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(The development of anti-cycle cooling system
for preserving the quality of fresh food)
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SUMMARY

As the development of food culture with economic growth. consumers demand for
quality of food is increasing. When storing frozen ingredients for a long time, degradation
of ingredients in taste and quality are occurred, as well as environmental problems
reprocessing altered foods and economic loss will occur. Because cold air takes the
moisture of ingredients and frost grows on the surface the finned-tube of refrigerator, the
surface of ingredients become drier and freeze-drying of ingredients degrade taste and
quality of ingredients.

Electric energy consumption of evaporator and compressor, defrost operation and

refrigerant unit are very large. As air flows through the path of heat exchanger forming
finned-tube, cooling fans and cabinet for food inside refrigerator, frost grows in heat
exchanger and humidity inside refrigerator is lower. dry air become wet air while low
humidity take water from food, and wet air make frost formation in heat exchanger.
Fast air flow which is necessary for the purpose of high energy efficiency make faster frost
formation. Because frost formation on finned-tube reduce heat exchange efficiency and
prevent air flow, it is necessary to get rid of the frost on finned-tube. The process to
eliminate the frost on heat exchanger is called defrosting, the defrosting is very important
in element in refrigerator. Thick frost formation cause more energy consumption and lower
freezing performance. There are so many method for the defrosting, but methodology to
eliminate the frost in small and high density finned-tube structures is limited. The most
popular methodology is to use electric heater, but while defroster is running, refrigerator
must stop suppling cold air. and this method require high electric energy consumption. In
this study, It is presented new freezing system avoiding freeze-drying phenomenon and
assuring quality of ingredients in this study and suggest optimal installation of defrosting
heater.

Cooling fans without bell-mouth make three-dimensional air flow inside cabinet for
food, structure of making air flow path to reduce frost formation is presented in this
study. Cooling fans is installed in front of heat exchanger, the distance between two
different devices is very important to make new air flow path. Most air flow start this
position between fans and heat exchanger. The main difference between presented and
conventional structures is air flow path. All air flow through finned-tube in conventional
refrigerator, but only 10% to 30% air flow through finned-bute in presented refrigerator.
The rest of air is exchanged in areas between cooling fans and a part of finned-tube. The
air which pass finned-tube must detour only the path between the side wall and the edge
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of finned-tube, wet air passing this path make frost not inside of finned-tube but on the
edge of finned-tube. Therefore dry air flows through the finned-tube. This is main idea to
reduce frost formation. More delicate arrangement and additional structures to reduce frost
formation.

Less frost formation provide higher electric consumption efficiency and the experimental
results is shown. Three-dimensional air mixture is made by three cooling fans inside
cabinet for food provide more efficient freezing performance. Various experimental results

are shown for the proof of efficiency of presented freezing system.
Content and scope of research and development is described as below.

1. Development of freezing system components

- Investigation papers and literatures for the refrigerant and freezing
system component

- 3D modeling and design development of refrigerator system

- Review and optimization of eco-friendly refrigerant

- Development of cooling system components (compressor, evaporator,
refrigerator panels, etc.)

- Cooling system design to delay frost formation

- Program decisions for cold flow simulation based design criteria

2. Pilot testing equipment production and flow analysis using supercomputers

- Pilot test equipment development, design and production

- Development of precision quick-freezing control system

- Development of optimized defrosting device

- Development of non-penetrating circulation cooling system

- Before and after freezing and thawing of the quality status change research/
analysis

- For cold flow simulation based design criteria and program decisions

- Refrigeration system with the simulation of the behavior of the cold flow and
determine flow

- Flow Analysis identified through a cold velocity distribution

3. Cooling system products through optimum design conditions and plans production

and commercialization

- 11 -



- Analysis of simulation results analysis and optimal design conditions
- Optimal design conditions through the cooling system prototyping

- Modifying the prototype performance evaluation and complementary
- Technical and economic feasibility study

- Optimal food storage conditions establishment

- Preparation of Ensure food safety management system certification,

and seeking ways through the commercialization

The first year of the study can be sunmarized as follows.

