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Discrete element simulation parameter calibration
of pea grains at harvest time

ZHANG Keping, HOU Chuankai, SUN Bugong, SU Zhanke
(College of Mechanical and Electrical Engineering, Gansu Agricultural University, Lanzhouw, Gansu 730070, China)

Abstract; To solve the lack of accurate discrete element parameters in simulation of threshing and cleaning of
pea grains at harvest time, the parameters of pea grains were calibrated by combining physical and simulation test.
The significant parameters were chosen by using the Plackett-Burman test while the evaluation index was the grain
stacking angle. The optimal combination of significance parameters was found by applying the steepest climbing test
and the Box-Behnken test, and the simulation test was used to calibrate the non-significant parameters. The results
showed that the inter grain collision recovery coefficient, static friction coefficient and rolling friction coefficient
were 0.364, 0.519, and 0.444 respectively. The recovery coefficient, static friction coefficient and rolling friction
coefficient of the pea-steel collision were 0.505, 0.462, and 0.090 respectively. Moreover, the stacking angles of
physical and simulation test were 19.841° and 19.714° respectively, with a relative error of 0.64%. The study pro-
vides a reference for discrete element simulation analysis of the mechanized harvesting of pea.

Keywords: pea grain; parameter calibration; stacking angle; simulation experiment
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S 0 S MCE] ) B FE R YT s Dange 250 I A 4 422 5 5
AT ASON A [F] Ab B A5 A T B B 52 25T i o 19
MRESHEAT VW5, 15 B DTHIEE B i &b LS K
i 2RISR R B 2 AT T AR 5 A Y 2 R 2y
R, Tk, B EOTETERE Y ORI T
DFELAMHT R H 25 7320 Sk T L S
SR A ack A v R SRS B R YRS
Balevicius %7 38 15 9l 5 RT3 58 A A1) T 50 38 0 0 45
1 5 22 1) (4 A EE 45 R 8305 Azadbakht 25 i 5 wh b Al
FEESRISTRIT T 7K 43 F B 10 6T 50 2 IR 4 52 M), 445
SR 7 S IR 1 W o A RN EE 452 R 1 1S KT
T RPRLIEE 45 2% 0 JHG 5 K ) 5 T 4 O i
XF TSR 9 S B BT SR b E A HGE

AW FE AR HI W B 0 0 0 L6 AH 25 5 1Y
T3 X SRR B O S BGHEAT AR E , 1 el
T 4L 50 i 2 S 8 IX (A], AR YRl 5 Plackett —
Burman 5 | fBEMCHE 15 UL & Box—Behnken 55
I8 Xo) B9 W2 KA HE R A 5 T b 2 7 S B80T o L
Tt ab 31, 3F 2 2 800 h 8 80T 0 5ok AR
FE o BIFFESS R AT Ry i S AL MR i R Y S T
i B BT i B2 2% | 1 R 98 2 OR ILA Y B 1
AR HEARE .

1 KB e S A

1.1 BEFUYESEH

RIG FT AR B =T 2021 47 A 30 HR A
R R P T R EL R )R F G T R AR
FAHT R RS 0.1 mg) I8 37K R A 20.94%
~25.69% ., i SFFRLE PS8 B G | R
T AIRE R I RS AR e A BE ML
B 5 43 KPR, A 2H 100 R, R HL - K7 Of BE
0.01 g) WLz o 1t I OB ; 1) AU i br - R
(HEBE 0.01 mm) I 5 =g RS IF O E, R & 1
CHEBE 1 ml) 05 %5 B 5 R BT A4 A ( TALXT plus, BB
BIREE 0.001 mm, JJEAERE 0.1 g) Xt 3 5ok T
FEZER AR BOHIA P AN Sf AR 1) i kR
IEAYESEE TR 1,
1.2 BMEFHNBRERA

