAE premilling treatment meth-
od was used for the milling study (Mangaraj et al. 2004)
and the details are given in Fig. 2.

Drying The pretreated pigeon pea grains were dried in open
sunlight to a desired moisture content of 9–10% (db)
(Sahay et al. 1985; Mangaraj et al. 2004; Goyal et al. 2008).

Design of Experiment

Central Composite Rotatable Design Central composite
rotatable design (CCRD; Hunter 1959; Rastogi et al.
1998; Condon et al. 2001; Manickavasagan et al. 2008)
with three independent machine parameters viz., drum
peripheral speed (dps), emery grit size (egs), and feed rate
(fr) was considered for optimization (Cochran and Cox
1957). Experimental plan for optimization constituted two
responses viz., dal recovery (r) and milling efficiency (γ).
For this purpose, response surface methodology (RSM) was
employed to fit a second-order polynomial equation
(Onwubolu 2006; Tiwari et al. 2008) for dehulling of
pigeon pea. Value of dps varies from 7.85 to 13.09 m/s, egs
between 0.18 and 4.24 mm, and fr between 80 and 120 kg/h.
Nonlinear second-order regression equation of the form
Eq. 1 for the responses as function of coded value of the
independent parameters were developed, and machineFig. 1 CIAE dal mill in operation
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parameters were optimized for maximizing the r and γ
using design expert 7.0.0 (Design Expert 2002).

Yp ¼ a0 þ a1dps þ a2egs þ a3fr þ a11d
2
ps þ a22e

2
gs

þ a33f
2
r þ a12dpsegs þ a23egsfr þ a13dpsf ð1Þ

The independent variables were fixed at five levels as
per CCRD type experimental design, and a total number
of 20 experiments were carried out as evident from
Table 1. The experiments were conducted in random order.
Five repeated experiments were conducted at the central
points of the coded variables to calculate the error sum of
squares and the lack of fit of the developed regression
equation between the responses and independent variables
(Myres 1971).

Milling Operation The experiments were conducted at
different roller speed and feed rates and with different
grade of carborundum rollers. The samples of milled
product were taken for determination of dal recovery and
dehulling efficiency. The milling efficiency and dal recov-

ery was calculated as per the following formulae given by
Kuprits (1967).

g ¼ Eh � Ewk � 100 ð2Þ

Eh ¼ 1� n2
n1

ð3Þ

Ewk ¼ e

k2 � k1ð Þ
k2 � k1ð Þ þ d2 � d1ð Þ þ m2 � m1ð Þ ð4Þ

r ¼ dd
tg � ug
� � � 100 ð5Þ

Results and Discussion

Response surface analysis was applied to the experimental
data (Table 1), and the second-order polynomial response
surface model (Eq. 1) was fitted to each of the response
variables (r and γ). Regression analysis and analysis of
variance (ANOVA) were conducted for fitting the model
and to examine the statistical significance of the model
terms. The estimated regression coefficients of the quadrat-
ic polynomial models for the response variables, along with
the corresponding R2 and coefficient of variation (CV)
values, are given in Table 2. Analysis of variance showed
that all the models were significant (p<0.05) for all the
responses (Table 2). The lack of fit (Table 2), which
measures the fitness of the model, did not result in a
significant F value for pigeon pea dal recovery and milling
efficiencies, indicating that these models are sufficiently
accurate for predicting those responses.

Pigeon Pea Dal Recovery

It was observed from ANOVA (Table 2) that roller
peripheral speed, emery grit size, and feed rate are not
significantly affecting the dal recovery of pigeon pea at
linear level (p≥0.05), while quadratic term of roller
peripheral speed is a more significant (p≤0.01) parameter
affecting the dal recovery of pigeon pea. Figure 3 shows
that at fixed value of emery grit size (2.21 mm), the dal
recovery of pigeon pea (r) gradually increased with roller
speed up to 10.47 m/s and reduced thereafter. Similarly,
with increase of feed rate, it is decreased gradually. At fixed
value of roller speed (10.60 m/s) the dal recovery decreased
with feed rate up to 105.95 kg/h and increased thereafter up
to 111.89 kg/h. Similarly the maximum dal recovery was
observed at 1 mm grit size and decreased thereafter. At

