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FAFCO ICE STORAGE TEST REPORT* 

Therese K. Stovall 

ABSTRACT 

The Ice Storage Test Facility (ISTF) is designed to test commercial 
ice storage systems. FAFCO provided a storage tank equipped with coils designed 
for use with a secondary fluid system. The FAFCO ice storage system was tested 
over a wide range of operating conditions. Measured system performance during 
charging showed the ability to freeze the tank fully, storing from 150 to 200 ton-h. 
Kowever, the charging rate showed significant variations during the latter portion 
of the charge cycle. During discharge cycles, the storage tank outlet temperature 
was strongly affected by the discharge rate and tank state of charge. The 
discharge capacity was dependent upon both the selected discharge rate and 
maximum allowable tank outlet temperature. Based on these tests, storage tank 
selection must depend on both charge and discharge conditions. This report 
describes FAFCQ system performance fully under both charging and discharging 
conditions. While the test results reported here are accurate for the prototype 1990 
FAFCO Model 200, currently available FAFCO models incorporate significant 
design enhancements beyond the Model 200. At least one major modification was 
instituted as a direct result of the ISTF tests. Such design improvements were one 
of EPRI’s primary goals in founding the ISTF. 

1. INTRODUCTION 

Commercial air-conditioning loads are a large component of the afternoon peak loads 

served by electric utilities. Increased use of cool storage would shift this electrical load 

from peak to off-peak periods. This shift would permit utilities to defer construction of 

additional generating capacity and reduce customers’ demand charges. 

Although the number of cool storage installations in commercial buildings is growing, 

it represents only a small fraction of the potential market. One major barrier to the use of 

‘Units used thmughout this report are common to and exclusive in the industry. 



2 

cool storage equipment has been the uncertainty associated with its performance. Unifonn 

testing by an independent agency has not been available. The performance data available 

from manufacturers are varied in scape and detail from one type of device to another and 

across manufacturers as well. Often system performance values are given for only 

one operating point, making it difficult to predict performance under other operating 

conditions. 

The Electric Power Research Institute (EPRI) therefore sponsored the development 

of an Ice Storage Test Facility (ISW) in 1985 to permit uniform testing of commercial-size 

cool storage equipment of many different types. This testing serves two purposes: (1) to 

provide uniform performance test results and (2) to promote system improvements based on 

experimental data. Uniform test results will be useful to utilities in promoting their 

installation and use and in requesting rate incentives from public utilities commissions 

(PUCs) and to building designers in specifying appropriate equipment for their applications. 

The experimental data will also be useful to equipment designers because it will describe 

component behavior as well as overall system performance. The capacity of the ISTF was 

sized at 250 ton-h, large enough to test most commercially available units. Real-time data 

acquisition and precise computer controls were included. 

The ISTF can be used to test dynamic, liquid recirculation, secondary fluid, and 

direct expansion @X) ice makers. The simplest ice maker is a DX machine. In a DX ice 

maker, the refrigerant is sent as a cold liquid into coils submerged in a tank of water. As 

the refrigerant passes through these coils, it absorbs heat from the water and evaporates. As 

the refrigerant leaves the coils, it is completely gaseous and usually slightly superheated. 

The water in the tank is thereby chilled until it becomes frozen. When the stored cooling 

is needed, the ice is melted by circulating warm water from the heat load through the ice and 

returning the chilled water to the heat load. This arrangement is called an exterior melt 

because the ice is melted from the surface opposite from where it is formed. 

In a secondary fluid system, the cold liquid refrigerant is sent to a heat exchanger 

outside the tank of water. In this heat exchanger, a secondary fluid, typically a glycol 

mixture, is chilled. This secondary fluid is then sent to the tank of water where it absorbs 
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heat from the water, again freezing the water in the tank. The secondary fluid can also be 

used to transfer the stored cooling to the heat load. This arrangement is called an internal 

melt, The stored cooling energy can also be transferred to the heat load by using an external 

melt as described for the DX system. 

A liquid recirculation system is similar to the DX system because the cold refrigerant 

is sent to coils submerged in the tank of water. However, in the liquid recirculation system, 

the amount of refrigerant circulated through the coils is typically two to three times greater 

than in a DX system so that only a portion of the refrigerant is evaporated and the coils 

remain full of liquid throughout their length. This additional refrigerant circulation is 

accomplished through the use of gravity feed or a refrigerant pump. The stored cooling 

energy is transferred to the heat load using an external melt arrangement. 

A dynamic ice maker freezes ice using either a DX or a liquid overfeed arrangement. 

However, in a dynamic system, the ice is harvested on a periodic basis by a defrosting cycle. 

This harvesting cycle reduces the ice thickness on the heat transfer surface of the chiller. 

After the ice is harvested, it is stored in a slush or slurry of ice and water. The water is 

circulated to provide the stored cooling to the heat load. 

This report describes the test results for an ice storage tank furnished by the FAFCO, 

Inc. The FAFCO storage tank is both charged and discharged using a secondary fluid or 

brine. The storage system and the test facility are described in Sect. 2. Section 3 describes 

the tests that were performed to characterize the storage system, and Sect. 4 describes the 

analysis methods used to evaluate the performance data. The results and recommendations 

are summarized in Sects. 5 and 6. 
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2. SYSTEM DESCRIPTION 

2.1 FAFCO STORAGE SYSTEM 

The 1990 FAFCQ model 200 ice tank is chilled by the flow of brine through 1/4-in.- 

OD plastic tubing, arranged in 24 separate heat exchangers within the tank. These tubes are 

almost completely submerged in water. The brine used for these tests was a mixtun: of 

ethylene glycol and water with a freezing point of 4°F. The FAFCO ice tank is 

discharged by circulating the brine through the tank and then through the desired heat load, 

simulated by a simple heater in the test facility. The FAFCO unit is equipped with a water 

depth sensor that can be used to infer the mount  of ice stored during a charging cycle and 

the state of charge during a discharge cycle,’ 

The FAFCO tank was filled with the specified volume of 2367 gal of water and the 

level indicator zero level was adjusted. The volume of brine in the storage system coils was 

estimated to be 105 gal., based on the amount of brine pumped into the tank and the neaby 

piping. 

While the test results reported here are accurate for the prototype 1990 FAFCO 

Model 200, currently available FAFCO models incorporate significant design enhancements 

beyond the Model 200. At least one major modification was instituted as a direct result of 

the ISTF tests. As described earlier, such design improvements were one of EPRI’s primary 

goals in founding the IS?%’. 