590 KT R 1 3 R A 3 A [ R T )
P 5 f25 (N4 65 mm, 5 180 mm ) e B il B FE /K
S e s R W E R R HE Y o B U N N SR
FERLIG LA 12 mm - s~ AR 1) B4R B Rk
A TR I B — A~ HE T Ok HE | 7
1k JE FHABAILAA F5 00k E i IE LR B (& 1) L 3
Origin 2018 F{4-4b #1521 ks HE AU I E R

10 Y I O - 3 (8, o 21 i 50 A7 KL 3 UM R
19.841°,
F 1 BEFRERNMESH

Table 1 Basic physical parameters of pea grains

ZH Parameter i Value

ZHRSE (K Lx5E KxJRE H)

Triaxial dimension/mm

8.22%6.98%6.67

F KL Hundred grain mass/g 31.230
JAPA L Poisson’ s ratio 0.302
W Density/ (g + em™) 1.191
A Elastic modulus/MPa 36.835

B 1 BEEAFRERILR

Fig.1 Pea grain stacking experiment
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PrrE
2.1 GBS RE
2.1.1 smEAE-Mat iR 4 A% RHERE R
B O IR Y B BT ] 4320 3, Bz Bl 274K
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BRI FRAIE X R T ) A A Al 48 S JB s 19 325 1)
3 AL P85 5 AR T ) SO0 T 1) 43R B T AR, I Tk
TFE B X BRRAT W 1 2 A 178 UK T8l 43 ] A0, 3000 2
N5 R E R B
RIS B N FE AN 2 B, ok [ 12 b
1755 2h AR, FE S IR SEE RS T A JFii)
45° 1Y AR A LR AR | B KPR T AR UG R K
SEREES LR e TS, RERK R R B0 L
faifb A .

_ U o'sind5° o L i
e—v% ~ psind5° w2k

2 ol R R IR S 1 1] 43 3EE (m e s7") 5o
R FTVE A 70 BB (m - s71) 5o AFRIRETE I K
Pt (m o+ s™') o D Alf 1 AR O JE (m -
™) 3 h A ORI AR A ) T LR B 5 UKL Al S
FI F P AP 10 BE (mm) 5 L A URLAEE fS AR A H
AR FE B (mm)

HRAE L3 Dt $HI 55 5 KR -5 9 AR A Al R
5B, B R 300 mm, [ R V& AR E A 10
YR, B 55 K B B AR A S5 R B A e /ML AR 48
(1) A R — 5 B i) Al 4 K A2 R OB
[k 0.460~0.613
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2.1.2 smEAFk R s B A4 SRS S
U AR o TAENOR0 £ X VS I S G | =< ol
VR B SRR AR, BC—B 70 mmx55 mm 4L,
15 T ST Bk 326 g 140 8 2 KA 0L T S e 4 b, R ]
BRI/ NG KR ] 11 25 B AR 1% 59 2K F ARl 43 A
W 3 s, IR PRIV E L 0 R ARG 7R 5] 2 BT
e B AR 45tk b, EAR 2.1.1 5 A A
TG A R A5 B TR R R) Rl 4 K AR B LR
0.274~0.488

22 BREERH

22,1 BEAFR-MRAEE AR HEERIE
PIVAR I 32 S 0 S K R 482 01 55 3k 1) R T A LU AL,
FHI 5 2 A b v sl s a4 s,
Wi GAPRLERNE L #f ki, Z B E S mg (N) [ #fE
7 f(N) RHEDX B ST N(N) | BEFERL Y
Ao T EH TR ) T(N) FPEAT TR
JIF(N) SRR 0(°) /N T 3hrylim 5L B

(a) % (b)

vl

El2 #fERE REREE(a) RENIRKEE (D)
Fig.2  Collision recovery coefficient schematic

diagram (a) and its test device (b)