Raw pulses 

Cleaning and grading 

Scratching and pitting - CIAE pulse mill 

Cleaning of scratched grains 

Soaking of grains in tap water at ambient temperature for 

30 minutes  

Draining of water  

Drying to 9-10% m.c (db) 

Pre-treated pulse 

Dirt, chaff etc

Fig. 2 CIAE method of premilling treatment of pulses
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fixed feed rate (102 kg/h), the dal recovery increased with
roller speed up to 10.47 m/s and decreased thereafter up to
12.03 m/s at all emery grit sizes. The pigeon pea dal recovery
was found to be maximum at roller speed 10.6 m/s, emery

grit size 2.21 mm, and feed rate 102 kg/h. The second-order
polynomial equation for pigeon pea pulse recovery is shown
in Eq. 6 as follows.

r ¼ 74:47� 0:52dps � 0:96egs � 0:86fr � 2:3d2ps

þ 0:53e2gs þ 0:047f 2r þ 1:09dpsegs þ 0:16egsfr

þ 0:36dpsfr ð6Þ

Pigeon Pea Milling Efficiency

The quadratic term of roller peripheral speed and interac-
tion term of roller speed and emery grit size are more
significant (p≤0.01) parameters affecting the milling
efficiency of pigeon pea (γ) (Table 2). Figure 4 shows that
at fixed value of emery grit size (2.21 mm), the milling
efficiency of pigeon pea (γ) gradually increased with roller
speed up to 11.25 m/s and reduced thereafter up to 12.03 m/s.
Similarly, with increase of feed rate, it is increased up to
105.95 kg/h and reduced thereafter. At fixed value of
roller speed (10.47 m/s), milling efficiency gradually
decreased with feed rate up to 106 kg/h and increased
thereafter up to 112 kg/h. Similarly, the maximum milling
efficiency was observed at 1 mm grit size and decreased
thereafter. At fixed feed rate (101 kg/h), the milling
efficiency was maximum at roller speed of 8.91 m/s and
decreased thereafter up to 12.03 m/s at grit size 1 mm.

Table 2 Analysis of variance and regression coefficients of the
second-order polynomial model for the response variables (in coded
units)

Estimated coefficients F values

Variables DF r γ r γ

74.47 79.81 4.22* 4.11*

dps1 1 −0.52 −0.08 1.19 0.23

egs2 1 −0.96 −0.95 3.98 3.47

fr3 1 −0.86 −0.59 3.23 1.33

dpsegs 1 1.09 2.34 3.01 12.31**

dpsfr 1 0.36 −0.54 0.33 0.65

egsfr 1 0.16 1.29 0.07 3.73

dps
2 1 −2.30 −1.76 24.38** 12.57**

egs
2 1 0.53 0.43 0.55 0.76

fr
2 1 0.047 −0.70 0.01 1.99

Lack of fit 5 0.58 2.83

R2 0.79 0.79

R2vad 0.60 0.60

CV % 2.4 2.42

*p<0.05, significant; **p<0.01, significant; ***p<0.001, significant

Experiment number dps (m/s) egs (mm) fr (kg/h) r (%) γ (%)

