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Abstract: The ice-making characteristics of a coil-type ice maker are experimentally investigated. The experiment was conducted 

under the following conditions: coolant temperatures of −10, −8, and −6 °C, coolant flow velocities of 1.0, 1.4, and 1.8 m/s, and ini-

tial water temperatures of 6, 9, and 12 °C. The relationship between the nondimensional ice thickness and the nondimensional freez-

ing time was examined experimentally. The nondimensional correlation equations for coolant temperature, water temperature, cool-

ant flow velocity, initial water temperature, and copper tube size were derived as r3
+ = 0.063ln(t+) + 0.206 in the range of R+T+ = 

2.1–4.7. 
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1. Introduction

In recent years, as part of the focus on reducing the electric 

power consumption differential between day and night, consid-

erable research on heat saving has been conducted. In particular, 

there has been extensive research on heat saving for ice produc-

tion (latent heat saving) for the use of surplus electric power 

during the night. Consequently, latent heat saving technology 

has witnessed rapid development [1]. 

 Over the past few years, several studies have been conducted 

on ice heat-saving technology, but these have been limited to 

static ice-making types of production in which ice is made on a 

heat transfer area. This static-type ice-making system has a 

serious weakness in that the increasing ice creates thermal re-

sistance, thereby decreasing the coefficient of performance of 

the refrigerator over time. 

Studies in this field include those by Kang [2], who studied 

the cooling coil model, Min [3], who studied the handling 

method of cooling load, and Lee [4], who investigated the phe-

nomena of ice production around the cooling coil. In addition, 

Ahn [5] and Park [6] conducted research on the operating char-

acteristics of ice-on-coil-type refrigeration. Furthermore, Jekel 

[7], Vick [8], and Nelson [9] developed theoretical models for 

the internal melting of ice-on-coil tanks. They modeled the ice 

cylinder as growing over the tube at the same speed in different 

directions during the charging process, while the water cylinder 

grew concentrically within the ice cylinder during discharge. 

Finally, Zhu [10] reported a dynamic simulation model for the 

internal melting of ice-on-coil tanks with built-in horizontal 

tubes. 

In the present study, to support the development of ice-

making systems that can exploit surplus electric power at night, 

the ice-making characteristics were experimentally investigated 

under various conditions; in particular, nondimensional analysis 

was conducted.  

Figure 1: Schematic of the experimental apparatus 

2. Experimental description

Following the experimental method of the conventional re-

search of an author [11], in the present study, the coolant tem-

perature was controlled in a constant temperature bath (volume 
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= 22 L and T = −20–99 °C) and was pumped around the circula-

tion pipe. A copper tube, which was attached to the center of a 

water bath (180 mm × 140 mm × 130 mm), was maintained at a 

constant temperature. Figure 1 shows the experimental appa-

ratus used in the present study. The setup consists of a constant-

temperature bath to ensure that the coolant remains at a constant 

temperature (30%vol solution of ethylene glycol, with a melting 

temperature of −12 °C), a coolant circulation pipe, a water bath 

made of acrylic resin, and a copper tube in the water bath as the 

test section. 

The experimental conditions are listed in Table 1. The pa-

rameters are coolant temperature, initial water temperature, 

coolant flow rate, and the dimensions of the copper tube.  

A scale for measuring the thickness of the produced ice was 

attached to the front panel of the water bath, and Vernier cali-

pers were used to measure the ice thickness. Additionally, to 

minimize reading error, digital photography was used. 

Table 1: Experimental parameter ranges 

Parameter Unit Values 

Brine temperature, Tb °C -10, -8, -6 

Brine flow velocity, ub m/s 1.0, 1.4, 1.8 

Initial water temperature, Tw °C 9, 16, 22 

Tube 

size 

Outer diameter, DO mm 7, 14, 20 

Inner diameter, DI mm 180 

Length, Ltube mm 6, 9, 12 

To measure the flow rate of the coolant, a flow meter was in-

stalled at the outlet of the coolant circulation pipe and T-type 

thermocouples (uncertainty = ±0.1 K) were installed at the inlet 

and outlet of the test section copper tube. In addition, the tem-

perature of water in the water bath was measured by T-type 

thermocouples installed at 2-mm intervals in upward and 

downward directions. 

The coolant temperature was controlled in the constant-

temperature bath with refrigeration, and coolant was pumped 

through the circulation pipe in a closed loop. As a result, the 

temperature of the copper tube, which was attached to the cen-

ter of the water bath, was maintained at a near-constant temper-

ature. 

3. Results and discussion

3.1 Effect of the coolant temperature 

Figure 2 indicates that the mass of ice produced increases 

with lower coolant temperatures. This is caused by the increase 

in heat flux through the copper. For the same reason, the onset 

points of freezing were delayed according to the strength of the 

heat flux from the coolant temperature. 