B3 BEAHNER
Fig.3 Pea grain test board

FATTREE I ) FNT PRS2 B R FEESE T £, 9
ATERNI RS LA Sl B R A 6 19, 1Y
I E P NSRIHE A - ATl i A e | N
KL AR T 2 [ B 7 R 42 3, DR 0 R 1 ) T 9
B, CHREERE R B L SR R 0 B OC R T HE
(2) 3R

mgsinf

J = (mgcosh) = tanf (2)

ol Ak e Vi 2 1 DN W AT R A Al 1 R
P B, Wi TR REE LR, R St Ak T 2 45
Wohia gl et B b o T B 0k B AR R AR R
B, BRI e 1% 22 1 2405 L PR E T 453, ¥ LA
Wi GAPRLRGSE ORI , R 5 s IR IR R IR, K
AR KT B, R 45 R T 1) 59 SR R A AN
WAL B —M, G212 46 3h B, KR Se 5% St
AR B 2 30, SR SRR U B e 5 1 5%
3l IS AR S KO T A R EE A 10 W, DU
P50 KR AR R EE A R A R 0.412~0.573,
222 mEAFREHEE R SRR
T AT R R R R A Rl 6 iR K
3 IR S A 5 R PRI R AR R 7 &) 52 Bl ) B A
B R SRR AR AR L (AR A s
Sl B B B SRR T U sh e ks B, IRl
SEPRR L i AR B IR EE A 10 Wk, DU AT B AT kL
i) e B 4 R BT R 0.287 ~0.657

4 BEERHNKERER

Fig.4 Schematic diagram of static friction coefficient test

5 BEEFFRIEERR

Fig.5 Pea grain rectangular plate
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2.3 FThEERE
23.1 BEAFR-MMORSER RS RNEEE
& Y — AR ATE 5 — W R 3 H A TS Bl ) TR Bk
AR AR, BT Y RLE Al 52 & B Y
AR A BEAS TR B AR, 9 AR 5 AR i VR 3
JEE 4% 22 00 38 A5} 1T VR 209 RN RE o S 1 E A A A
WISE . K 5 AT RE A — 1 5 R 0 ol 16° 4R
DIRIHE O W SRR 8, th T EEHE I A7 4 Wi T T
A5 FE KA 10 S — 57 B, 0 O R FR A AR 9 A
RN S=200 mm, 7E K A b TR G R
K L, TRENEEE R 1T LA BE 57 R A
(X 3) IR T 10 WK, W75 B T AFR SRR 3 B
PR B 0.068~0.139,

mgSsin® = umg(Scosb + L) (3)
232 BmEAFRERSEREZK RHAVIKIED)
ik 220 P 30 R0 R 2 1 AR A5 9 VR Bl 4 R BOR FLAl
BLAE N R TR 18 e o, Wkl 2
Rl R A R E PR IR S — RN E
(©) , FUH BE B n, wE AR AAR N, BERERR B
BER O, FrLA Sk e 5 T HAE R o p
PR AR HL , B LA b 3 A DT 1 16 AT 450K 20 B 45 R 4K
WHEAX (KX 4) R EL 10 WHCEYIME, 15 B
FPRL VR B R R B 0.337 ~0.627

M = tana (4)
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3.1.1 #ma s B UER BRI IEARY)

S C 2l I, BT IAMNE IR UG ERE

R T AE TR B HOT O LA rh N7 B R R ) R

R FSCE X A B L SR KRB H RS,

BOLR A o =L, M B b= (K+H) /2" it

A3 55 A PR AR FRY R A AR e R 031 h 8.220 mm

H16.825 mm, 7E EDEM 5 f4rpif i Z Bk Wk 415 )