The test facility was designed to test a wide variety of storage systems. It includes 

all refrigeration system components necessary t o  charge brine systems. Figure 1 shows the 

test facility configuration used to test the FAFCO storage tank equipped with the brine coils. 

The test facility is well-equipped with monitoring devices to measure temperature, pressure, 

flow, and energy use. The monitoring points shown in Fig. 1 are listed in Table 1. A clear 

plastic tube was attached to the FAFCO level indicator and to a differential pressure 
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i 
TE18 TE17 

Fig. 1. ISTF schematic for FAFCQ storage system. 

TE12[ FE3 

monitoring device to allow the continuous recording of the tank's water level. The measured 

water level reflects changes in the tank water depth that occur during freezing due to the 

difference in density between ice and water. The test loop instrumentation is described more 

fully in Appendix A and Ref. 2. 

A variable speed pump was used to circulate brine during both the charge and 

discharge cycles, as is shown in Fig. 1. The evaporator/chiller (see Fig. 1) connects the test 

facility's refrigeration system to the brine loop that charges the ice storage tank. In the 
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Table 1. ISTF monitoring points 
for the FAFCO brine coil system 

Point label Measured quantity 

E 1  
E 3  
E 4  
€?E5 
FE6 
JE 1 
E 3  
E l 0  
PEI 
PE2 
PE4 
PE5 
PElO 
TEI 
TE2 
TE4 
TES 
TE1Q 
TE1 I 
TE12 
TE14 
TEIS 
'E16 
TE17 
TE18 
TE19 
E 2 0  

Chiller inlet flow, refrigerant, mass 
Chiller inlet flow, brine 
Brine pump discharge flow 
Compressor outlet flow, volume 
Condenser inlet water flow 
Compressor energy and power 
Brine pump energy and power 
Heater energy and power 
Compressor discharge pressure 
Condenses ou tlle t refrigerant pres sure 
Chiller inlet refrigerant pressure 
Chiller inlet refrigerant pressure 
Compressor suction pressure 
Compressor discharge temperature 
Condenser discharge temperature 
Chiller inlet refrigerant temperature 
Chiller inlet refrigerant temperature 
Compressor suction temperature 
Neater inlet water temperature 
Heater outlet water temperature 
Ice tank outlet brine temperature 
Ice tank outlet brine temperature 
Ice tank inlet brine temperature 
Chiller outlet brine temperature 
Chiller inlet brine temperature 
Condenser inlet water temperature 
Condenser outlet water temperature 

evaporator/cbiller, a refrigerant is vaporized, absorbing heat from the brine. To 

accommodate the desired wide range of testing conditions, a chiller with two independent 

and equal-size refrigerant coils was selected. The 'control system is designed to select one 

or both chiller coils based on the compressor loading. The thermal expansion valves feeding 

refrigerant to these coils open and close in response to the measured superheat at the coil 

exit. Because the evaporator/chiller was often running under part-load conditions, the 
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thermal expansion valves exhibited a large degree of hunting during the beginning of most 

freeze tests. This is typical for part-loaded expansion valves, and the hunting usually 

stopped after -30 to 45 rnin of operation. The brine pump speed was varied to control the 

brine flow rate at the selected value during the charge cycle. 

Two parallel compressors with part-load capabilities are used to vary the chiller 

capacity from 15 to 95 tons. The flow of water to the condenser controls the condensing 

temperature between 80 and 100'F. During discharge cycles, the brine pump speed, heater 

power, and bypass valve positions are used to control test conditions. 
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3. SYSTEM TESTS 

The test plan was structured to test the storage tank's capabilities under a wide range 

of operating conditions. The charging tests were designed to determine h 

system would respond to ice-charging periods fiom 8 to 16 k and brine flow rate from 58 

to 150 gal/min. The icedischarge tests mimicked discharge periods ranging from 6 to 12 h 

with varying temperature and flow requirements aa the heater. A series of tests were made 

under repetitive conditions to simulate conelitions that might be found in a commercial 

application. " h e  test results were questioned because the temperature ~ e ~ s u ~ e ~ ~ ~ t  accuracy 

of k0.5'1F often represented a significant fraction of the temperature change in the heat 

exchanger. Therefore this series was repeated after the temperature measuring devices at the 

ISTF were upgraded to a tolerance of M,2OF;, This second series of tests gave the same 

results as the first series. 

Ice tank heat gains were measured by recording the change in ice inventory over a 

long period of time in the absence of all external fluid flows. The ice depletion over this 

time period was ascribed to shell heat gains. The ambient temperature was noted during the 

standby test. Because of the sheltered location of the test floor, the ambient conditions 

showed little variation. 

In addition to the performance tests, tests were also made using an experimental salt 

that prior tests had shown would serve as an aid to ice-shedding for dynamic ice makers. 

This salt affected the freezing temperature of the water as well as the structure of the ice 

crystals. These tests are described in Appendix B. 
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4. ANALYSIS METHODOLOGY 

The primary concern of the data analysis is to produce useful information and to 

present it in a meaningful fashion. Another concern is to distinguish between the 

performance of the ice storage system and the performance of the refrigeration system. 

While analysis of the mfrigeration system performance can prove enlightening and is 

certainly useful to system designers, it must be distinguished from that of the manufacturer’s 

storage system. Also, the test facility is different from a commercial system because it must 

have the flexibility to test a wide variety of system types. This introduces added complexity 

that a commercial system would not encounter. 

4.1 DATA PROCESSING 

The data available for each operational test permit redundant calculations that 

increase our understanding and confidence in the test results. For example, the heat rejection 

at the condenser is measured on both the water and refrigerant sides of the heat exchanger. 

The refrigeration effect to the ice tank is measured by both changes in the water height (a 

measure of the ice inventory) and by the brine flow and temperature change. The 

refrigeration effect is also measured at the chiller on both the brine and refrigerant sides. 

The energy available for discharge is measured by brine flow and temperatures at the heater 

and at the ice tank, as well as by the power going to the discharge heater. This duplication 

of measurements also enables us to more fully separate the. performance of the ice storage 

system from that of the refigeration system. 

