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Nomenclature

A . area (m?)

Ar : heat transfer area (m%

Aim : minimum throat area (m?
Ci~GCs . coefficients in eq.(3-50)

de . equivalent diameter (-)

D . diameter (m)

D . diameter of cylinder (m)

Dnm . hydraulic diameter at orifice throat (m)
Dori . orifice diameter (m)

EEV . Electronic expansion valve (-)
f . friction factor (-)

F : fin (9

Fr : Froude number (-)

g . gravitational acceleration (m/s?)
G - mass flux (kg/m?s)

h . enthalpy (kJ/kg)

h - thermal conductivity (W/m*K)
k . thermal conductivity (W/m:K)
L . length (m)

n : number of cylinder (-)

N . compressor rotating speed (rpm)

P . pressure (Pa)
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Vs
Vmax
We

. refrigerant critical pressure (Pa)

: EEV inlet pressure (Pa)

: Prandtl number (-)

. heat transfer rates (W)

: Reynolds number (-)

. space (m)

: piston stroke length (m)

. Relative piston stroke length (m)

. refrigerant critical temperature (K)

: EEV inlet of refrigerant temperature (K)
. overall heat transfer coefficient (W/m*K)
. specific volume (m’/kg)

- refrigerant specific volume at the suction end (m°/kg)
. air velocity through minimum area (m/s)
. weber number (-)

. quality (-)

: martinelli parameter (-)

: mass flow rate (kg/s)

. efficiency (-)

. overall surface efficiency (-)
. density (kg/m’)

. pressure ratio (-)

. viscosity (kg/m-s)
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o . surface tention (kg/s®)

Ly . frost thickness (m)
Subscripts

a ©air

avg : average

C . cylinder, cold fluid side

comp : COMPressor

f . frost

h : height, hot fluid side

[ . isentropic, inside

max : maximum

min : minimum

1 - liquid

0 . outside

tu : tube

r . refrigerant

S . surface, sensible heat

Sp : single phase

t . thickness

tp : two phase

\% : volumetric, vapor

W : tube wall
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ABSTRACT

Study on the Performance of Refrigerating System in a
Refrigerator Truck with Frost Growth

Kim, Sang-hun
Advisor: Prof. Cho, Hong-hyun, Ph. D.
Department of Mechanical Engineering

Graduate School of Chosun University

Refrigeration systems such as a general refrigerator, commercial refrigerator,
and industrial refrigerator etc. became the necessities of life. The movable com-
mercial refrigerating system is called ‘refrigerator truck’ , and it keeps the
fresh foods during the transport. Recently the food service industry has been de-
veloped due to the improved quality of life. The demands of package service
have been increased for frozen foods from on and off line, so the refrigerator
truck demands increased. In addition, the groceries are also increased the demand
for centralization and localization. For this reason, a study on the refrigeration
performance of refrigerator trucks is needed to maintain the high efficiency and
reliability of the food transportation for long distance. However, the research is
insufficient for the performance of refrigerating system in commercial refrigerator
truck.

In the refrigeration system, when the surface temperature of cooling coil gets



below the dew point temperature and it contacts with vapor of humidity, the po-
rous frost gets to form on the coil during the operation. As the frost growth in-
crease, the rate of air flow through the evaporator decreases leading to a large
pressure drop accompanied by a sudden drop in heat exchanger performance.
Also, frost in the low temperature condition is developed with the operating time,
so it has an effect on the heat exchanger of efficiency degradation owing to heat
resistance of frost. Therefore, it is in need to examine that the performance deg-
radation caused by frost growth in the refrigerator truck. However, only few
studies have reported on refrigeration performance considering frost growth.

Most of the theoretical models have been verified using a domestic
refrigerator. However, simulation model of a refrigerator truck hasn’'t been devel-
oped so far. A simulation model is useful to study the performance degradation
due to frost growth under different operating conditions for vehicle-mounted
units. In this study, an analytical model of a refrigeration system was developed
for the R404A refrigerator truck. Besides, the experimental test was carried out in
order to verify the developed analytical model. To analyze the performance of
refrigerator tuck in the psychrometric chamber, which were compared to the sim-
ulation results using the EES(Engineering equation solver) program for re-
frigeration system of refrigerator truck.

As a result, frost thickness was increased with the rise of the indoor air tem-
perature and the compressor rotating speed, but increasing amount of frost was
insignificant difference with outdoor air temperature. Furthermore, the optimal re-
frigeration capacity was decreased by 30% when operating time passed about
three hours under basic conditions. In this case of simulation, we predicted the

blocking ratio with operating condition to compare the experiment results. The

- xi -



lower indoor temperature, the COP decrement increased with the increasing of
blocking ratio, whereas the higher indoor temperature, the decrement of re-
frigeration capacity increased with frost growth. The variation of indoor temper-
ature, performance curve shows similar trends and a decreasing rate with blocking
ratio. The decreasing rate in refrigeration capacity under a high temperature con-
dition was steeper than that under a low outdoor temperature condition with
blocking ratio. The refrigeration system of performance is sensitive reaction to
high outdoor temperature condition at condenser. In addition, the variation of out-
door air velocity, the system performance was not greatly increased above 4 m/s
because a sufficient amount of heat transfers from the refrigerant to air at the
condenser. The maximum of the system COP was shown at the compressor speed
of 1500 rpm for non-frost and frost condition, simultaneously. The performance
under frost condition was more sensitive to the operating condition compared to
that under non-frost condition.