BT B AR B HOTA RS, & 7 PR

AR5 W FF AL

The grains to
be tested

AR
Test board
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B 6 FFHiE FREEE RENK R IR E
Fig.6  Test schematic diagram of coefficient of

static friction between grains
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SHRY B AR B OGN ARG T A A
TR FIAR OC SR 2 45 0 SR 2 o,
3.1.3 HE#RAEA  FE EDEM &R E# T
P[5 55 LA B T TR A, [ e ) sl — 5ok 1), i
R BT dynamic, 0B A2 BGE 2R 3 000 4
o sT A RECEOR R, BRI E K 1.55%1077 s, AR R
SR INBURLAEAR Y 3 A R RURL SR G (B3 57 /5 457 1B 4
SLAE BUWORL B E 3 s T A UBURLD TR, SR AT ReDs NAs
B ILIR BT, LA 5 40 A ] i) 2 B £ 7t [
e, URL T P E AR I BUURIHE , tn &l 8 i
3.2 HMEEESHFELE

I Design—Expert 10 #X{FHE1752 0 i & S
B v IR G | LA SRR B0 M FR AR g e R, 0
Plackett—Burman 2 56 §ifi 2% H X i 5FF Rz HE B 52
Wi 8 35 B0, ANk 3 R IR0 AR e A e KM P

R LI
Vertical view Lateral view

B 7 BEEFFHEETRE

Fig.7 Discrete element model of pea grain

AL

Oblique view

R2 BERHESH

Table 2 Discrete element simulation parameters

{li LS4 Simulation parameter & Value
Wi G APRIIAMA L Poisson” s ratio of pea seeds 0.302¢
BIMIAMA L Poisson’s ratio of steel plate 0.3
Wi G APk BPERS I Elastic modulus of pea grain/Pa 3.684x107
AR BT Shear modulus of steel plate/Pa 7.94x10'"
i KPR ¥ Pea seed density/ (kg - m™) 1191*
N Steel plate density/ (kg - m™) 7850"
5 R OB 3 A (
. L - 0.46~0.613
Pea grain-steel plate restitution coefficient A
e )
. e - 0.412~0.573
Pea grain-steel plate static friction coefficient B
BT KPR R SR F 4 C )
. . o - 0.068~0.139
Pea grain-steel plate rolling friction coefficient C
B SRR - B SRR R R AL D .
. . - . 0.274~0.488
Pea grain-pea grain restitution coefficient D
W LR - B AR EE AR R A E
. . e - 0.287~0.657
Pea grain-pea grain static friction coefficient £
B AR~ FPRLR S B R ML F
B LRI~ 38 LA RLVR Bl 5 AR R 0,337 0.627°

Pea grain-pea grain rolling friction coefficient F

T ra TR B HUAIE b FRE I, c TRl E i,
Note ; a represents the measured value of bench test, b represents the

value obtained from literature review, and c¢ represents the test variable.
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FIH Design—Expert 10 # 4% {5 B R M 45
HEATAHT, An3% 5 FoR |, B AR5 00 Rk R EE 1
RE(E) ML GRS B TR RIR SR REL(F)
X8 AR HERR A S AR S 2 | O R B SRR
WK IE R E(D) Wsg ) g 2 T HAx S 550 T A
XL/ TR N AT SR R FHRTIR 65
RS 5 2 AU BB SRR AR S AR SE B
3.3 EREMUSHMAGERE
3.3.1 mEFE-MRARIREL RS A RXEAR
2 EAREE 9 B, BUR LR B 300 mm,

8 BiEAFRIMERATERE

Fig.8 Simulation model of pea grain stacking angle

& 3 Plackett—Burman {38 S %
Table 3 Parameters of the Plackett—Burman test

P P

PR 591 7 R P AR 1) 8 48 2R B30 TR B BE 4 R 00T
FF R 55 P B TC R ), Skt e T, R T R
RS ERAR ARV R A A SEUE Ay 0, FE T
TR 1 £ 483 00 T ) B A AR ARl i K A
ZEUBRETEE 0.460 ~0.613, 430 7 4H05 HiR 1 | 45
AR EE 5 WOIFBCE M, I 5T 5 4
T 6, Hh v B4 T 2R A5 B 56 A5 Bk
7SRRI R S5 B R A XM, 4L B
EDEM {4 J5 Ab# T E Ruler YU A5,