The data are collected for each monitoring point every 30 s. This collection 

frequency is dictated by system control requirements rather than by the analysis 

requirements. The data are immediately summed (for flows or energy uses) or averaged (for 

temperatures, pressures, power uses, and flow rates} to represent the appropriate values on 

a 5-min basis. 
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Thermodynamic properties for R-22 are calculated from a computerized format 

developed by G. T. Kartsounes and R. A. Erth and adapted for use at Oak Ridge National 

Laboratory (OWL) by C. K. Rice and S. K. F i s~he r .~  Brine properties, as a function of 

concentration and temperature, were provided by Union Carbide Corporation, and 

information for the temperature range of interest was extracted,4 

4.2 REFRIGERATION EFFECT 

.1 Storage Tank 

The refrigeration effect (or stored cool) in the ice tank i s  directly measured by 

recording the depth of the water in the tank. This measurement is reliable when ice is 

present in the tank and when the ice i s  submerged, conditions that occur for this unit only 

during a charging cycle following a complete melt. The measured density of ice in previous 

local tests was 57.2 lb/ft3, in g agreement with the reported range of 57.2 1b/fb7 at 0°C 

to 57.4 lb/ft3 at -10°C (Ref. 5) .  The measured volume change vs tank depth change above 

the fully filledlfully melted level was 38.8 gayin. (195 gdJ5.02 in.). These figures, 

combined with an assumed water density of 62.4 Ib/ft3 and the heat of fusion of 144 Btu/lb, 

produce a latent storage capacity of 48.8 ton-hhn. change in water depth. 

The stored cooling effect is also calculated from the measured brine flow rate and 

temperature gain as is shown in Eq. (1). 

RE, = FE4 x C, x p x (TEI5 - TE16) , 

where 

RE, = refrigeration effect produced by the brine, 

FE4 = brine flow from the chiller, 

CP = brine specific heat, 

p = brine density, 
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TE15 = brine temperature leaving the ice tank, and 

TE16 = brine temperature entering the ice tank. 

The brine specific heat and specific gravity are provided in the form of families of curves 

in Ref. 4. interpolations from these curves for the temperature range from 20 to 60'F and 

a brine concentration of 33 wt % produced the following equations for specific gravity 

(relative to water at 60°F) and specific heat. 

SG = -0.0002xT + 1.063 , 

C, = 0.0003xT + 0.899 , (3) 

where 

SG = specific gravity, 

T = average brine temperature ( O F ) ,  and 

cp = specific heat [Btu/(lb-OF)]. 

Interpolation for a brine concentration of 25 wt % produced Eqs. (4) and (5). 

SG = -0.000108xT + 1.0482 , (4) 

C, = 0.000275xT + 0.922 . (5) 

The system capacity was also measured at the evaporator/chiller, on both the brine 

and refrigerant sides. These measurements provide another checkpoint to guard against 

instrument failure. The capacity measured at the chiller is expected to be slightly higher 

than that at the ice tank due to shell heat gains at the tank and in the piping and also by the 

amount of energy added by the brine pumps. The brine-side measurements are similar to 
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those used for the ice tank and are shown in Eq. (6) .  The refrigerant-side measurements are 

used in Eq. (7). Shell losses from the well-insulated chiller am assumed to be negligible. 

where 

= refrigeration effect at the chiller, based on brine flow and temperature 
measurements, 

FE4 = brine flow from the chiller, 

cp = brine specific heat, 

p = brine density, 

TE17 I= brine temperature leaving the chiller, and 

TElS -- brine temperature entering the chiller. 

RE,,, = FE1 x (HE10 - HE2) , (7) 

= refrigeration effect at the chiller, based on refrigerant flow and property 
measurements, 

= rcfiigerant flow to the chiller, 

= enthalpy corresponding to the measured suction temperature and pressure 
of the superheated refrigerant leaving the chiller, and 

= enthalpy comsponding to the saturated liquid refrigerant leaving the 
condenser. 

4.2.2 Refrigeration System 

Another measurement of rhe system capacity can be taken fro the CQmpICSSOr 

curves, These curves were modeled by Eqs, (8)’ (lo), and (11). Equation (8) predictions 

match the compressor manufacturer’s table within M.5 ton. Equation (9) is taken directly 

from the manufacturer’s literature. Equation (10) predictions match the manufacturer’s table 

within M.5 hp. The heat of rejection model, Eq. (ll), matched the manufacturer’s table 
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within M.02 ton. Many tests were run at part-load conditions; that is, the compressor was 

not operating at full capacity. The compressor capacity and heat rejection predictions were 

therefore reduced in proportion to the loading on the compressor. The manufacturer’s 

power consumption table is good only for fully loaded conditions and cannot accurately 

predict part-load power requirements. 

Re, = 49.35 + 1.663xTS - 0.0Q173xTd2 - O.O0708XT,XT,j 
+ 0.00953xT,2XCs , 

C, 1 + 0.0005x(Td - TE2 - 15) , 

Wc = 44.088 - 0.508xTS + 0.000840xT2 + 0 .0123~T ,~T ,  
- 0.00592xT,2 , 

Q c  = 1.090 - 0.00422xTS + 0.00263xTd , 

(9) 

refrigeration capacity predicted by the compressor capacity curves (tons), 

saturated suction temperature (OF), 

saturated discharge temperature (OF) ,  

capacity correction for subcooling (table based on 15’F), 

condenser discharge temperature, 

compressor power predicted by the manufacturer’s data (bhp), and 

heat of rejection predicted by the compressor manufacturer (ton). 

As another check on the system, the heat rejected at the condenser is measured on 

both the refrigerant and water sides [see Eqs. (12) and (13)]. 



where 

Qw 

FE6 

CP 

TE20 

TE19 

Qr 

E 5  

VE 1 

HE1 

HE2 

P 
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Q, = FE6 x p x c, x (TE20 - TE19) , 

FE5 
VE1 

Of ô  s x (ME1 - HE2) , 

heat absorbed by the cooling water, 

water flow rate, 

specific heat of water, 

water temperature into the condenser, 

water temperature exiting the condenser, 

heat rejected by the refrigerant, 

refrigerant volume flow entering the condenser, 

refrigerant specific volume entering the condenser, 

refrigerant enthalpy entering the condenser, 

refrigerant enthalpy leaving the condenser, and 

density of water. 