Through this study, the performance data and optimal control method of sys-
tem performance in refrigeration system can be provided and it will contribute to

developing high efficiency refrigerator system in the movable truck.
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Table 2.1 Specification space air condition handling unit

Space Control system Capacity(kW)
Heating heater No.1 15
Heating heater No.2 15
Humid No.1 16
Indoor
Humid No.2 8
Refrigerator No.1l 3.7
Refrigerator No.2 2.2
Heating heater No.l 17.5
Heating heater No.2 17.5
Humid No.1 20
Outdoor
Humid No.2 10
Refrigerator No.1 3.7
Refrigerator No.2 3.7
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Fig. 2.3 Outside of psychrometric chamber.
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Fig. 2.4 Control panel of psychrometric chamber.
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Fig. 2.5 Photograph of thermocouple T-type.

Table 2.2 Specification of thermocouple

Item Specification

Type T-type

Range -200 to 300C
Ansi standard limits of error 0.75%
Ansi special limits of error 0.40%
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Table 2.3 Specification of pressure gauge

Item Specification
Company Setra
Model C206
Pressure -14.7~3000 psig

Input 24 VDC
Output 4~20 mA
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Fig. 2.7 Photograph of inverter.

Table 2.4 Specification of inverter

Item Specification
Model number VFD-037M
Max Applicable Motor Output 3.7 kW (5HP)

Input

3-Phase 200-240VAC, 50/60Hz

Output

0.1~400Hz
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Fig. 2.8 Photograph of power meter.
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Table 2.5 Specification of power meter

Item Specification
Channels 2
Freq. Range (low) 500 mHz
Freq. range (high) 100 Khz
Computer Interface GPIB or RS-232-C
Sensors 751574 Current transducer
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Fig. 2.9 Photograph of mass flow meter.

Table 2.6 Specification of mass flow meter

Item

Specification

Max pressure

85.6 kgf/cm2

Max temp 105C
Flow rate 36~360 kg/h
Bore RC 3/8
Trans. Model CT9401-K7MM33
Power 85~254 VAC

Sensor model

CN006C-SS-200K
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Fig. 210 Air sampler of indoor side.

Fig. 211 Air sampler and blower.
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Fig. 212 Photograph of the code tester.
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Fig. 213 Code tester with an evaporator.

Fig. 2.14 Photograph of suction fan.
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Table 2.7 Specification of cord tester in fan tester

Item

Size

Specification

1,100W x 700H x 3,000L

Tester anemometer size

400W x 600H

Insulating material

50 mm $-d# &

Temperature

AT~ 1

Body material

STS 2.3t, SUS-304 A F th&3 ~ 2

Nozzel

457 ~1, 55@~1, 65 ~2(Air Cylinder 71 )

Test size

900 = 450

Table 2.8 Specification of suction fan

Item Specification
Type %2 1/2 # &< Turbo fan
Capacity

20 m*/min x 180 mmAq

Number of motor

3

- 29 -



Table 2.9 Specification of data collector(CH1~CH7) in code tester

CH Name Range Unit Input

1 Chamber difference pressure -50~50 mmAq | DC 1~5V
2 Nozzle difference pressure 0~100 mmAq | DC 1~5V
3 Nozzle chamber inlet temp. -50~150 ¢ T Type

4 Nozzle chamber nozzle-1 0/1 - DI COUNT
5 Nozzle chamber nozzle-2 0/1 - DI COUNT
6 Nozzle chamber nozzle-3 0/1 - DI COUNT
7 Nozzle chamber nozzle-4 0/1 - DI COUNT
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Fig. 2.15 Photograph of MX100.

Table 2.10 Specification of data logger

Item Specification
Manufacturer Yokogawa
Model no. MX100
Measurement interval 500ms

Input voltage

AC 100~240V

Max voltage

70VA

=32 .
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Table 2.11 Test conditions for test

Parameters Unit Specification
Refrigerant charging amount kg 1.1, 1.2, 1.3%, 1.4, 1.5,
Electronic expansion valve % 60, 65, 70, 75%, 80,
Indoor air temperature i@ 1, 5%, 9
Outdoor air temperature ¢ 25%, 30, 35
Compressor speed rpm 1000*, 1500, 2000
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M, = n%D(?SpN(:f (3-1)
I/Vcomp = mA (hisen - hin) (3-2)
1, = 0.3596 +1.1072 < S,— 0.08132 X £+ 0.0001175 X N — 0.4025 x S_f (3-3)
—2.449x10 SN?
n; = 0.2402 4 1.4187 X S, — 0.09698 X £+ 0.000123 X N — 0.5852 X S_f (3-4)
—2.457x10 5N?
Table 3.1 Specification of compressor
Elements Unit Value
Bore mm 35
Stroke mm 28.6
Displacement per revolution cclrev 138
Number of cylinders 5
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Fig. 3.3 Schematic of heat exchanger for modeling.