Figure 2: Effect of brine temperature 

Figure 3: Effect of heat transfer area 

3.2 Effect of cooling tube diameter 

The influence of copper tube size (i.e., the heat transfer area) 

on the amount of ice produced is indicated in Figure 3, which 

depicts the plots of the amounts of ice produced for different 

experimental diameters. The lines represent the total mass of ice 

produced, and the solid symbols represent the mass of ice pro-

duced per unit area of the copper tubes. Because increasing the 

cooling tube diameter causes the heat transfer area to increase, 

the mass of ice also increases. However, the mass of ice per unit 

area exhibits a different tendency, caused by the thermal bound-

ary layer. A smaller tube diameter reduces the development of 

this boundary layer; hence, heat transfer increases as the tube 

diameter decreases. 

3.3 Effect of initial water temperature 

Figure 4 shows the variation in the mass of ice produced ac-
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cording to initial water temperature. The initial water tempera-

tures were 6, 9, and 12 °C. From Figure 4, it is clear that ice 

production was higher when the initial water temperature was 

lower. This results from the fact that the thermal boundary layer 

is thinner with lower initial water temperatures. 

Figure 4: Effect of initial water temperature 

Figure 5: Effect of brine velocity 

3.4 Effect of coolant velocity 

Figure 5 shows the effect of coolant flow velocity on the 

production of ice. For the range of this experiment, there were 

no significant differences. Although the flow velocity of coolant 

was changed from 1.0 to 1.8 m/s, the Reynolds numbers re-

mained in the laminar region. Consequently, the forced convec-

tion of coolant did not lead to a notable effect. 

3.5 Freezing behavior and measured amount of ice mak-

ing 

Generally, for an ice-on-coil-type ice maker, ice is formed on 

the outside surface of a copper tube.  

Figure 6: Photograph of the freezing process 

Figure 7: Considered cross section of ice 

Figure 6 shows that, as a result of heat transfer from the exter-

nal environment, nonfreezing regions arose at the inlet and out-

let sides of the copper tube. Because the horizontal and vertical 

ice thicknesses on the outside surface of the copper tube varied 

over time, the total amount of ice produced was calculated as 

follows: 

1. The thickness of ice was measured horizontally and verti-

cally at fixed time intervals. The heat resistance of the copper 

tube was assumed to be negligible. 

2. Because the growth of ice differed horizontally and verti-

cally, a cross section of ice was calculated by using 

𝐴 = 𝜋 × 𝑎 × 𝑏  (1) 

and the volume of ice as visualized in Figure 7 was calculated 

by using 

𝑉𝑖𝑐𝑒 = (𝐴𝑖𝑐𝑒 − 𝐴𝑡𝑢𝑏𝑒) × 𝐿𝑡𝑢𝑏𝑒   (2) 

3. The apparent mass of the ice was calculated by multiplying
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the density of the ice at 0 °C and the volume of the ice obtained 

from Equation (2):  

𝑀𝑖𝑐𝑒 = 𝑉𝑖𝑐𝑒 × 𝜌𝑖𝑐𝑒  (3) 

4. By referring to digital photographs of the freezing process,

nonfreezing regions were calculated (measuring 5% on aver-

age). 

5. The value of Mice from Equation (3) was reduced accord-

ing to the nonfreezing region, resulting in the amount of ice 

produced: Massice (in kg). 

Table 2 lists the ice thickness measurements taken using a 

ruler and Vernier calipers. 

Table 2: Measured ice thickness with time 

Time (min) a (mm) b (mm) 

5 0 0 

45 6 4 

85 9 6 

125 10 9 

165 11 13 

200 11 15 

Experimental 

condition 

DO : 9 mm     Tw : 12°C 

Tb : -8°C       ub :1.8 m/s 

4. Analysis of nondimensional parameters

Analysis of the thermal flow within the phase-change materi-

al is very difficult and complex. In this study, for nondimen-

sional analysis, the temperature distribution in Figure 8 was 

assumed for the freezing phenomena of the material. 

Figure 8: Cross section of the heat exchanger pipe and ice 

In Figure 8, the temperature of the flowing coolant at the 

center of the copper tube is below freezing. Around the copper 

tube, ice had grown, and it is assumed that water surrounds the 

ice. The direction of thermal flow runs from the water to the 

coolant. Figure 9 indicates this mechanism as a thermal re-

sistance model. 

Figure 9: Thermal resistance model 

For nondimensional analysis in this study, it is used reference 

about the freezing of water [12].  

Based on these assumptions, the governing equations for the 

cylindrical system are 

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇

𝜕𝑟
) =

1

𝛼

𝜕𝑇

𝜕𝑡
 (4) 

where αdenotes the thermal diffusivity. 

The boundary conditions are 

i) Case, r = r2

−𝑘𝑖𝑐𝑒
𝜕𝑇

𝜕𝑟
= ℎ𝑏(𝑇𝑟=𝑟2

− 𝑇∞)  (5) 

ii) Case, r = r3

−𝑘𝑖𝑐𝑒
𝜕𝑇

𝜕𝑟
= 𝜌𝑖𝑐𝑒𝐿𝑓

𝑑𝑟3

𝑑𝑡
+ ℎ𝑏(𝑇𝑙 − 𝑇𝑓𝑟)  (6) 

where kice denotes the thermal conductivity of ice, ρice is the 

density of ice, Lf is latent heat of the fusion of ice, and hb is the 

convective heat transfer coefficient of the coolant. 