1 10.47 (0) 0.18 (−1.68) 100.00 (0) 76 81.4

2 8.91 (−1) 3.42 (+1) 112 (+1) 68.7 74

3 12.03 (+1) 3.42 (+1) 88.11 (−1) 72 77

4 13.09 (+1.68) 2.21 (0) 100.00 (0) 66 74

5 12.03 (+1) 1.00 (−1) 88 (−1) 74.5 80.3

6 8.91 (−1) 1.00 (−1) 112 (+1) 74.9 81.5

7 10.47 (0) 2.21 (0) 100.00 (0) 75.5 80

8 12.03 (+1) 1.00 (−1) 112 (+1) 71 74

9 10.47 (0) 2.21 (0) 80.00 ((−1.68) 75.3 80

10 10.47 (0) 2.21 (0) 100.00 (0) 72 78

11 7.85 (−1.68) 2.21 (0) 100.00 (0) 69 76

12 8.91 (−1) 3.42 (+1) 88 (−1) 73 73

13 10.47 (0) 2.21 (0) 100.00 (0) 75.5 80

14 10.47 (0) 2.21 (0) 100.00 (0) 76 81.4

15 8.91 (−1) 1.00 (−1) 88 (−1) 76 81

16 10.47 (0) 4.24 (+1.68) 100.00 (0) 74 81

17 10.47 (0) 2.21 (0) 120.00 (+1.68) 73 76

18 10.47 (0) 2.21 (0) 100.00 (0) 72 78

19 10.47 (0) 2.21 (0) 100.00 (0) 76 81.4

20 12.03 (+1) 3.42 (+1) 112 (+1) 73 80.5

Table 1 Treatment combina-
tions for pulse milling with
three variable second-order
RSM design
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However, the reverse effect was observed at emery grit
size of 3.42. The pigeon pea milling efficiency was found
to be maximum at roller speed 10.47 m/s, emery grit size
2.21 mm, and federate 101 kg/h. The second-order
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Fig. 4 Response surface and contour plots for milling efficiency of
pigeon pea as a function of roller speed, emery grit size, and feed rate.
For each plot, the third machine parameter is fixed at “0” level
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Fig. 3 Response surface and contour plots for pulse recovery of
pigeon pea as a function of roller speed, emery grit size, and feed rate.
For each plot, the third machine parameter is fixed at “0” level
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polynomial equation for milling efficiency of pigeon pea
is shown in Eq. 7.

g ¼ 79:81� 0:08dps � 0:95egs � 0:59fr � 1:76d2ps

þ 0:43e2gs � 0:70f 2r þ 2:34dpsegs � 0:54egsfr

þ 1:29dpsfr ð7Þ

Optimization of Machine Parameters for Development
of Appropriate Milling Machine

The pulse recovery (r, kg/h) and milling efficiency (γ, %)
were taken as responses in order to optimize the machine
parameters. The optimization was carried out using re-
sponse surface methodology (Design Expert 7.0.0). The
optimized values of roller peripheral speed, emery grit size,
and feed rate were taken in CIAE pulse mill for further
study. Numerical (Table 3) and graphical optimizations
(Fig. 5) were carried out for obtaining the appropriate
design parameter of the machine for obtaining optimum
pulse recovery and efficiency. Design expert program of the
STATEASE software was utilized (Design Expert 7.0.0) for
simultaneous optimization of the multiple regressions, and
responses were chosen and different weights (0.9 for dal
recovery and 0.8 for milling efficiency) assigned to each
goal to adjust the shape of its particular desirability
function.

The roller peripheral speed of 9.65 m/s, emery grit size
1 mm, and feed rate 111.2 kg/h for the CIAE dal mill were
found optimal for the milling of pigeon pea. At this
optimized condition, the dal recovery and milling efficiency
were 74.89% and 79.87%, respectively (Table 3). The
milling experiment results were in close agreement with the
dal recovery and milling efficiency values at optimized
independent parameters. The findings of the optimization
study, viz., the dal recovery and milling efficiency of
pigeon pea, and developed models were compared with the
work carried out by Hunter (1959), Sahay and Bisht (1988),
Rastogi et al. (1998), Mangaraj et al. (2004), Pratape et al.

(2004), Zhang et al. (2007), and Goyal et al. (2008) and
were found to be comparable. The dal recovery and milling
efficiency of pigeon pea were obtained as 74–76% and 79–
81% at 9–10 moisture content (% db) using CIAE methods
of pretreatments and 32 grades of rollers (Sahay and Bisht
1988; Mangaraj et al. 2004). Pratape et al. (2004) designed
and developed a mini dal mill at Central Food Technolog-
ical Research Institute, Mysore (India) with a dal recovery
of 75–77% as compared to 55–60% dal recovery for
traditional chakki and 75–78% for commercials dal mills.