4.3 DISCHARGE ENERGY AVAILABLE 

The cool storage available to meet a cooling load was measured by the brine flow 

rates and temperature changes at the heater and at the ice tank [see &s. (14) and (IS)]. The 

tank storage inventory is not measurable during the discharge cycle because there is no way 

of measuring the mixed temperature of the liquid water within the storage tank. 

cap, = FE4 x p x c, x (TZ12 - TE11) , (14) 
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cap, = FE3 x p x C, x (TE15-TE16) , 

where 

cap, 

FE4 

m12 

TI21 1 

CP 

cap, 

E 3  

TE15 

TE16 

P 

discharge capacity measured at the heater, 

brine flow to heater, 

brine temperature leaving heater, 

brine temperature entering heater, 

specific heat of brine, 

discharge capacity measured at the ice tank, 

brine flow to ice tank, 

brine temperature leaving ice tank, 

brine temperature to ice tank, and 

brine density. 

The heater power was also measured but is considered to be less accurate than the 

other available measurements, as is discussed in Appendix A. The tank was considered to 

be fully discharged when it was no longer possible to maintain the desired heater outlet 

temperature. Some ice may remain in the tank at that time but is unavailable to meet the 

load. 

A few tests were made at a constant brine flow rate through the heater and ice tank, 

i.e. the brine temperatures at the heater were not controlled. For these tests, the tank was 

considered fully discharged when the tank outlet temperature exceeded 48°F. 

4.4 SHELL HEAT GAINS 

Shell heat gains were measured directly from changes in tank water depth over 

extended periods of time when there was no external flow. 
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5. RESULTS 

5.1 GENERAL OPERATION 

The brine pressure drop across the P;,Lv;CO coils was measured at flow rates of 25, 

, 45, 100, 125, 1.50, and 163 gal/min. The measured pressure drop ranged from 0.3 psi 

at 25 gumin  to 4.7 psi. at 163 galhin.  These values were taken at a brine temperature of 

65°F md a concentration of 33%. FAFCO curves show the predicted pressure drop to vary 

from essentially 0 at 25 gal/min io -3.8 psi ai 163 gal/min. A friction factor cornlation 

shows that the pressure drop i s  approximately proportional to the Reynold's number raised 

to the -0.25 powers6 Based on this correlation, pressure losses at the recommended brine 

concentration of 25 wt % should be -5% less than the measured values and produce pressure 

drops somewhat closer to the values reported by FAFCO. 

F A X 0  offers an inventory meter for use in monitoring the ice in the tank. This 

works by measuring the increase in tank water height that occurs when ice (with a lower 

density than the surrounding water) is formed. The FAFCO inventory meter was compared 

to the kSTF differential pressure mcter and to a sight tube. The three measurements agreed 

within k5%, and were usually much closer. The voltage output of the probe was found to 

be linearly gropoizional to the tank height during an initial fill best. However, during the 

testing program, we found that a large amount of ice was usually hung an the tubing above 

the water level. The only times the water level was able to give a tnae reading on the 

amount of ice available within the tank was therefore during the initial charge test and 

during charge tests that followed 100% discharges (not iypical of common practice). 

FAFCO addressed this problem with design modifications to the Ice Star units. 

5.2 CHARGING PERFORMANCE 

When designing a thermal storage system for a given application, the heat rejection 

temperature, storage capacity, and time available for charging an: usually known? This 

establishes the average capacity needed during the charging cycle. 'Fhe ability of a storage 



17 

system to meet these requirements is a function of both the storage tank/coil design and of 

the balance of the refrigeration system, most importantly the compressor. A large number 

of tests we= made to measure the FAFCO Ice Stor charging performance, These tests are 

summarized in Table 2. 

Compressor manufacturers present their capacity as a function of saturated suction 

and discharge temperatures (Sect. 4.2 described the manufacturer's data for the ISTF 

compressor). When charging an ice-on-coil storage tank, the suction temperature gradually 

drops as the water in the tank becomes colder and ice builds up on the coils. The reduced 

suction temperature leads to a reduced refrigeration capacity. The temperature profile of the 

fluid entering the tank throughout the charge cycle is therefore an important characteristic 

of the storage system. Figure 2 shows this temperature profile for many of the FAFCO 
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Table 2. FAFCO charge test summary 

ID AVERAGE TOTAL BRINE BRDE BRINE P W  

R A E *  (ton-h) RATE TO TANK CHANGE (ton-h) 
NUMBER CHARGING CHARGEb K Q W  TEMPERA TEMP. ENEKGY 

0327 
04 16 

0426 
0430 
0502 
0504. 

0516 
0522 
0524 
0530 
0601 
0605 
0608 
0613 
0618 
0620 
0622 
0627 

092 1 
0925 
0927 

1001 

18 
12 

17 
18 
18 
18 

19 
8 

15 
13 
16 
18 
30 
14 
26 
20 
25 
20 

19 
19 
19 

25 

198d 
21od 

1 86d 
149 
150 
154 

143 
160 
126 
177 
158 

1 82d 
164 

219* 
170 
136 

203d 
223d 

189 
150 
144 

137 

102 
155 

117 
119 
119 
118 

48 
79 

108 
60 
50 

155 
123 
105 
150 
107 
106 
153 

116 
116 
116 

74 

21.7 5.1 
19.2 5.7 

19.8 5.3 
20.3 5.3 
20.2 5.3 
20.1 5.1 

16.5 10.4 
21.6 5.4 
23.7 12.2 
19.3 5.2 
17.5 5.2 
20.0 5.1 
16.3 5.1 
19.2 5.1 
17.8 5.1 
20.7 5.3 
18.6 5.2 
20.0 5.1 

19.0 5.2 
19.3 5.1 
19.5 5.5 

15.2 7.2 

4.2 
1.5 

2.9 
3.3 
3.1 
3.2 

9.8 
2.3 
3.5 
5.5 
8.4 
2.5 
4.8 
3.4 
3.6 
4.6 
5.4 
2.7 

3.2 
3.1 
3.2 

8.3 

8 
30 

11 
7 
7 
7 

1 
6 
5 
3 
1 

25 
8 

10 
16 
5 

35 
25 

10 
9 
8 

2 

from brine flow rate and temperature change at ice tank 
tests covers period when TE16 I32'F 
RTD specificatians MS°F for tests 0327-062'7; +0.2'F for later rests 
test began in a fully-melted tank 
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charge tests. Each test profile shares the same basic shape including a small subcooling dip 

at the beginning of the ice-making period, a plateau as the ice builds on the tubes, and a 

drop in temperature as the tank reaches the fully frozen state. Note that the lower charging 

temperatures correspond to the shorter, i.e. faster, tests. 

