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Fig. 1 Model of impacting freezing experiment table
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Fig. 2 Circular funnel nozzle of orifice plate model
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Tab.1 Parameters and levels of Plackett—Burman tests

EES =S IKF- Level

Variables Symbols  _j +1

i 1147 Outlet diameter Dy/mm A 35 45
U215 B Funnel height L /mm B 30 50
SR B Jet height Ly/mm C 30 50
T2} 5 B Funnel width L,/mm D 10 20
I HERL Nozzle Number N E 2 3
{5 6] B2 Nozzle spacing S/mm F 90 95
5 W 5] 59 77 19 B 25 Nozzle—to— c 0 -

surface Distance H/mm

A UHEA SN K)Paretol® Pareto chart of influencing
(WIRAY1, Alpha=0.05) factor standardization

T Items
S

2.776

0 1 2 3 4 5 6 7 8
e Standardization
B 5 S50 E =R R E
Fig. 5 Pareto chart of influencing
factor standardization
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Tab.3 Factors and levels used in response

surface experiments

A& Factors

B X WSMRIEL  XERIEL X, WORHREN
Funnel width/mm Jcl height/mm  Nozzle number
-1 10 30 1
0 15 40 2
1 20 50 3

Box-Behnken % 1130 56 7 %8 M 25 R 4 3¢ 4 Fr
NN R A BRI T Z o0 R IRE A A By
Z I

#&4 Box-BehnkeniZitiXli T ERER

Tab.4 Box—Behnken design with experimental results

%2 Plackett-BurmaniXIfiZit R &R

Tab. 2 Design and results of Plackett—Burman tests

Niir B ¢ D E F G Y
1 -1 -1 -1 -1 -1 -1 -1 29887
2 11 -1 -1 -1 1 -1 34029
3 11 -1 1 1 -1 1 42664
4 1 -1 1 1 -1 1 1 37881
5 -1 1 -1 1 -1 -1 1 32536
6 141 -1 111 -1 43302
7 -1 1 1 -1 -1 1 1 31681
8 11 1 -1 1 -1 -1 43824
9 -1 -1 -1 1 1 1 39897
0 -1 -1 1 -1 1 -1 1 42567
1 1 -1 1 1 -1 -1 -1 34226
2 -1 1 1 1 1 1 -1 43371

-

N’izer X-L, XL, XN  Y-Nu, Y,
1 0 0 0 34496 03945
2 0 -1 1 44089 02946
3 0 0 0 34128 03712
4 0 0 0 34284 03699
5 0 0 0 34375 03847
6 0 1 -1 206.66  0.5470
7 0 -1 -1 20132 05618
8 -1 -1 0 34071 0.4047
9 -1 0 1 43121 02434
10 1 1 0 34255 03878
1 0 0 0 33836 03455
12 1 0 -1 20328 0.6268
13 1 0 1 45119 02641
14 -1 1 0 334.68 03757
15 1 -1 0 34937 03833
16 -1 0 -1 20259  0.5350
17 0 1 1 44921 02321
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RIRE A0 WA AN R 5l S AR (E 2 (8] AT /A A .

K5 ERFERAESN

Tab.5 Analysis of variances for the developed regression equation

J5 U Rl FI i oy P p EFE
Source Sum of squares  Degrees of freedom Mean square Significance
e Y, 1.166 4x10° 9 1.296 0x10* 746.733 4 <0.000 1 o
Model Y, 0.201 2 9 0.022 4 37.055 1 <0.000 1 ok
Y, 172.980 0 1 172.980 0 9.966 4 0.016 0 *
% Y, 0.001 3 1 0.001 3 2.2069 0.1810
M Y, 0.0820 1 0.0820 0.004 7 0.947 1
: Y, 0.001 3 1 0.001 3 2.1475 0.186 2
M Y, 1.148 8x10° 1 1.148 8x10° 6618.729 1 <0.000 1 o
’ Y, 0.191 1 1 0.1911 316.771 4 <0.000 1 o
x Y, 0.156 0 1 0.156 0 0.009 0 0.927 1
n Y, 0.000 3 1 0.000 3 0.465 1 0.5172
x Y, 93.026 0 1 93.026 0 53598 0.0538
o Y, 0.001 3 1 0.001 3 2.095 1 0.1910
o Y, 22201 1 22201 0.1279 0.731 1
o Y, 0.000 6 1 0.000 6 0.9430 03639
oy Y, 8.388 8 1 8.388 7 0.4833 0.509 3
: Y, 0.000 6 1 0.000 6 0.936 4 0.3654
o Y, 4.5629 1 4.5629 0.262 9 0.6239
: Y, 4.131 6x107° 1 4.131 6x10°° 0.068 5 0.801 1
o Y, 14753725 1 14753725 85.005 3 <0.000 1 o
’ Y, 0.004 5 1 0.004 5 7.410 1 0.029 7 *
P2 Y, 121.493 7 7 17.356 2
Residual Y, 0.004 2 7 0.000 6
2 DL Y, 93.896 0 3 31.2987 4.536 4 0.089 1
Lack of fit Y, 0.002 9 3 0.000 1 2.7819 0.174 1
PRIET Y, 27.5977 4 6.899 4
Pure error Y, 0.001 4 4 0.000 3
A Y, 1.167 7x10° 16
Cor total Y, 0.205 4 16