Table 3 Solutions for optimal conditions

Number dps (m/s) egs (mm) fr (kg/h) r (%) γ (%) Desirability

1 9.65 1 111.14 74.89 79.87 0.92

2 9.65 1 111.34 74.87 79.82 0.92

3 9.66 1 110.92 74.91 79.92 0.92

4 9.66 1 111.10 74.90 79.87 0.92

5 9.66 1 111.69 74.85 79.73 0.92

6 9.72 1 110.76 74.97 79.91 0.92

7 9.68 1 111.89 74.84 79.66 0.92

8 9.65 1 110.32 74.97 80.07 0.92

8.00 9.01 10.01 11.02 12.03

8.00 9.01 10.01 11.02 12.03

60.00

75.00

90.00

105.00

120.00

Overlay Plot

Overlay Plot

F
e

e
d

 r
a

te
 (

fr
),

 k
g

/h Milling eff iciency: 74

Milling eff iciency: 74

Milling efficiency: 75

Pulse recovery: 79
Pulse recovery: 79

Pulse recovery: 79

Pulse recovery: 81

Milling efficie 74.8872
Pulse recovery: 79.8683
X1 9.65
X2 111.15

0.50

0.88

1.25

1.63

2.00

Drum speed (dps), m/s

Drum speed (dps), m/s

E
m

e
ry

 g
ri

t 
s
iz

e
 (

e
g

s
),

 m
m

Milling efficiency: 74

Milling eff iciency: 75

Pulse recovery: 79

Pulse recovery: 81

Milling efficie 74.8878
Pulse recovery: 79.8701
X1 9.65
X2 1.00

Fig. 5 Optimization of independent parameters of CIAE dal mill

Food Bioprocess Technol



Conclusions

The roller peripheral speed of 9.6 m/s, emery grit size
1 mm, and feed rate 111 kg/h were found optimal for CIAE
pulse mill for higher pulse recovery and milling efficiency
of pigeon pea. The dal recovery and milling efficiency on
the optimized independent parameters were 75% and 80%,
respectively. The calculated F value for lack of fit for dal
recovery and milling efficiency of pigeon pea was found to
be less than tabular values, which indicates that the
regression equation obtained though RSM are in close
agreement with the experimental values.

Nomenclature

a0, a1, a2, a3, a11, a22,
a33, a12, a23, and a13

Regression coefficients

d1 Fraction of crushed kernels before
hulling

d2 Fraction of crushed kernels after
hulling

Eh Effectiveness of hulling
Ewk Effectiveness of wholeness of kernels
k1 Amount of whole kernels before

hulling, kg
k2 Amount of whole kernels after

hulling, kg
m1 Content of mealy waste in the

product before hulling, %
m2 Content of mealy waste in the

product after hulling, %
n1 Amount of unhulled grains before

hulling, kg
n2 Amount of unhulled grains after

hulling, kg
N Total number of experiments
r Dal recovery of pigeon pea, %
dps Drum peripheral speed, ms−1

egs Emery grit size, mm
fr Feed rate, kg h−1

dd Amount of desirable fraction after
hulling, kg

x1, x2, and x3 Coded values of the independent
variables X1, X2, and X3,
respectively

Yp Predicted value of the responses
from the developed models

γ Milling efficiency of pigeon pea, %
tg Amount of grain fed to the dal

mill for hulling, kg
ug Amount of unhulled grain after

hulling, kg

References

Anon. (2007a). Agricultural statistics at a glance. Directorate of
economics and statistics, Ministry of Agriculture, Govt. of India.
New Delhi.

Anon. (2007b). Dynamic data base on diet and nutrition. National
Nutritional Monitoring Bureau, Hyderabad, India.