A. There-dimensional air circulation design and development

- Anti-cycle cooling system design, by referring to convectional cooling system

B. Review and optimization of eco-friendly refrigerant
- Natural refrigerant, CFC family, HCFC family, HFC family, LGWP family, including
the physical properties of the refrigerant and the pros and cons,
- Eco-friendly, economical refrigerant through a literature review and optimization
(R-404a)

C. Refrigerator insulation panel production and development of high-density,
high-performance system
- High-density uniformity freezer panel polyurethane foam is injected into the jig by
making Prototype

D. Frost-free finned-coil (evaporator) Research and Development
- Frost-free finned-coil implantation to minimize the existing array by changing
the shape

- Performance evaluation through the inspection of frost formation

E. The development of anti-cycle cooling system

- Evaluations of air flow path air in heat exchanger and air circulation evaluation
in cabinet for food according to the gap between the fan and cooler, fan diameter,
the presence of the control panel

- Implementation of frost formation delay through anti-cycle cooling system

- 12 -



F. design criteria and program decisions for the cold air flow simulation
- Evaluations according to the gap between the fan and cooler, fan diameter,
the presence of the control panel
- Consideration of the design parameters were determined, which are used as

general-purpose program for CEX
The second year of the study can be summarized as follows.
A. Freezer pilot test equipment design

- Cold flow simulation for final prototyping and comparative analysis of the pilot test
equipment designed for the freezer

w

Development of rapidly-frozen precision control system
- Anti-cycle cooling system to precisely control temperature and humidity control
system for rapid freezing results in high durability down the temperature by 0.25 T

to minimize the deviation

C. Optimization of defrosting device
- Monitoring frost formation using web camera.
- optimization of the defrost heater installation location through the frost and defrost

process

=

Development of cooling fan for the anti-cycle freezer system

- Developed bell-mouth-free reflux fans for the implementation of three-dimensional
circulation and rapid cooling

- The fan capacity, quantity, and placement decision for optimal performance

(200W 2EA, 100W 1EA)

=}

Production and test of freezer pilot test device
- Freezer pilot production for the comparative analysis of cold flow simulation and test
- Frost formation and defrost process test, food quality test, cold air flow analysis,

freezer performance and energy consumption of the test

- 13 -



E. Cold flow analysis utilizing supercomputers
- Compare the differences between supercomputer simulation results and real
experimental results.

- Redesign pilot anti-cycle freezer system from the comparison results

G. Studies of Changes in the quality of food after freezing and thawing
- better freezing quality after freezing and thawing compared with conventional freezer

- Smaller ice crystals through visual observation and optical microscopy analysis

And the last year of the study can be summarized as follows.

A. Analysis of simulation results
- Installation 3 fans for ensuring optimum air flow for the three-dimensional circulation
- High durability of the air velocity and pressure data acquisition
- Check the consistency of the actual air flow and the air flow characteristics in parallel
with the idea of comparing experimental
- The result final simulation is adopted as the specification of the final prototype

B. Optimal design criteria analysis and decision
- Three fans organize to supply that amount of air
- The front and rear of the heat exchanger through the amount of air flow that
verification through simulation.
- Gap is 2Cm through simulation and prototype testing to minimize the frost formation
- Data which reasoning heat exchange efficiency and the degree of frost formation
obtained

C. Final prototyping of cooling system
- The solid circulation characteristics implantation can be minimized to maximize the
best possible system design from 1, 2nd year prototyping and simulation.
- The difference between the simulation results and the final prototype
- In the final prototype, the distance between the fan and the heat exchanger, the fan
and the distance between the back wall can be adjusted in a limited range of the
optimal system configuration

— 14 -



D. Prototype performance evaluation and revision
- Carrying out the same experiment with the performance of the two different freezers.
- The fine adjustment which contains a lot of moisture, agriculture, forestry and
fisheries of processed foods that ensure superior performance when rapidly frozen for
the frost formation delay.

- The amount of evaporation is smaller approximately 14.6% than conventional freezer.