Capacity calculations were described in Sect. 4.2 and are based on an energy balance 

on the ice tank. As the brine temperature drops as shown in Fig. 2, the capacity of the 

system also drops as can be seen in Fig. 3. These capacity profiles closely parallel the brine 

temperature profiles, showing the same level plateau throughout most of the charge cycle 

followed by a sharp drop in capacity as the tank becomes fully frozen. The cumulative 

stored energy can be calculated fiom brine flow and temperature change by summing the 

capacity throughout the course of the charge test. Figure 4 shows this cumulative stored 
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Fig. 4. Ice storage capacity measured during FMCO charge tests. 

energy for most of the charge tests. Those tests included in Fig. 4 were made following a 

discharge cycle that was stopped when the brine leaving the ice tank could no longer 

effectively cool the simulated load. Therefore, there is some ice present in the tank at the 

beginning of the charge cycle. The difference between charging from a fully melted tank 

and a partially frozen tank can be seen most clearly in Figs. 5 and 6. These figures 

represent a series of charge and discharge tests made under the same conditions of 

-120 gavmin. and -20 tons. The first test, with test ID number 0426, began with a fully 

melted tank and takes almost 3 hours longer than the subsequent charge tests, which began 

from a partially frozen state, and an additional 50 ton-h, or one third more charging energy. 

After this initial charge however, the system settles o u t  into a steady, repeatable pattern. As 

mentioned before, the level indicator is only partially useful as an indicator of tank charge. 
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Fig. 5. FAFCO inlet brine temperatures during repetitive series of charge tests. 

was measured throughout the tests. Although the amount of energy stored in the tank was 

-150 ton-h for each of the three latter tests, the level indicator showed a broader spread in 

both beginning and ending points. It also shows that the initial test appeared to be less than 

fully charged, even though this test charged almost 200 ton-h. However, after the initial test, 

the ending of each test becomes more predictable because most of the ice is eventually 

submerged as the tank becomes more fully frozen. Therefore, although the level indicator 

is unreliable as a measure of charge at the beginning and during the course of a charge, it 

can be used to help determine the presence of a full charge. 

As expected, the tests that were run at a higher capacity show the lowest brine 

temperatures in Figs. 2 and 3. However, the brine flow rate is also an important parameter 

in determining the brine temperature. Figure 8 shows the variation in brine inlet temperature 
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Fig. 6. FMCO inkt brine temperatures show difference between initial and 
succeeding charge tests. 

for tests with the approximate capacity of 18 tons and brine flows that vary f r m  50 to 

150 gallmin. (The test at the highest tlow rate began with a fully melted tank). Figure 9 

shows the mean brine temperature in the ice tank, Le. the average of the brine inlet and 

outlet temperatures, for these same tests. The difference between the bMe inlet 

temperatures for the 50 and 150 gal/min tests is -6°F (Fig. S), while the difference between 

the average. brine temperatures is only about 3'F (Fig. 9). Theoretically, this average brine 

temperature should be strictly a function of capacity and the heat exchanger design, with the 

flow rate controlling the difference between the brine inlet and outlet temperatures. 

The variation of the inlet brine temperature with capacity is seen more clearly if tests 

with the same brine flow rate are compared as is shown in Fig. 10. The flow rates for these 

tests were between 108 and 123 gallmin. As shown on Fig. 10, the brine inlet temperature 

ranged from a low of -18'F at 30 tons to a high of -25'F at 15 tons. 
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Fig. 7. Effect of pre-test conditions on tank water level indicator. 

To aid customers in selecting the proper chiller, FAFCO provides the minimum brine 

temperatures to the ice tank during charge cycles of varying capacities and flow rates. The 

FAFCO values vary from 20 to 26’F, with the lowest values for the highest charge rates and 

lowest brine flow rates’. A portion of the manufacturer’s table, corresponding to ISTF test 

conditions, is shown in Table 3. The brine temperatures measured at the ISTF were 

significantly lower than these predicted temperatures. For example, FAFCO predicts that 

an 18 ton charge with a flow rate of 119 gpm should have a minimum entering brine 

temperature of -24’F. However, as shown in Fig. 10, the plateau temperature for this test 

was slightly less than this value, with a minimum temperature of -5°F. Comparison of 

Tables 2 and 3 shows that the average brine inlet temperature for almost every test was less 

than FAFCO’s predicted minimum brine inlet temperature range. Figure 11 shows that if 

the tests had been stopped at the end of these plateaus, or when these manufacturer’s 
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Fig. 8. Effect of brine flow rate on tank inlet temperature during FAFCO 
charge tests, 

predicted minimum brine temperatures were reached, a significant portion of the stored 

energy would not have been charged and theRfore the energy available for discharge would 

have been much less. 

Traditional packaged chiller data provide adequate guidance when selecting 

equipment for constant temperature systems, such as air conditioners, but are less useful for 

ice storage systems. Figure 12 shows data that are typically available for a packaged 

chiller/condensing unit. The catalog data usually give the capacity as a function of 

condensing temperature and brine outlet temperature for a given range of brine temperature 

changes. Correction factors for brine concentration iut: also given or can be obtained from 

the manufacturer. In Fig. 12, the catalog data (shown as stars) for water chilling have been 

extrapolated to temperatures commonly encountered when making ice. Such extrapolations 

must be checked with the chiller manufacturer. Tbe test data were examined to find a 



25 

ORNL-DWG 93-6570 

\ - - - - - - - - - - - - -  

r 
50 100 150 200 

CUMULATIVE STORAGE (ton-h) 

Fig. 9. Variation in average (of inlet and outlet) brine temperature during 
FAFCO charge tests over a range of brine flow rates. 

method of predicting overall system performance, given variable load temperatures and this 

type of chiller data based on a constant load temperature. 

The ESm data were therefore correlated with tank state-of-charge, relative to a latent 

charge of 150 ton-h. This latent tank charge level was chosen based on the repetitive test 

results shown in Fig. 6. The results should be useful for tanks of similar design but with 

different storage capacities. The correlations were based an test data from those tests that 

started with some ice already present in the tank, as these are morr: representative of typical 

operating conditions. Only one test for each set of capacityhrine flow rate conditions was 

used to avoid weighing the results toward the conditions used for the repetitive tests shown 

in Fig. 6. The solution was broken into two regions to better reflect the temperature profiles 

seen in Fig 11. Equations (16) and (17) express the brine inlet temperature as a function of 

the capacity, the tank state of charge, and the brine flow rate. Equation (16) explained 
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Fig. 10. Brine inlet temperature affected by charging rate during FAFCO 
charge tests. 