Chacko, J., Saxena, R.P., Kumbhar, B.K. & Agrawal, U.S. (2001).
Pigeon pea milling: A status report. National seminar on
emerging trends in processing, handling, storage and by-product
utilization of pulses and soybean. GBPUAT, Pantngar. Ja

Chakravarty, A. (1988). Milling of pulses in post harvest technology of
cereals, pulses and oilseeds (2nd ed.). New Delhi: Oxford and
IBH.

Cochran, W. G., & Cox, G. M. (1957). Experimental designs (1st ed.).
Singapore: John Wiley and Sons Publisher.

Condon, S. F., Ward, S. M., Holden, N. M., & McGee, A. (2001). The
development of a depth control system for a peat milling
machine, part II: System optimization and analysis. Journal of
Agricultural Engineering Research, 80, 127–37. doi:10.1006/
jaer.2000.0683.

Design Expert. (2002). Version 6.0.4 by Stat-Ease, inc., MN, USA.
Ehiwe, A. O. F., & Reichert, R. D. (1986). Variability in dehulling

quality of cowpea, pigeon pea, and mung bean cultivars
determined with the tangential abrasive dehulling device. Cereal
Chemistry, 64(2), 86–90.

Erskine, W., Williams, P. C., & Nakkoul, H. (1991). Splitting and
dehulling lentil (Lens culinaris): Effects of seed size and different
pre-treatment. Journal of Agricultural Science, 57, 77–84.
doi:10.1002/jsfa.2740570109.

Goyal, R. K., Vishwakarma, R. K., & Wanjari, O. D. (2008).
Optimization of pigeon pea dehulling process. Biosystems
Engineering, 99(1), 56–61.

Hunter, J. S. (1959). Determination of optimum condition by
experimental methods. Indian Quality Control, 15, 6–16.

Khuri, A. I., & Cornell, J. A. (1987). Response surface designs and
analysis (2nd ed., pp. 168–88). New York: Marcel Dekker.

Kulkarni, S. D. (1989). Pulse processing machinery in India. AMA, 20
(2), 42–8.

Kuprits, Y. N. (1967). Technology of grain processing and povender
milling. Jerusalem: Israel program for scientific translation.

Kurien PP. (1981). Advances in milling technology of pigeon pea. In:
Proceedings of the international workshop on pigeon pea.
International crops research institute for the semi-arid tropics,
Patancheru, India: 321-328.

Kurien, P. P., & Parpia, H. A. B. (1968). Pulse milling in India.
Journal of Food Science and Technology, 5, 203–10.

Mandhyan, B. L., & Jain, S. K. (1993). Optimization of machine
conditions for milling of pigeon pea. Journal of Food Engineer-
ing, 18, 9l–96. doi:10.1016/0260-8774(93)90077-W.

Mangaraj, S., & Kapur, T. (2005). Milling studies of pulses using
different pre milling treatment and abrasive roller assembly.
Agricultural Engineering Today, 29(5–6), 64–70.

Mangaraj, S., Agrawal, S., Kapur, T., & Kulkarni, S. D. (2004). Effect
of pre-milling treatment and abrasive rollers on milling of pulses.
Journal of Agricultural Engineering, 41(4), 10–5.

Mangaraj, S., Agrawal, S., Kulkarni, S. D., & Kapur, T. (2005).
Studies on physical properties and effect of pre-milling treatment
on cooking quality of pulses. Journal of Food Science and
Technology, 42(3), 258–262.

Manickavasagan, A., Jayas, D. S., White, N. D. G., & Paliwal, J.
(2008). Wheat class identification using thermal imaging. Food
Bioprocess Technology, . doi:10.1007/s11947-008-0110-x.

Myres, R. H. (1971). Response surface methodology (1st ed.). Boston:
Allyan and Bacon.

