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EXPERIMENTAL INVESTIGATION OF AN ICE-BANK SYSTEM PERFORMANCE
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ABSTRACT
In order to verify the mathematical model of an ice bank system developed for the purpose of predicting the system performance, experimental measurements on the ice-bank thermal storage system were performed. Static, indirect, cool thermal storage system, with an external ice on coil building/melting was considered. The tested system was installed as a part of a production line in the dairy “Antun Bohnec” in the city of Ludbreg, Croatia. Energy stored in a form of ice during night is used for rapid cooling of milk after the process of pasteurization during day time.
The ice-bank system was tested under real operating conditions to determine parameters such as time varying heat load imposed by a consumer, refrigeration unit load, storage capacity, supply water temperature to the load and to find storage charging and discharging characteristics, i.e. ice building and melting rate. Experimentally obtained results were then compared to the computed ones. It was found that calculated and experimentally obtained results are in a good agreement as long as there is ice present in the silo.

1. INTRODUCTION
Varying operating conditions are rather common in process industry. Dairies are very good examples of such time-varying conditions: typically once a day, in the morning, for a limited duration, a large quantity of milk must be quickly cooled. To cope with such a task, a large capacity refrigeration unit might be installed, but it would be idle for the most of the day, and would consume much (electrical) power when busy. A much better solution is to build a smaller refrigeration unit that would operate rather uniformly during the whole day (or when the electric energy is cheaper, i.e. during night) and accumulate its cooling effect in a convenient way that will make possible short bursts of greater cooling effect (Dorgan and Elleson, 1993). During the operation of the refrigeration unit, its cooling effect is used to freeze water so that ice is accumulated, just to be melted when needed. Ice banks can be designed in various shapes – rectangular basins, cylindrical reservoirs (silos) etc. filled with water. Submerged pipe coils containing a flow of refrigerating fluid are used to build ice on their outer surface. As a refrigerating fluid either a primary refrigerant or a secondary cooling fluid can be used. The periods of building ice and melting it can be either separated or these periods can be more or less overlapped. 

In the past several attempts were made to build and test dynamic mathematical models of an ice bank systems. The most referenced static thermal storage systems which can be found in an open literature are those classified as direct, external ice on coil (Finer et al., 1993; Lopez and Lacarra, 1999; Lee and Jones, 1996) or internal ice on coil ice bank system (Chaichana et al., 2001). Finer et al. (1993) and Lopez and Lacarra (1999) developed simple mathematical models of a direct, ice on coil ice bank systems. Finer et al. (1993) came to conclusion that for cases when heat release by the user changes relatively slowly with time, heat transfer can be considered as the process limiting factor. This assumption allowed them to neglect hydrodynamic aspects of a refrigeration unit performance and to build the ice bank model solely by energy balance relations. This was proven experimentally as correct except for period immediately after startup. Likewise, Lee and Jones (1996) developed analytical models for an indirect, ice on coil thermal energy storage system for both charging and discharging modes. As such, the models were simplified to a large extent. Nevertheless, error analysis indicated that the model predictions were within 5 and 12% of the experimental values. Moreover, they (Lee and Jones, 1996) conducted laboratory testing’s of a direct, ice on coil thermal energy storage system for air-conditioning applications and offered a basis for performance rating procedures for the residential and light commercial TES systems.
For all of these publications one feature is common, all of the models were built for specific case with limited flexibility in definition of design parameters and operating conditions. In order to allow the definition of numerous design parameters and operating conditions and still provide a results with sufficient accuracy, a more complex computer model of a static, indirect, cool thermal storage system with external ice on coil building/melting was developed (Halasz et al. 2009).