-96% of the data variation, based on the adjusted squared correlation coefficient, and all the 

parameter estimates were significant at >99%, based on the Student's T-test. This equation 

can be interpreted as indicating that the brine inlet temperature decreases -0.42'F for each 

increase of 1 ton in the capacity, decreases about 0.05'F for each percent increase in the 

tank charge (Le., drops -0.5"F as the tank goes from 60 to 70% charged), and decreases 

proportional to the inverse of the brine flow rate. Two of these parameters offset each other, 

because the capacity drops as the tank charge increases. Recalling that the capacity is 

approximately constant as the tank charge increases from 20 to 70% (see the linear portion 

of Fig. 4), this equation predicts that the brine inlet temperature would drop -2.1'F. This 

agrees well with the trends shown on Fig. 11. Equation (17) had an adjusted squared 

correlation coefficient of 66% and shows that during the latter portion of the charge cycle 
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Table 3. FAFCO charge sizing table, brine flow rates (gpm) 

Charge Minimum Brine Inlet Temperatures 
Rate (OF) 

(ton) 20.0 21.2 22.4 23.5 24.7 25.9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

46 

58 

69 

80 

92 

103 

114 

126 

137 

148 

160 

50 

62 

75 

88 

101 

113 

126 

139 

152 

165 

43 

57 

71 

86 

100 

115 

129 

144 

158 

46 

61 

75 

89 

103 

118 

132 

146 

160 

44 

58 

72 

86 

100 

114 

128 

142 

156 

42 

52 

66 

79 

93 

107 

120 

134 

148 

161 
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Fig. 11. Brine inlet temperature profile vs. cumulative energy storage during 
FAFCO charge tests. 

the brine inlet temperature is much more sensitive to the amount of ice in the tank. While 

the brine inlet temperature dropped only about 03°F as the ice tank went from 60 to 70% 

charged, it drops -4'F from 70 to 80% charged, 

for 20% c SC .C 70%: 
397. TE16 = 39.7 - Q.42xReb - 0.049xSC - ___ 
FE4 

, 

for 70% < SC < 100%: 
72 8 TE16 = 53.3 -O,lGxRE, - 0.42xSC - - 
FE4 , 
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where 

TE16 

Re,, 
SC 

= tank brine inlet temperature (OF) ,  

= refrigeration effect, or capacity (ton), 

= state of charge (%), and 

FE4 = brine flow rate (gaVmin). 

Equation (18) expresses the charging capacity as a function of the brine inlet 

temperature, the tank state of charge, and the brine flow rate. This equation is only valid 

for tank state of charge between 20 and 70% and has an adjusted squared correlation 

coefficient of 96%. As the tank becomes more fully charged, the charging rate dropped 

steeply for fast charge tests (at rates greater than 25 tons) but much more gradually for slow 

charge tests, as was seen in Fig. 3. Correlations in this region (>70% charged) were unable 

to account for more than 34% of the variation in charging rates and are not reported here. 
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However, this correlation did produce statistically significant (> 99% confidence) parameter 

estimates that show the charging rate i s  four times more sensitive to the state of charge than 

in Q. (18) for the region fmm 20 to 70% charge. 

for 20% < SC e 70%: 
Re, =: 87.5 - 2.3xTE16 - 0.109~SC - - 928. 

FE4 

Together, these correlations show that the tank’s typical charge behavior is relatively 

constant until the tank reaches about 70% of the full charge. After that point, both the 

charging rate and brine inlet temperature will quickly drop. ‘Po account for this, the designer 
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Fig. 14. FAFCO charge test data for brine flow rates between 78 and 125 gpm 
showing relationship between charging rate, brine inlet temperature, and tank state of 
charge. 

must either: (1) specify excess ice storage capacity to keep the chiller conditions in the 

more constant range as the necessary ice is charged in the tank, or (2) select a chiller able 

to meet this profile (Le., oversize the chiller), or (3) allow additional charging time at the 

reduced capacity. 

Figure 13 shows the results from F4uations (16) and (17) for a flow rate of 100 gpm. 

This can be compared to Fig. 14 which shows test data for those tests with flow rates 

between 78 and 125 gpm. Either of these figures can be used to assess the range of 

operating conditions that the chiller must experience during a charge cycle. A system 

designer, knowing the condensing temperature, brine concentration, and brine flow rate, can 

choose the appropriate chiller data and overlay this curve on Fig. 13. The result is shown 

in Fig. 15 when: the solid line is the chiller performance curve. The system performance 
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Fig. 15. Intersection of chiller performance and storage system pedomance 
parameters. 

will be found at the intersections of the chiller data and the ice storage tank data. These 

values can he used to niore precisely estimate the time necessary to charge the tank, 

especially if the tank charge begins from a partially frozen state. Figure 4 can also be used 

to estimate charging time. The changing slopes of the cumulative storage curves in Fig. 4 

would correspond with the intersections between the capacity lines and the appropriate 

canipressoi- curve, as demonstrated in Fig, 15, 

The only auxiliary power requirement for the system in the charging rnde i s  the 

brine pump. The pump power ranged from -8.5 kW at SO gpm to -5 kW at 150 gal/min. 

If a 30-ton compressor was running at the !iigher flow rate with a compressor power 

consumption of 1.2 kW/ton, this additional power use and heat addition (assuming that the 

pump power is converted to heat in the brine, thereby reducing the available cooling 

capacity) would increase overall power consumption to -1.5 kW/ton, an increase of -23%. 
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i 

At the lower flow rate for the same example case, the additional power use and heat addition 

would increase overall power consumption to -1.22 kW/ton, an increase of -2%. If the 

system capacity was def ied to be 30 tons to the load (i.e., pumping heat addition is not 

considered), then the higher flow rate case would have an overall power consumption of 

1.4 kW/ton (a 17% increase) and the lower flow rate example would have an overall power 

consumption of 1.22 kW/ton (a 1% increase). 