Food Bioprocess Technol

http://dx.doi.org/10.1006/jaer.2000.0683
http://dx.doi.org/10.1006/jaer.2000.0683
http://dx.doi.org/10.1002/jsfa.2740570109
http://dx.doi.org/10.1016/0260-8774(93)90077-W
http://dx.doi.org/10.1007/s11947-008-0110-x


Onwubolu, G. C. (2006). Performance-based optimization of multi-
pass face milling operations using Tribes. International Journal
of Machine Tools & Manufacturing, 46, 717–27. doi:10.1016/j.
ijmachtools.2005.07.041.

Phirke, P. S., Bhole, N. G., & Adhaoo, S. H. (1996). Response surface
modeling and optimization of dehulling of pigeonpea with
different pre-treatments and conditions. Journal of Food Science
and Technology, 33, 47–52.

Pratape, V. M., Sashikala, V. B., & Narasimha, H. V. (2004). Mini
dhal mill—an appropriate technology for Indian rural areas for
processing of pulses. Journal of Rural Technology, 1(2), 87–90.

Rastogi, N. K., Rajesh, G., & Shamala, T. R. (1998). Optimization of
enzymatic degradation of coconut residue. Journal of the Science
of Food and Agriculture, 76, 129–34. doi:10.1002/(SICI)1097-
0010(199801)76:1&lt;129::AID-JSFA909&gt;3.0.CO;2-C.

Ribott, P. D., Perez, G. T., Anon,M. C., &Leon, A. E. (2008). Optimization
of additive combination for improved soy-wheat bread quality. Food
and Bioprocess Technology, . doi:10.1007/s11947-008-0080-z.

Sahay, K. M., & Bisht, B. S. (1988). Development of a small abrasive
cylindrical mill for milling pulses. International Journal of Food
Science & Technology, 23(1), 17–22.

Sahay KM, Agrawal SP, Bisht BS. (1985). Optimization of emery/
carborundum grade for pulse dehusking for 100 kg/h capacity.
RPF-III, project No.111, CIAE, Bhopal, India.

Singh, U. (1995). Method of dehulling of pulses: A critical appraisal.
Journal of Food Science and Technology, 32(2), 81–93.

Singh, S. K., Agarwal, U. S., & Saxena, R. P. (2004). Optimization
of process parameters for milling of green gram (Phaseolus
aureus). Journal of Food Science and Technology, 41(2), 124–
30.

Tiwari, B. K., Jagan Mohan, R., & Vasan, B. S. (2007). Effect of heat
processing on milling of black gram and its end product quality.
Journal of Food Engineering, 78, 356–60. doi:10.1016/j.
jfoodeng.2005.10.003.

Tiwari, B. K., Donnell, C. P. O., Muthukumarappan, K., & Cullen, P.
J. (2008). Effect of low temperature sonication on orange juice
quality parameters using response surface methodology. Food
and Bio process Technology-. Int J, 2(1), 109–14.

Zhang, J. Z., Chen, J. C., & Kirby, E. D. (2007). Surface roughness
optimization in an end-milling operation using the Taguchi
design method. Journal of Materials Processing Technology,
184, 233–9. doi:10.1016/j.jmatprotec.2006.11.029.

Food Bioprocess Technol

http://dx.doi.org/10.1016/j.ijmachtools.2005.07.041
http://dx.doi.org/10.1016/j.ijmachtools.2005.07.041
http://dx.doi.org/10.1002/(SICI)1097-0010(199801)76:1&lt;129::AID-JSFA909&gt;3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1097-0010(199801)76:1&lt;129::AID-JSFA909&gt;3.0.CO;2-C
http://dx.doi.org/10.1007/s11947-008-0080-z
http://dx.doi.org/10.1016/j.jfoodeng.2005.10.003
http://dx.doi.org/10.1016/j.jfoodeng.2005.10.003
http://dx.doi.org/10.1016/j.jmatprotec.2006.11.029

	Optimization of Machine Parameters for Milling of Pigeon Pea Using RSM
	Abstract
	Introduction
	Materials and Methods
	Design of Experiment

	Results and Discussion
	Pigeon Pea Dal Recovery
	Pigeon Pea Milling Efficiency
	Optimization of Machine Parameters for Development of Appropriate Milling Machine

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