In the first part of this study the performance testing of an indirect ice on coil ice-bank system is outlined, while in the second part a validation of the developed mathematical model is discussed.
2. EXPERIMENTAL DETAILS
2.1 Experimental apparatus and instrumentation
Ice bank system under consideration, designed and manufactured by company Frigoterm, was installed in a dairy “Antun Bohnec” in the city of Ludbreg, Croatia, as a part of a production line. It is a static, indirect cool thermal storage with external ice on coil building/melting, where ice is built around the tubes by the brine solution which is cooled by the refrigeration unit circulating through the tubes. Ice bank system consists of the refrigeration unit cycle, storage unit, i.e. ice silo and consumer cycle, Figure 1.
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Figure 1 Ice bank system

Storage unit is a vertical cylindrical silo built as a stack of two equal modules. The outer part of the silo (of annular cross-section) is used for the ice build-up or melting during upwards flow of water, the central part is used for the downward recirculation of water by means of the propeller (agitator). The agitator (of 300 m3/h capacity) was in operation only in a discharge mode while during the charging time it was idle.
Within each module, in an outer annular part, pipes for the flow of brine are spirally wound in a horizontal plane. Each pipe has its own plane. The two vertically adjacent spirals form a staggered arrangement for the upwards flow of water. Submerged pipe coils containing a flow of secondary fluid are used to build ice on their outer surface. Pipes are made of polypropylene.
On the secondary coolant side, modules are connected in parallel, so that a total flow of cold brine coming from the refrigerating unit is distributed amongst modules and later collected to be returned to the refrigerating unit. Secondary fluid (brine), 30% mixture of ethylene glycol and water was used. 
In the consumers loop, chilled water is circulated from the ice silo to a plate heat exchanger in production line to provide milk cooling. Heated return water from the consumer is returned to the base module of the silo to be mixed with chilled silo recirculation water. 
Process variables, i.e. temperatures, flow rates and pressures are measured at several locations in the system, as indicated in Figure 1. In the secondary fluid loop, two temperatures and one flow rate have been measured, i.e. brine temperatures at the silo inlet and outlet and the total brine flow rate through the silo. Four thermocouples were used for this purpose. Two of them were bonded on an outer pipe wall (steel pipe with dimensions O.D. 89,7 x 2,9 mm) just after the mass flow meter and before brine distribution joint to all modules. The other two thermocouples were placed in the same manner as previous ones at distance of 20 outer pipe diameters after brine collector joint of the modules. The pipe section with attached thermocouples was heavily insulated outside to prevent the influence of the environment and to make sure that the measured temperature was close enough to the temperature of the fluid flowing through the pipe. Measurement of the brine flow rate was carried out with the vortex type flow meter. It was installed in the brine distribution line at the safe distance from the brine pump and bends.

In the chilled water cycle (consumer loop), two temperatures and one flow rate have been measured, chilled water temperature at the silo outlet and warm return water temperature at silo inlet as well as total chilled water flow rate. Again four thermocouples were used, two for measurement of chilled water temperature at silo outlet and two for the warm return water from the consumer. Thermocouples were placed on the tube wall (stainless steel pipe O.D. 51 mm with wall thickness of 1.5 mm) and have been heavily insulated. Chilled water flow rate was measured by a clamp-on ultrasonic type flow meter.
Since the ice silo was physically closed, detailed ice thickness measurements inside the silo could not be conducted even though some visual inspection was possible through the hatch on the top of the silo and through the two inspection glasses mounted on the side of each module.
Inside the ice silo, three water temperatures were recorded during testing as indicated in Figure 1. 
Ice level inside silo was measured by monitoring the change of a water level. In order to make level monitoring more sensitive, beside the ice silo a compensation tank with a pump and flexible pipes was added. Any increase of water level inside ice silo would cause overflowing of surplus water to the compensation tank. In this way, water level inside ice silo was kept artificially constant at all times, on maximum, and any difference in water level change caused by the ice building or melting inside the silo would return as a water level difference in the compensation tank. Water level inside the compensation tank was measured by sensitive differential pressure transducer with range from 0 to 350 mbar. 
To minimize the influence of the ambient, outer surface of the ice silo was covered with 100 mm thick polystyrene insulation. The heat gain through the ice silo walls was estimated to be around 250 W (heat flux of 40 W/m2) at the ambient temperature of 20 °C. 
The compensation tank was insulated as well, but the tubes connecting the ice silo and compensation tank were not. The heat gained through the compensation tank loop was found to be approximately 1.5 kW during day time (discharging mode), while during night (charging mode) it was less than 1 kW.
The data acquisition system used consisted of personal computer and a Data acquisition/Switch unit Agilent 34970 A. All the data were scanned and recorded at 5 second intervals.
Table 1 List of measuring instrumentation