DA S R FRE 5 B0 A R 45 R O R B A i G R
IR Y O PR R bR, X R 6 R s R AT
ZREZIAMLAAE WK (5), ZFH KR HE R
Bo Y, =170.7 mm fR A (5) 155 4=0.505, 7

W46 % i AR iy 75 Hh
Start Drop Contact Ejection Landed

B9 miEREFZHHERE

Fig.9 Simulation test of collision recovery coefficient

& 4 Plackett-Burman iR T RN ER

Table 4 Plackett Burman test scheme and results

TESH A Level 75 . HERUA 6/(°)
. . B C D E .
Simulation parameter -1 0 +1 Number Stacking angle
pe———— NSRSy —— _ _ _ _
B LRPRL - TR AR IR R E A 1 1 1 1 1 1 1 20.163
Pea grain-steel plate restitution coefficient A 046 05365 0613 2 -1 1 1 -1 -1 18.744
- 3 0 0 0 0 0 0 17.722
T R — N R 2 g
.”mﬁﬁi" TBGHERALE 0412 04925 0573 4 1 o1 1 1 19.908
Pea grain-steel plate static friction coefficient B 5 1 1 1 ~1 -1 ~1 17.742
i T T AR V2 o R e 2 - - - -
B FRL-BRSER R C 0.068 01035 0.139 6 1 1 1 1 -1 1 17.209
Pea grain-steel plate rolling friction coefficient C 7 1 -1 1 1 -1 1 15.941
BTHPRL-B S RPRLRIIIR L R D 0274 03810 0488 O
Pea grain-pea grain restitution coefficient D ’ ’ ’ 9 1 1 -1 -1 -1 1 16.307
T T T — 0 T R R 4 2R , 10 -1 1 -1 1 1 -1 21.433
PRSI RLER R AL 0287 04720 0.657
Pea grain-pea grain static friction coefficient £ 11 -1 -1 -1 -1 -1 -1 16.541
B GNP - SRR SRR RS 12 -1 1 1 -1 1 1 19.728
ALK R SR 0337 04820 0.627
Pea grain-pea grain rolling friction coefficient F 13 1 -1 1 1 1 -1 21.788
&R 5 Plackett-Burman RS H B EZE ST
Table 5  Significance analysis of Plackett—Burman test parameters
28 FI FIi F{H P1{H ia FE % BEMHE
Parameter  Degrees of freedom  Sum of squares F value P value Effect Contribution Rank of significance
A 1 0.032 0.091 0.7747 -0.10 0.073 6
B 1 0.97 2.79 0.1559 0.57 2.23 4
[ 1 0.12 0.34 0.5844 0.20 0.27 5
D 1 2.74 7.88 0.0377 0.96 6.31 3
E 1 31.19 89.79 0.0002 3.22 71.92 1
F 1 6.03 17.36 0.0088 -1.42 13.91 2




%5 6 1Y)

5K T4 WO B SRR B BT S B 291

15 BRI Pk B SRR 5 B Al R A AR B
ZAE PR N 300 mm B S5 R HEAT 5 K
RIGIEBCF A, B E 5 B R 172.4 mm, 5 H
SEE AR IG5 2 By 3 P B AR X IR 258 0.996%
FRRE 5 19 07 B0 25 R A E 32 5 4l 0 L A
FHIE] , B AR FEAR A2 528 A =0.505,

Y, =— 231.374% + 517.174 - 31.301

R? = 0.9864 (5)

3.3.2 BEAFRARRFGFEH F AT AR AR T
£ EDEM {fi E R 23R A 1907 R AE N 4 8
kR HCHER BT A 10 i, D BB H0%
BEUR Wi SRR BRI TR R R O B AR N
0.505 , il 7 ATAL 5 B MR i EE 45 2R B0Ks 5 2R i B i
Va5 R 6 4, IR IR R I 5 YR HCE- M, t
By R HE A TR 7, 0 T ke TN A S5
¥R 0,