E. Economic feasibility assessment

- Energy-saving due to the frost formation is 13.83% after 12 hours continuous
operation, and 18.46% after 24 hours of continuous operation in arithmetic comparison
results

- Downtime reduced compared to conventional frezer, because it does not need
defrosting

- Food loss is less about 3-5% than conventional freezer, so that raw material costs are
reduced

- The quality of frozen foods is improved in three-dimensional uniform and rapid

circulations

F. Optimal food storage conditions establishment
- The food quality degradation is less than in conventional freezer
- Frozen conventional weight loss of about 1-4% compared to the difference in the
quality of frozen is excellent.
- The quality after thawing is excellent, final consumers feel the difference in quality as
the more.

- Storage period increased by about 10% compared with conventional freezer.
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. W] pilot A8 A9 spec.

¥ 7] pilot AHAH 9 spec. 2 ol2) T 133 Zrh

£ 13. WE7) pilot A8EH ] spec.

FE Spec.
ZEAY [/ 2™ 3P, 220V / 2kW
EE 846 X 1,770 X 1,150 (mm)
k] R404A
@ 27 140 (mm)
WEEA Rotary "2
Compressor 1.5 KW(2HP)
Circulation fan 4 pole, 50W AC fan, 3EA
Defrost Heater 200W 2EA, 100W 1EA
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+ Software : Autonics DAQ Master
- Sampling Time : 1sec
+ DAQ Device
- TK4S-T4C (Autonics) - &%
- TZ4M-T2C (Autonics) -

+ Sensor

- 2% AlA (Sea) - JPt100Q K type
+0.3% (%), 10.5%(42 o]

- % AlA (2ea) - THD-R (Autonics)
+0.5C, 3% RH

23 27 : L& 20~60T

=34 94 :0~90% RH

2) 3% A=A

BETel ABE ANT 40 TE FHE Aokl ABE 39 BEA L AE
olafell HQITH.

% 33. Yokogawa 34 M= A WT1800
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3 AEAY U2 AL 9% dARE Thed gon, WA FAHL ol
X

Source 3P3W(3V3A)

Load
AC transformer (Refrigerator)

“ 0D

ERE

OO 0O
®O 0O
OO OO

Element 1 Element 2 Element 3

o9 3439 dAFA 42

« 3% A WIseos w34

- Basic Power Accuracy $0.1%

- DC Power Accuracy +0.05%

- Voltage/Current Bandwidth 5 MHz*1 (-3 dB, Typical)

- Sampling Rate 2 MS/s (16-bit)

- Input Elements Max. 6

- Current Measurement 100 1 A to 55 A

- Fast data Capturing 5 ms Response *Max.Ims (When External Sync ON)
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WEE AF (5) | 5.96(137) | 5.91(045) | 5.29(0.54) | 4.57(0.65) | 4.33(0.10) | 4.76(0.07)

24 () | 0410.04) | 0.180.06) | 0.300.03) | 0.160.02) | 0.29001) | 0.17(0.03)

g (%) | 436(0.34) | 2.88(0.88) | 5.45(0.09) | 3450.57) | €.27(0.16) | 3.39(0.54)
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Zag (%) | 6.550.85) | 3.54(0.85) | 6.650.97) | 4.90(0.54) | 688(0.62) | 2.51(0.46)
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446(0.37) | 4.20(0.14) | 4.88(1.02) | 3690.28) | 361(0.03) | 3.76(0.03)
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o
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009{0.04) | 0.05(0.01) | 0.21(035) | 0.010.00) | 0.100.01) | 0.01(0.00)

g (%) | 1990.97) | 1.06(028) | 358(5.46) | 0.040.10) | 266{0.22) | 0.34(0.12)
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: B. Na, RL. Webb / New model for frost growth rate / International Journal of
Heat and Mass Transfer 47 (2004) 925 -936
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18 66. Morphology of ice crystal. (a) Diagram showing the snow crystal forms

depending on excess vapor density and air temperature. (b) Ice crystal shape

[18] - - (1) Plate-like forms: (a) plate, (b) simple sectored plate, (c) dendritic sectored
plate, (d) fern-like stellar dendrite; (2) Column-like forms: (¢) needle crystal, (f) hollow

column, or sheath-like crystal.
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: X.-M. Guo et al. / Experimental study on frost growth and dynamic
performance of air source heat pump system / Applied Thermal Engineering 28
(2008) 2267 - 2278

o R 7 A2

S

(mm)