	Instrument
	Type
	Calibrated Range
	Accuracy

	Differential pressure transducer
	Omega, PX750
	0 – 350 mbar
	( 0,25 %

	Temperature sensors
	Pt100, Hart engineering
	-5 °C – + 5 °C 
	( 0,015 °C

	
	K-type thermocouples
	-15 °C – + 5 °C
	( 0,1 °C

	Vortex flow meter
	Yokogava, DY80
	0 – 100 m3/h
	( 0,75 %

	Ultrasonic flow meter
	Sitrans FUE clamp on
	0 – 50 m3/h 
	( 1 %

	Data acquisition unit
	Agilent 34970 A
	-
	-


2.2 Experimental procedure
To determine ice-bank charging and discharging characteristics series of 16 tests has been conducted. The system was tested under real operating conditions in both charging and discharging modes. 

Operation of the considered system can be characterized as a full storage (load shifting operation mode (Dorgan and Elleson, 1993)). Charging of the ice silo was carried during the night time (from 9 pm to 7 am), limited by a period of cheap electricity and was finished either manually or automatically at any time by the ice thickness sensors. Cool energy stored in the silo is then used during day time. Chilled water consumption usually starts at 7.30 am and ends at 3 pm.
Ice bank system performance was continuously measured for the period of one week. Discharging and charging test were taken consecutively. First experiment was carried out in a discharge mode. In this case the test was started with unknown quantity of ice stored in the silo and was continued until all ice was melted and the temperature of water in the storage has reached approximately 4 °C. Second testing was continued in a charging mode. Except of the first test all other discharge experiments have been finished with some ice still remaining in the silo. Since the ice bank system was operated in real conditions, and the real production process depended on the supply of the chilled water from the storage, no special discharging and charging scenarios were allowed.
3. RESULTS AND DISCUSSION
3.1 Charging process
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First charging process (measurement no. 2) started at fully depleted tank condition at 9.53 pm and lasted to 7.43 am the next day. Figure 2 shows water temperature and ice mass build up inside the silo.

At the beginning of the process the temperature of the uppermost water layer was between 1.3 and 1.5 °C. As the cold brine entered the tube bundles the temperature of the water started to decrease. In the period from the start to 23.30 h water temperature followed a linear trend indicating that only water was present inside the silo. At 23.10 h water reached freezing point but its temperature continued to decrease until the 23.30 h when it reached the lowest value of approximately -0.4 °C. At that moment freezing of water inside the tank commenced. With instantaneous release of supercooling large size ice particles were formed (around 5 mm). This was observed through the hatch at the top of the silo. Creation of the ice crystals in the bulk water away from the tube bundles is accompanied with a sudden water temperature rise after which it was stabilized for the rest of the process at (0.1 °C. Occurrence of the water supercooling and the forming of ice crystals is attributed to the fact that there is no water agitation during the charging process. As seen in Figure 2 in the moment when the water temperature reached minimum and crystallisation was observed the building of ice is recorded as well. The trend of the ice growth appears to be linear even though it should be decreasing with time due to the decrease in cooling charge rate. The same trend can be observed for the rest of the charging tests as shown in Figure 3.
As it may be seen the charging rate depends on the ice inventory in the silo, i.e. the ice thickness around the tubes. Second and fourth experiments show highest charging rates while for all the other cases charging rates are lower. This is logical since for the second experiment the tubes were bare without ice while for the fourth experiment ice was observed only in the second module on the uppermost tubes. For all other cases a charging mode started with a significant amount of ice already present in the silo.
A plot of charging rate versus ice content is shown in Figure 4. Content of ice present in the silo is calculated as a ratio of the measured ice mass over ice mass calculated for uniform ice thickness of 25 mm. As already anticipated the highest charging rates, around 37 kW, are observed for the first two charging experiments, no. 2 and 4, while the rest of the experiments show much lower charging rates of approximately 25 kW. Only for few experiments with initially high mass of ice inside the silo, no. 6, 12 and 14, charging rates are high but only up to some point in the charging process. The reason for high charging rate at the first part of the cycle 12 is the high performance of the refrigeration unit. In this case, due to unknown reasons refrigeration unit was performing more efficiently than in rest of the cases. Nevertheless, different phenomenon was observed in case of cycles 6 and 14. It is believed that the reason for such behaviour lays in the uneven distribution of ice inside the silo which is a result of the preceding discharging process. During discharging process the first, lower module is the most affected one where depending on a discharging rate and warm water temperature, the ice is melted rapidly. Another factor which influences the variation of ice thickness regarding the position inside the silo is uneven distribution of the recirculation water across the annular cross-section of the silo.