*6 HERERBHERBEIRESER

Table 6 Collision recovery coefficient

simulation test scheme and results

75 AR AL A PR Y, /mm
Number Collision recovery coefficient A Ejection distance

1 0.460 159.467

2 0.486 163.333

3 0.511 170.383

4 0.537 181.271

5 0.562 187.660

6 0.588 193.320

7 0.613 197.700

10 FBEERHFHERRE
Fig.10 Static friction coefficient simulation test
xR BEBEZRBEFEREARSER
Table 7  Static friction coefficient simulation

test scheme and results

] WEERE R B RSB Y,/ ()
Number Static friction coefficient B Tilt angle
1 0.412 22.911
2 0.444 24.608
3 0.476 26.080
4 0.509 27.950
5 0.541 30.009
6 0.573 31.280

DL PR SRR R EE 3 R L B IR TR R
R B Y, IR bR R B i EDEM #0445
AbFE T H Protractor M w452, X 5& 7 H it K ¥g it
TR ML A WX (6), ZH KR THEE
e, K Y, =255 AR (6) 153 B=0.462, TE0)j
LRI PR B AT R A e R A R R
{8, #4175 Wik I BOFS41E , OF B ge Rt B
25.814° , 5B AU A X 1R 25 1.231% , RABRE 5
(A FLA I 25 SR A LS 15 R0 (A 42 30, T L), e
HEZH B=0.462,

Y, = 3.8554B% + 49.28B + 1.9226

R* = 0.9972 (6)
3.3.3 BEAFRE-MARRDFEE R KL A RXBAT
2 {EEDEM by g — a2 16° K 7
FEAIH (200 mmx300 mm) , 5 Z 43— 400 mmx
800 mm HIZKFEAN MR, i 11 fron, 5 ES Bk E
R RERE R A=0.505, HEERZ5 B =
0.462 14 5 210015 21 1) R 2h BE 15 R B 8] 43 1 6
Oy R R R T 8, b T T, Ha
SR 0,

LB RS AR Bl BE R A C iR A
R RSMEE Yo e AR, B A KR B
i H EDEM #F 5 A0 T Ruler PR3], Xt
28 IR T IR 2 LA (7)),
THEXRRAEERE, ¥ Y, =394.21 mm fE AL
(7) 435 C=0.09, 7£ 05 B 50 o8 B SRR -5 B i
TR BB R B8 MixE, #1475 UGS IF BUOF
{8, 05 FLl I /K R 2 #E 25 388.617 mm, 5 & 42
I AHXT IR 2E 1.439% , R BIbRAE 5 105 A i 45 R Al

B 11 RBERERHAERE
Fig.11  Simulation test of rolling friction coefficient
®8 FRYEBERHHERKRARESER
Table 8 Rolling friction coefficient simulation

test scheme and results

b RINEHERE C RINER Y3/mm
Number Rolling friction coefficient C Rolling distance
1 0.068 575.233
2 0.082 445.650
3 0.096 352.233
4 0.111 278.710
5 0.125 226.247
6 0.139 179.825
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FLAL G AR, T RS ESE 2 4L €=0.09,
Y, = 51621C° - 16112C + 1427
R = 0.9984 (7)

3.4 mBEMHIRLE

HI6 5 W JRI5E CORF AL 0] 5 BE 45 R B E RN Al 1
PRIZZH0 D X AR RO0 K TEAE IR S EEHE R F
(N R B, XTI 3 A i 25 Pk S B A T A BE I 3
TG, DAME AR AR DO R 22 0 PR B o, 1 E I S
B A R 54 RS TR 9, /M 4 51y
X R 2 /N, WO 4 S AE A5 22 Box—Behnken 1
o7 T a3 A s A5
3.5 Box—Behnken i 5& & @] 3= &Y