Table 3.2 Specification of heat exchanger

Specification Unit Condenser Evaporator
Fin interval [mm] 2.1 4.56
Fin height [mm] 25.78 22.64
Fin width [mm] 24.83 26.13
Tube diameter [mm] 9.5 9.5
Tube thickness | [mm] 0.5 0.5
Configuration size = [mm] = 760(L) X 284(H) < 100(W) | 865(L) x 136(H) x 209(W)
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F, =0.707Pr,Re)”, Re, < 50 (3-12)
F, =5Pr,+5In[1+Pr,(0.09636Pr!"*** —1)], 50 < Re, < 1125 (3-13)
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2d,
17025
f—0.079[ } (3-16)

3.24 « A,A,
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pg * ff
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Pg Ky Ky
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A3 d BFFA 2dFP

AAB AW = FA 28I x(orifice), YEneedle), T& 2-H|HZE(stepping
motor) 37FAE A= o] Utk R7449] A Wuje] AFRFFS 1t 28I~
273e 0.8 mmE 7 E AAMAAXNEEVZ 2dd s AAAAAAE 5
Fot= Wojo] AEFFEFES 6710 =22 ®gek 41 71kt MR 535
o Buckingham ~ A &|E wlg o2 A A E Hwang and Kim(2007)el 2]3] A|td 2
(3-5D)= ol&3l AiFst e oo ALEH g e Table 3.3 YeEl A

C, D Cy o T. Cs
— Cl( L ) ( m ) (pL’L ) ( m ) (3751)
D'IL D() p(l 1—'(1

7

m
( Atm \'% pAp

Table 3.3 Constants in EEV correlation

Constant Value
o 117 x 10°
Ca -3.99 x 107
Cs 727 x 107
Cs 386 x 107
Cs -4.55 x 10°
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Table 3.4 Simulation conditions

Test condition Unit Parameters
Indoor air temperature e 1, 5%, 9
Outdoor air temperature e 25%, 30, 35

Compressor rotating speed rpm 1000*, 1500, 2000
Relative humidity % 50*
Front air velocity m/s 2%

*Basic condition
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Fig. 4.1 Variation of performance with refrigerant

charge amount.
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Fig. 42 Variation of performance with EEV

opening.
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Fig. 4.3 Photograph of frost growth on the evaporator with operating time.
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Fig. 44 Variations of performance with operating

time.
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Fig. 45 The effect of the indoor air temperature
on the blocking ratio and performance

with operating time.
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Fig. 4.6 The effect of the outdoor air temperature

on the blocking ratio and performance

with operating time.

- 62 -



&=7] I AFE 1000 rpmoll Al 2000 rpm7FA] 500 rpm® ZE7FAIA 2igH| e WE

2] A% Was @y on o2 Fig. 4.79 JeEUdth siadn &)
34 Wstel] WE WEA2" AsATE 1500 rpmol A 7Hd A YER O H
o] W] AeAge 23002 AU, AFAIZte] welk 1.867HA] ¢F 19.4% H4
stRon, AdAx JsATe 18604 2EAIZ el whel 1.397kA] oF 25.4% A
sho] 22.5% 22PHS WA dAsAT AEH e Ae k7] 37 1500
rpm W A3 shAz A 2zt 40.2%, 46.7%2 ZFFH R oM, 2000 rpmY o
42.9%, 49.7%= ZA =] A& 19.1% olUolA dAEAT. 4F7] 3| AFIE F
7EE Qlg Wwje] A

1

mil
&
1o
ox

oX,

ofy
o

ol\
ﬁ\L
QL
38

Ir
g
o
rlr
2
A
N
St
=
i
o\

AT A 2000 rpmE w1784 1L317bA] 26.1% #4std o, idd A5 4
I 212004 1.827+A] 14.1% 748t A T

- 63 -



Fig. 4.7 The effect of the compressor rotating speed

on the blocking ratio and performance

with operating time.
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Fig. 4.8 Variations of compressor work, refrigera
-tion capacity, and COP with indoor air

temperature.
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Fig. 49 Variations of compressor work, refrigera
-tion capacity, and COP with outdoor air

temperature.
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Fig. 410 Variations of compressor work, refrigera
-tion capacity, and COP with front air

velocity.
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Fig. 411 Variations of compressor work, refrigera
-tion capacity, and COP with compressor

rotating speed.
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