5.3 DISCHARGE PERFORMANCE 

The ISTF simulates a building load with a simple resistance heater. This portion of 

the test loop was designed to model serving a constant load while maintaining constant inlet 

and outlet temperatures to the load. This is accomplished by recirculating a portion of the 

brine from the heater outlet to the heater inlet, bypassing the ice tank. During the course 

of the discharge test, the brine temperature leaving the ice tank gradually rises and this 

recirculation steadily decreases until the brine exiting the ice tank is at the desired heater 

inlet temperature. After that time, the desired heater outlet temperature is maintained by 

increasing the brine flow through the heatedice tank loop. The test is considered completed 

when it is no longer possible to increase the brine flow and the heater outlet temperature 

exceeds the desired value. Typical FAFCO installations have been built with a different 

control method. FAFCO typically maintains a constant brine flow rate through the ice tank, 

rather than through the load. A variable portion of the flow bypasses the load to meet the 

constant demand with a constant load outlet temperature. The inlet temperature to the load 

is therefore uncontrolled and equals the ice tank outlet temperature. The ISTF piping 

arrangement was unable to mimic this control method. However, tests were made with a 

constant flow through the ice tank as in the FAFCO recommended system to investigate 

whether this would increase the available cool storage capacity. For these tests, the brine 

flow rate and heater power were held constant, there was no brine recirculation, and the 

brine temperatures were uncontrolled. These tests were considered to end when the ice tank 

outlet temperature reached 48°F. All the discharge tests are summarized in Table 4. 



Table 4. FAFCO discharge test s m i u y  

Test Number Average Capacity Heater Outlet Temperature Tank Outlet Average flow To Average Flow Average Pump 
0-04 (“m Temperature Ice Tank to Heater Power 

(“m (gpm) (gpm) orw) 
Ha te r  Tank P l m 4  Average 

Measured 

0427 25 26 60 59 

0501 25 26 60 60 

0503 25 26 60 60 

0509 25 27 60 60 

0521 37 41 60 60 

0523 25 26 50 50 

0529 25 26 55 55 

053 1 19 19 50 50 

0604 20 21 NC 44 

0407 19 19 60 60 

0615 19 18 55 55 

0619 35 33 55 55 

0621 35 29 NC 50 

0626 25 24 68 60 

0628 26 21 NC 47 

0924 24 25 68 60 

0926 24 25 60 60 

36 

39 

39 

39 

43 

38 

41 

38 

40 

40 

41 

40 

44 

43 

42 

40 

40 

30 

33 

53 0.4 

54 0.4 

32 53 0.4 

32 53 0.4 

56 

60 

79 0.8 

64 0.8 

54 71 0.8 

46 51 0.6 

159 158 6.2 

26 

41 

40 0.3 

54 0.5 

72 92 1.2 

159 158 6.2 

45 511 0.5 

159 158 6.2 

34 

34 

52 0.4 

52 0.4 

0928 24 25 60 60 40 34 52 0.4 

1002 26 26 NC 47 42 111 110 2.3 
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As mentioned in Sect. 4.3, the discharge capacity was measured at both the heater 

and the ice tank. The measurement at the heater should be slightly less than the 

measurement at the ice tank because of heat gains by the circulation pumps. Temperature 

measurement emrs  of MS°F (for tests 0427-0628) or K).2'F (for tests 0924-1002) can also 

occur at any of the four monitoring points used to calculate the change in water temperature 

across the tank and heater. The total discharge energy measured at the ice tank was 

compared to the sum of the total measured at the heater plus the pump energy. These two 

values matched within 5% for 70% of the tests. For the other tests, the ice tank 

measurement was always significantly lower (by 7 to 27%) than the heater measurement. 

Comparison of these results to other test data, including heater control settings, indicates that 
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Fig. 16. Ice tank outlet temperature variation for constant discharge rate of 19 
tons with controlled tank inlet temperature from 50 to 60'F. One test is included with 
no temperature control but with a constant brine flow rate of 158 gpm. 
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Fig. 17. Ice tank outlet temperature variation for constant discharge rate of 25 
tons with controlled tank inlet temperatures from 50 to 60°F. Two constant brine flow 
rate tests are also shown. 

the capacity calculations at the heater are more reliable. 

presented in this section a%e based on Fiq. (14). 

Therefore, all capacity data 

The water temperature leaving the ice tadc varied according to the discharge rate and 

the water temperature entering the tank. Figures 16 - 18 show the discharge temperature 

profiles vs the cumulative discharge energy. These figurc;~ demonstrate that the tank outlet 

temperature slowly but steadily rises from about 3S"F to 50°F after the f is t  25 ton-h are 

hmested from the tank. The initial shape is affected y the tank's immediate history. 

Some discharge tests began directly after the previous charge test was completed. For these 

tests, the initial brine temperature was as low as 5°F. Other tests began after the tank rested 

overnight. For these tests, the initial brine temperature usually was around 32"F, 

representing the equilibrium temperature of a tank of frozen water. Figure 16 shows 4 tests 
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Fig. 18. Ice tank outlet temperature variation for constant discharge rate of 35 
tons with controlled inlet temperature of 55 and 60°F. One test at a constant brine flow 
rate of 158 gpm included. 

made with a constant discharge capacity of 19 tons. There is little difference in the 

temperature profiles as the tank inlet temperature varies from 50 to 60°F. However, the test 

run at a constant brine flow rate and no inlet temperature control shows a higher overall 

outlet temperatun= and a smaller total cooling capacity, only 140 ton-h vs 170 for the case 

where the inlet temperature was maintained at 55°F. The same trend can be seen in Fig. 17 

for tests run at a constant load of 25 tons. Here, those tests with uncontrolled temperatures 

and higher constant flow rates were only able to provide 115 ton-h of cooling, while the test 

with an inlet temperature of 50°F provided 130 ton-h of cooling and those with inlet 

temperatures of 55-60°F provided about 150 ton-h. Figure 18 shows the much steeper 

temperature rise associated with a higher discharge rate of 35 tons. Here, again, the higher 
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constant flow rate 

temperature test. 

wed the least cooling, 95 ton-h vs 120 ton-h for the 60°F inlet 

As Figs. 16 to 18 have shown, the total cool storage available depends on the 

discharge rate, the control strategy, and the n9axiinum allowable inlet temperature to the 

load. This availability was explored by noting the cumulative discharge energy at the times 

when the ice tank outlet temperature reached 40 and 4 4 O F  and at the e d  of the test. This 

relationship should be useful to a system designer who knows the Ben th of the on-peak 

period, the total load to be met, and the maximum temperature to the load that will provide 

adequate comfort and dehumidification. Equations (19) and (20) were the result of this 

examination for the contaolled temperature and constant brine flow tests, respectively. Both 

equations show high adjusted correlation coefficients, 0.98 for Eq. (19) and 0.99 for 

Eq. (20). All the parameter estimates were significant at higher than 99% confidence as 

measured by the Student's t-test. Equation (19) predicts the total discharge energy within 

+10% for controlled temperature discharges of 75 ton-h or more and within f5% for 

discharges of 130 ton-h or more. Equation (20) predicts the total discharge energy for 

constant flow rate tests within k5%. 