R B B TC 3 1 56 45 2R, HF /2 Box—Behnken M
U7 RS SR BT 7 %8 M 85 2R/ T3 10, F)
FH Design—Expert 10 F 4 X7 3 10 59 Fcdis 17 7

Mr A8 gi GAPRERf 0 5 3 MR EES N
B el FE R
6=42.81395-75.81167D+42.64176E~
85.93713F+114.62916DE~-235.76584DF -
79.45014EF+166.07626D* -
41.62253E+226.31540F (8)
Box—Behnken i35 (1) 7 22 0 Mr 45 R an <% 11
75, A[ % D E F DF F*f) P<0.01, 2 B X HE R A B
FW B 00, DE 1) P<0.05, 32 WX HEFR £ HoA
ERCN 45 SR A EL IO HE R )5 e an ] 12
B (0 BIAE F=0.453 1 E=0.509 W FhiE ol F %4
W) IZIA A P<0.01, 2L B35 P =0.1489>0.05,
RUBARIR L AR ARG 55 R E(CV=
1.52% ) AR I0 7] 58, e R 4L R® = 0.9659, 1%
EYeE ZAL R =0.9221 GRS T 1,

®9 RRRBEABATRSER

Table 9  Test scheme and results of steepest climb

FERLIEIR A 2K D

FERLIRI R EE IR R B E

KRR B R F

N’j:l:ir Coefficient of rf.:stitution Coefficient of sta?ic friction Coefficient of roll?ng friction fii%};:ﬁ;i ii?ifteﬁe:rzbr
between grains D between grains E between grains F
1 0.274 0.287 0.627 17.615 11.219
2 0.317 0.361 0.569 18.758 5.458
3 0.360 0.435 0.511 19.144 3.513
4 0.403 0.509 0.453 19.288 2.787
5 0.446 0.583 0.395 20.907 5.373
6 0.489 0.657 0.337 21.560 8.664
&R 10 Box—Behnken iRIIZITHFRERER
Table 10 Box—Behnken test design scheme and results
5 FARLPITRCLAECD FERLRVEIRRORACE o KPR AR R /()
Number Coefficient of rt?smullon Coefficient of staFlc ﬁ?ctmn Coefficient of roll%ng fI“lCth]’l Stacking angle
between grains D between grains E between grains F

1 0 0 19.616

2 1 -1 22.798

3 0 -1 -1 19.919

4 0 0 19.561

5 0 0 20.074

6 -1 -1 0 19.094

7 1 1 0 21.435

8 -1 1 0 19.591

9 0 0 0 19.959

10 0 0 0 19.893

11 0 1 -1 22.475

12 0 1 1 20.107

13 1 0 1 19.515

14 1 -1 0 19.479

15 0 -1 1 18.915

16 -1 0 1 20.156

17 -1 -1 21.087
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Table 11  Variance analysis of Box—Behnken test regression model
T3 25U -7 A H ¥y F{H P{E
Source of variation Sum of squares Degree of freedom Mean square F value P value
A Model 18.81 9 2.09 22.03 0.0002
D 1.36 1 1.36 14.34 0.0068
E 4.81 1 4.81 50.67 0.0002
F 7.19 1 7.19 75.83 <0.0001
DE 0.53 1 0.53 5.61 0.0497
DF 1.38 1 1.38 14.58 0.0066
EF 0.47 1 0.47 4.90 0.0624
D? 0.40 1 0.40 4.19 0.0800
E? 0.22 1 0.22 2.31 0.1727
F? 2.44 1 2.44 25.73 0.0014
57 Residual 0.66 7 0.095
AR Lack of fit 0.47 3 0.16 3.14 0.1489
aliiR2E Pure error 0.20 4 0.049
SF Sum 19.47 16
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