The primary assumptions of the model are as follows: 

⚫ Heat resistance of the copper tube is negligible. 

⚫ The physical properties are constant. 

⚫ At the freezing point of 0 °C, the liquid condition is Tl = 

Tfr, and 1/he = 0. 

⚫ The coolant temperature T∞ and the convective heat trans-

fer coefficient hb are constants. 

When the potential temperature is Tfr − T∞, the thermal flow 

rate per unit area is calculated as follows: 
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𝑞

𝐴
=

𝑇𝑓𝑟−𝑇∞
1

ℎ𝑏∙𝑟1
+ln(

𝑟3
𝑟2

)/𝑘𝑖𝑐𝑒

 (7) 

For freezing at r = r3, the thermal flow rate serves to remove 

the latent heat of solidification: 

𝑞

𝐴
= 𝜌𝑖𝑐𝑒𝐿𝑓

𝑑𝑟3

𝑑𝑡
 (8) 

where dr3/dt is the volume flow per unit area (in m3/hr∙m2 at the 

growth surface), and ρiceLf is the latent heat per unit area (in 

J/m3). Combining Equations (7) and (8) gives 

𝑇𝑓𝑟−𝑇∞
1

ℎ𝑏∙𝑟1
+ln(

𝑟3
𝑟2

)/𝑘𝑖𝑐𝑒

= 𝜌𝑖𝑐𝑒𝐿𝑓
𝑑𝑟3

𝑑𝑡
 (9) 

The following equation describes the ice thickness and the 

freezing time, with variables r3 and t taken from Equation (9): 

d𝑟3 (
1

ℎ𝑏∙𝑟1
+

ln (
𝑟3
𝑟2

)

𝑘𝑖𝑐𝑒
) =

𝑇𝑓𝑟−𝑇∞

𝜌𝑖𝑐𝑒𝐿𝑓
𝑑𝑡  (10) 

The dimensionless parameters are defined as 

𝑟3
+ =

ℎ𝑏∙𝑟1∙ln (
𝑟3
𝑟2

)

𝑘𝑖𝑐𝑒
 (11) 

𝑡+ = 𝑡 ∙ ℎ𝑏
2 ∙

𝑇𝑓𝑟−𝑇∞

𝜌𝑖𝑐𝑒∙𝐿𝑓∙𝑘𝑖𝑐𝑒
 (12) 

Substituting these nondimensional parameters into Equation 

(10) gives  

𝑑𝑟3
+(1 + 𝑟3

+) = 𝑑𝑡+  (13) 

If the freezing process continues from t = t+ = 0 to time t, 

Equation (13) can be differentiated to give 

𝑟3
+ +

(𝑟3
+)2

2
= 𝑑𝑡+  (14) 

or, 

𝑟3
+ = −1 + √1 + 2𝑡+  (15) 

If the temperature of the liquid, Tl, is higher than the melting 

point and the convective heat transfer coefficient is he at the 

solid–liquid interface of the system, Equation (13) may written 

as 

(1+𝑟3
+)𝑑𝑟3

+

1+𝑅+𝑇+(1+𝑟3
+)

= 𝑑𝑡+  (16) 

When nondimensional parameters are adopted, Equation 

(16) can be cast in a nondimensional form whose nondimen-

sional parameters are 

𝑅+ =
ℎ𝑒

ℎ𝑏
,   𝑇+ =

𝑇𝑙−𝑇𝑓𝑟

𝑇𝑓𝑟−𝑇∞

where R+ is the nondimensional heat transfer rate, he is the con-

vective heat transfer coefficient of the surrounding ice, hb is the 

convective heat transfer coefficient of the coolant, T+ is the 

nondimensional temperature, and the remaining nondimensional 

parameters are the same as in Equation (13). 

Figure 10: Nondimensional correlation equation 
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Figure 10 shows the level of ice production calculated from 

the experimental results according to the nondimensional pa-

rameters. With the potential-resistance ratio as R+T+, Figure 10 

indicates the variation of nondimensional ice thickness as a 

function of nondimensional time. 

The resulting nondimensional equation from the nondimen-

sional analysis was produced as Equation (17) with a margin of 

error of ±14%. The range of application is R+T+ = 2.1–4.7. 

𝑅+𝑇+ = 0.063 ∙ ln(𝑡+) + 0.206   (17) 

5. Conclusion

In this study, a nondimensional analysis of a comparatively 

simple ice-on-coil-type ice-making system was performed. 

From this study, the following conclusion may be drawn: By 

using the experimental results, the nondimensional amount of 

ice production was described, with a margin of error of ±14%, 

as follows: 

𝑅+𝑇+ = 0.063 ∙ ln(𝑡+) + 0.206

[range of application: R+T+ = 2.1–4.7] 
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