Frost Thickness o

* (10 mm/min}

Frost Growth Rate 4

T T T T T T
0 20 40 & 8 100 120 140
Time 1t (min)

1§ 67. Frost thickness and frost thickness growth rate with frosting time under
different conditions.
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1% 68. Comparison of frost accumulation mass and frost thickness after 35 min
operating.

2% 69. Photographs of frost layer on the fins under condition of Tai = 0 C, RH =
75%.
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: Robert William Style, The formation and evolution of frost flowers and related
phenomena, University of Cambridge, September 2007

17 70. A sequence of photographs of growing frost flowers on fresh ice, taken at
20 minute intervals. The first photograph is taken one hour after the initial
appearance of ice in the tank. The width of the photographs corresponds to

approximately 20cm on the ice surface. The white spot in the upper left hand
quadrant of each photo is a blemish in the ice. Bulging of the ice due to pressure
increases below the surface is evidenced by the region clear of frost flowers along the

top of the picture. See text for details.
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: JIANXIN YANG, A STUDY OF HEAT PUMP FIN STAGED EVAPORATORS
UNDER FROSTING CONDITIONS, Texas A&M University, 2003

LS SR W ¢
15 0%

(a) 0 min (b) 20 min (©) 30 min

1% 71. Sample image of the fin leading edges at the start of the frost test for
two-row fin staged coil (15/20 fpi) with medium airflow (2100 cfm)
at 28°F DB and 90% RH

0030 ¢
0.025 4

0.020

0015

0010 {

FROST HEIGHT (inch)
FROST HEIGHT (mm)

0.005

0.000 + oo
o
TIVE (rin)
1@ 72. Sample plot of frost thickness versus time for two-row fin staged coil
(15/20fpi) with medium airflow (2100 cfm) at 28°F DB
and %% RH frost test
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: H. Lee et al. /Frost formation on a plate with different surface hydrophilicity
/International Journal of Heat and Mass Transfer 47 (2004) 4831 -4893
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® Plate tempersture. X

Point
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2% 73. Frost density profile for different air humidity and plate temperature
and those images of frost structure: (a) contour plot and (b) frost images.
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: Ehsan Moallem , EXPERIMENTAL STUDY OF ONSET AND GROWTH OF
FROST ON OUTDOOR COILS OF AIR-SOURCE HEAT PUMP SYSTEMS, A
SME-ATI-UIT 2010 Conference on Thermal and Environmental Issues in Energy

Systems 16 - 19 May, 2010, Sorrento, Italy

Table 1. Fin & Tube Heat Exchanger Geomeries

Parameter Value
No.of Rows 1
Finned Length (mm) 305
Coil (Finned) Heaight (mm) 305
No. of Tubes 12
Fin (Coil) Depth (mm) 2.1
Fin Distance (mm) 159
Fin Thickness (mm) 010

‘Tube Outer Diameter (Riffle Expanded) (mm) 1067
Tube Inner Diameter (Riffle Expanded) (mm) 1006

Finand tube of
thetest coil Outlet
header

Inlet header.
Frost

Flexible

polymer hose. Drain

pan

Figure 1: Image of the fin-and-tube test coil under frosting
inside the low temperature air wind tunnel

Figure 3: Example o frost thi

1 Turning vane

2 Electricheater

3 Temp. grid
inlet

4 Dew point
meterinlet

5 03by03m

testcoil

6 Digital scale

7 Temp. grid
outlet

8 Dew point
meter outlet

9 Airflow nozzle

ickness measurement on fins of
the fin and tube heat exchanger

2E 74 AEEE AR Ao Y
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