Y, R=0.999 0, R, =0.997 6
Y,: R*=0.989 4, R, =0.983 0

% P<0.05, 2257 B3 ;0. P<0.01, ZE 5 35 .
Notes: *.P<<0.05,significant difference; **.P<<0.01, The difference is extremely significant.

[R5 RE A T7 22000 b FARBOI/INAT AL Al 45 R R XA SR T Vo, FE SIS PSR FR
Wty 1 ) PR R RN R R S R R R O X > X, > X, AL XX
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Fig. 6 Response surface graphs showing the effect of average Nusselt number on steel strip
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Abstract: In order to enhance the heat transfer intensity and uniformity in an air impinging freezer, an
impinging freezing experimental table was designed as the research object, and a new nozzle structure—
circular funnel nozzle was proposed. The numerical simulation technology was used to simulate the flow fields
in the impinging freezing experimental table, which was testified by experiments. The flow medium was air,
and the simulation process assumes: (1) The wall of static pressure chamber was adiabatic. (2) Air was an
incompressible, homogeneous viscous fluid. (3) During the normal operation, the internal flow field of the
model was regarded as steady state. The three-dimensional continuity equation, the momentum equation, the
energy equation, the kinetic energy k equation and the turbulent dissipation & equation were used. The

cooling air inlet and outlet pressure were 250 Pa(P,) and 0 Pa(P,,) respectively. For the frozen area, the

out
cooling air inlet and outlet temperature was 230 K and 235 K. The mass flow rate at the cooling air inlet is
0.064 4 kg/s. The thermal conductivity of steel strip was 16.3 W/(m*°C ). Using the Plackett-Burman
design, the significant factors for the average Nusselt number on the steel strip surface were obtained from the
factors of outlet diameter D, funnel width L,, funnel height L,, jet height L,, nozzle number N, nozzle
spacing S and nozzle-to-surface distance H. These significant factors were funnel width L,, jet height L, and
nozzle number N. The others had little effect on the average Nusselt number. So in the next study, these
factors adopted the median values. Then, using the Box-Behnken design, a mathematical model between
those three significant factors and the two response values which were average Nusselt number Nu,,, and the
heat transfer uniformity index n on the steel strip surface was established to determine the optimal structural
parameters. The F value in the regression equation can be used to determine the influence of the factors on
the response value. Therefore, the order of the factors affecting the average Nusselt number and the heat
transfer uniformity index on the steel strip surface was nozzle number>funnel width>jet height. The
interaction between the funnel width and the number of nozzle rows, the jet height and the number of nozzle
rows were the most significant in the response surface analysis figures, which were consistent with the results
of the variance analysis. The results showed that the optimal structural parameters were funnel width L,=17
mm, jet height 1,=50 mm, nozzle number N=3. Substituting these parameters into the second-order
polynomial equation, the average Nusselt number on the steel strip surface Nu, =448. 68, heat transfer
uniformity index 71 on the steel strip surface=0.232 9. The numerical simulation value was generally
consistent with the predicted value, so it was reasonable to optimize the average Nusselt number and the heat
transfer uniformity index on the steel strip surface by using the Box-Behnken design.

Key words: freezer; nozzle; Nusselt number; uniformity of heat transfer; structural optimization
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