[image: image2]
Uneven distribution of the recirculation water in the silo is the result of an ice thickness variation along the tubes. 
Both charging rate levels are fairly constant over the period of ice building, i.e. they are not decreasing as it might have been expected. The reason is only a slight decrease of the brine inlet temperature over the charging process (around 0.5 °C) due to which the cooling capacity of the refrigeration unit is not decreasing notably as well.
In the Figure 5, the product of overall heat transfer coefficient and heat transfer area, calculated as a ratio of the charging rate and logarithmic mean temperature between brine and a water temperature inside silo, is plotted versus ice content for all charging experiments. Generally the more ice stored inside the silo the lower this product is. The significant drop in kA product can be observed with the ice content higher than 0.2. The deviations between results of the individual experiments are small. Only experiments 6 and 14 are showing approximately 20% higher kA product in comparison to the other experiments.
3.2 Modelling results, charging mode
Figures 6 and 7 show the comparison of the experimental and calculated results for the case 2. It can be seen that calculated results deviate from the experimental ones. According to the calculated results ice started to build just after the water temperature reached the freezing point. According to the measurements the ice building commenced approximately one and half hour later after the water reached the freezing point. 
[image: image3]
If Figure 7 is observed it can be seen that calculated outlet brine temperature is always lower than the measured one. The reasons are at least twofold. First, in the mathematical model thermal capacity of the tubes, construction material and water inside the silo was not taken into account. Secondly, mathematical model does not support low flow rates of the recirculation water.
Much better results are obtained for cycle 4. As it is shown on Figure 8 the difference between calculated and experimental results of ice building is negligible. Slight deviation is notable at the beginning of the ice building period and at the end of the process. Again, before the new ice layer has started to build, a certain supercooling of the water is observed, even though some ice was already present in the silo. Consequently a slower ice growth rate is measured than calculated in the initial stage. The occurrence of the water supercooling might have been expected since most of the tube coils were without ice.

[image: image4]
In Figure 9 plot of brine inlet and outlet temperatures versus charging time is shown. The deviation between measured and calculated results is notable only at the beginning and the end of the process. The fluctuation of the brine temperatures in the last stage of the process is caused by the periodical closing and opening of the brine solenoid valve at the second module. Solenoid valve is regulated by the ice thickness sensor which acts when the measured ice thickness is greater than preset as maximum allowed value. Since it wasn’t possible to close the imaginary solenoid valve of the second module during the simulation procedure now lower brine flow rate to the silo was equally distributed to the both modules resulting in a lower average brine velocity and thereby higher brine temperature rise through the silo which finally led to the higher ice growth rate than actually measured.
Since the temperature of the water inside the silo was already at the freezing point the experimental results in this case were predicted with a high accuracy.
Even better conformity between calculated and experimental results are found for the rest of the charging experiments, i.e. for cases 6, 8, 12, 14 and 16.
3.3 Discharging process
In Figure 10 experimental results for cycle 3 is shown. As it may be observed, the discharge rate imposed on the ice silo is highly dynamical with the maximum cooling load (150 kW) of more than two times higher than the average load (65 kW). Discharging period of the ice bank is separated in three stages. The discharging sequence is dependant on the fresh milk departure and pasteurisation process. Temperature of the water coming from the consumer varies from 4 to 13.5 °C depending on the cooling load requirements. In the period when the cooling load is not needed chilled water pump is idle. Figure 10 shows different heat rates and energy terms versus discharging time.
(in presents the heat rate input to the silo by the consumer:


[image: image5.wmf](

)

out

w

in

w

pw

w

in

c

m

,

,

J

J

-

=

F

&






(1)

(w,( is the sensible heat rate due to change in bulk water temperature:
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(w,M is the sensible heat rate due to change in mass of water in the tank:
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Heat transfer rate from the water in the tank to the ice, (w,ice is described by the relation:
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On the other hand (w,ice can be calculated from the energy conservation equation as:
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Figure 10 Heat rates versus discharging time, cycle 3
In the first discharging period basically all the required cooling heat rate was provided by melting of ice without significant temperature rise. In order to cover the peak load neither the heat transfer coefficient water to ice nor the area of the ice surface were sufficient to transfer the necessary heat at the present water temperature level of approximately 0.3 °C. Therefore at the period of the highest cooling load water temperature has risen to 0.6 °C where it remained to the end of the first discharging stage, see Figure 11.

[image: image11]
After the first discharging stage, and at the beginning of the standstill period the temperature of water is still high enough for ice to melt which in turn causes water temperature to decrease. This process would continue until thermal equilibrium of the water and ice inside the tank is reached or the other charging period commences. During the second discharging period input heat rate was approximately at the same level as at the end of the first stage, but now the water temperature increased to above 0.8 °C. The reason could be found in Figure 12 where the product of water to ice heat transfer coefficient and ice interface area as well as ice percentage are plotted versus discharging time. As seen in Figure 12 during the first period product of heat transfer coefficient and ice interface area was at high level (more than 200 kW/K), after which it gradually decreased with time and ice quantity inside the silo. At the beginning of the second stage only 22% of ice still remained inside the silo. Due to the reduced ice-water interface area and the heat transfer coefficient between water and ice as well (due to lower flow velocity caused by increased water flow cross sectional area which is caused by increase of spanwise clearance between ice layers) water had to take over the part of a imposed heat rate which finally resulted with water temperature rise.
The third stage is characterized with lower heat rate load (60 kW) for which the product of ice-water interface area and the heat transfer coefficient is high enough to provide water temperature of only 0.7 °C.
Having examined figures 10 to 12, the following conclusion could be made; the greater the ice-water interface area and heat transfer coefficient between water and ice, the higher the ice melting rate and lower the final water temperature.

3.4 Modelling results, discharging mode
In order to asses the ability of the mathematical model to simulate the processes inside the ice bank silo during discharging, computer program was put to the test.
In Figures 13 to 15 comparison of calculated and experimental results for the experiment 3 is shown. As it can be seen the calculated and measured results are in good agreement. Still there is a slight deviation between calculated and measured results.

[image: image12]
As seen in Figure 13 during the first discharging period curves of the calculated and measured quantity of ice are falling together with one exception, at the end of the cycle according to the calculations more ice have been melted than measured. The similar but less emphasized can be observed for the second and the third discharging period. The background could be found if Figures 14 and 15 are examined more closely. It can be seen that almost during the entire cycle calculated heat transfer from water to ice is more intense than the measured one. This causes water temperature to be lower than measured (as indicated in Figure 15) and finally the calculated amount of ice melted to be higher than actually recorded.
The reasons for such behaviour could be at least twofold. First is the error in calculation of the water-ice surface area. Namely, in the calculation procedure circularity of the ice layer at any instant is assumed while in the reality conditions are much different. During the discharging experiments high noncircularity of ice layer was observed, i.e. the ice that is under direct influence of the incoming warm water will be melting faster while the ice in a shadow of the water flow (caused by the tube) will be melting with a slower rate. Respectively, it happens that there is no ice at the bottom of the tube while on top of the tube very thick ice layer is still present. In this case ice-water interface area is lower than anticipated by assuming circularity.
The second factor which influences the heat transfer behaviour at the water-ice interface relates to the uneven water flow distribution over the annular cross-section of the silo due to ice thickness variation along the tubes. In the mathematical model a uniform water flow distribution over the silo cross section was assumed. This assumption was adopted in order to make calculation procedure less time-consuming and is supported by the fact that the heat transfer can be considered as the process limiting factor (Finer et al., 1993). 
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One more feature could be noticed in Fig. 14. At the beginning of the standstill period when there is no heat load, calculated temperature of the water in the silo is decreasing rapidly while the measured temperature is decreasing more slowly. One of the reasons is the capacity of the agitator which could not be changed in the calculation procedure, i.e. it had the same value for both discharging and standstill period (300 m3/h) while in reality during the standstill period the chilled water pump and silo agitator were idle. Consequently, the calculated heat transfer at water-ice interface was more intense and temperature drop was faster. Another reason is the neglected thermal capacity of the mass of water present in the silo in the mathematical model. Nevertheless, the differences between calculated and experimental results in discharge mode are acceptably small.

4. CONCLUSION
Experimental investigation on the ice-bank thermal storage system were performed. Static, indirect, cool thermal storage system, with an external ice on coil building/melting was considered. The tested system was installed as a part of the production line in the dairy “Antun Bohnec” in the city of Ludbreg, Croatia.
In charging mode, the ice building rate followed a linear trend although in theory it should be decreasing with time. Due to just slight change in brine temperature, charging rate was fairly constant during the charging process. Unlike in some other investigations formation of ice was observed when the bulk water temperature reached certain degree of the supercooling (-0.4 °C). With increasing quantity of ice inside the silo, thermal resistance of the ice layer increased, deteriorating the overall heat transfer characteristics of the ice bank which negatively reflected on the heat transfer curve. Namely, the product of the overall heat transfer coefficient and heat transfer area decreases with increasing ice quantity in silo.
Consumer cooling load curve is found to be extremely dynamical with a peak load of 150 kW and an average load of around 60 kW. The higher the cooling load required the more rapid the ice melting. For all discharging experiments outlet water temperature from the ice bank was below 0.8 °C indicating that even in very different heat load conditions, the output of the ice bank is spontaneously adjusted to deliver water at almost constant near zero temperature. The ability to provide low water outlet temperatures regardless of the heat load conditions could be quantified by the product of the water to ice heat transfer coefficient and ice surface area. The higher the water to ice heat transfer coefficient and higher the area of the water-ice interface the lower the water temperatures can be reached. At the 80% of the silo capacity the (A is found to be 250 kW/K, at 40% (A is 150 kW/K and at 20% (A is 100 kW/K.
In the second part of the paper experimental results are compared to the calculated result obtained by use of a computer model. In the charging mode calculated results are in very good agreement with experimental data as long as there is ice present inside the silo. In the initial period when the simple water cooling is considered, results do not match satisfactorily.In the discharging mode calculated results are closely following the experimental data, although, slight deviation could be observed. The possible reasons are simplifications introduced to the mathematical model. Namely, circularity of the ice layer and uniform water flow distribution over the annular cross-section of the silo is assumed, while the thermal capacity of the water present in the silo is neglected.
NOMENCLATURE
	A
surface area [m2]

cp
specific heat capacity [Jkg-1K-1]
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mass flow rate [kgs-1]

M
mass [kg]

T
temperature [°C]

Greek Symbols

(
heat transfer rate [W]

(
temperature [°C]

(
heat transfer coefficient [Wm-2K-1]


	Subscripts

b
brine
ice
ice

in
inlet

M
mass

out
outlet

temp
temperature

w
water
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Fig. 3 Ice mass in the silo for all charging processes





�


Fig. 2 Water temperature and ice mass in the silo
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Figure 13 Experimental and calculated ice mass 	Figure 14 Experimental and calculated (A 


versus discharging time for cycle 3		versus discharging time for cycle 3
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Figure 14 Experimental and calculated outlet water temperatures for cycle 3
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