1 2 - r  , = -151. + 3.81xTE14 + 10,3xzxeT , 

where 

Ccap, = cumulative discharge capacity measured at the heater (ton-h), 

T = time from start of discharge test (h), 

"E14 = brine temperature leaving the storage tank ( O F ) ,  and 

cap,, = constant discharge capacity at heater (ton). 

These equations show the available discharge energy to be a function of both 

discharge rate and maximum allowable tank outlet temperature for controlled heater 
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temperatures and of tank outlet temperature only for constant brine flow, as is shown in 

Figs. 19-21. The curves represent the maximum discharge energy available in a given time 

period for the specified discharge rate or tank outlet temperature. The curves’ generated 

using Eqs. (19) and (20) have a slope that becomes less as time increases. However, all 

discharge tests were run at a constant discharge rate, which would give a constant slope. 

To avoid projecting the curves from Eqs. (19) and (20) beyond their logical aDplicability, 

their end points were chosen to be that point where the calculated cumulative capacity was 

equal to 90% of the product of the discharge rate and the elapsed time. Figure 19 shows 

both ISTF data and curves from Eq. (19) for a maximum tank outlet temperature of 48°F 

with discharge rates from 19 to 35 tons. Figure 20 provides the same information for a 

discharge rate of 25 tons and maximum heater outlet temperatures from 40 to 52°F. 

Equation (20) was used to generate the curves shown Fig. 21. A discharge rate of 25 tons 
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a maximum brine temperature of 48°F with controlled heater temperatures. 
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Fig. 20. Available discharge energy vs. time for maximum brine temperature 
from 40 to 52°F and a load of 25 tons with controlled beater temperatures, 

was used to select the end points of these cuwes (based on the 90% cutoff previously 

described), although the discharge rate i s  not used in the equation. The ]Ism data on this 

figure show that further extmgolation may be appropriate for the ~ n c ~ n t ~ ~ l l e d  tempmatuse 

condition of Eq. (28). 

Power requirements during discharge include b e pumping power. The pumping 

power varies with the brine flow rate and ranged from 0.4 to 6.2 kW. This accounted for 

an approximate heat input to the brine of between 0.5 to 12 ton-h over the course of the 

discharge cycle, assuming that all. the pump power is converted to heat in the brine. 

Y HEAT GAINS 

Standby heat gains were measured in a test that spanned a perid of 30 days. Visual 

observation conlfimed that all ice was below the water surface at the beginning and end s f  



41 

t 
+ 

ORNL-DWG 93-6573 

/.--- 
,.I- 

..I- 
O 

/' 

TANK OUTLET TEMPERATURE 
40 F. €0.20 
44 F. EO. 20 - - - - - - - 
4 a  F. EQ. 20 _ _  - - _ _  - - _ _  - - __. 

44 F. DATA 
(3 4 8 F . O A T A  

-r--------r r 

0 1 2 3 4 5 6 7 8 9 1 0  
TIME (h) 

Fig. 21. Available discharge energy vs. time for maximum brine temperatures 
from 40 to 52'F for constant brine flow to the ice tank. 

this period. The change in tank depth, with the measured ice density of 57.2 lb/ft2 and an 

ice heat of fusion of 144 Btu/lb, gave the latent heat gain for the tank containing ice. This 

calculation assumes that all the water in the tank remains at 32'F, which is reasonable 

considering the large and well-distributed ice inventory throughout the test. Over a period 

h, the tank lost a total of 73 ton-h of ice, corresponding to a standby loss rate of 

0.1 ton. Based on the repetitive storage capacity of 150 ton-h, this loss rate can be 

expressed as 0.0007 ton/ton-h, or alternatively, it would take 1500 h (63 d) for a fully 

charged tank to melt. The ambient temperature throughout this test remained between 65 

and 85'F, and there was no direct sunlight upon the tank. 

Using FAFCO's reported insulation value of R-15 and an assumed temperature 

difference of 40'F, the heat gain rate would be 0.09 ton, very close to the measured value 

of 0.1 ton. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

The FWCO ice storage system tested was consistently able to manufacture md store 

tween 150 and 200 ton-h of ice. This was m e  for a wide range of charging rates and 

brine flow rates. The discharge capacity varied from 80 to 170 ton-h and was heavily 

dependent upon the discharge conditions, including discharge rate an ne temperature 

requirements, The unit showed consistent repeatability, low pressure and low jacket 

losses. Piping connections and controls were simple and the unit was leak-free. 

The amount of capacity variation during a charge cycle was greatest for the higher 

charge rates. This can have significant effects on the equipment performance and should be 

a primary factor in equipment selection. Therefore, variations in operating schedules could 

affect the charging performance for a given chiller system. The discharge performance was 

also strongly dependent upon the tank discharge rate and tank outlet temperature. These 

parameters must therefore be clearly specified before the storage tank selection is made. 

Changes in the discharge schedule or required temperature after installation can alter the 

available discharge energy. 
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RUMENTATION 

A.l  DATA ACQUISITION AND CQNT 

A data acquisition system and computer are used to control die thermal l ~ d i n g  rate, 

the brine and refrigerant circulation pump speeds, recirculation valve positions, and the 

nsation t ~ ~ ~ e ~ ~ ~ u r ~  and to collect the data f r m  system instrumentation. The computer 

allows s h o t  sampling times of the instmmewtatigam to provide data for detailed analysis and 

feedback during transient system operation. Direct controls, outside of the data 

acquisitiond@omputer system, are available for ctdmpressor loading, booster pump operation, 

and auxiliary portions of the test facility. 

A.2 TEMPERATIJWE ME?aSUREMENTS 

t temperature rneasurerneim are made by RTDs bonded to the outside of 

M e r  

installation, the recorded refrigerant temperatures were compared to the expected 

themdynamic states for the corresponding pressure measurements. 

temperature measurements are made by KIDS inseried into the IWC pipes, These RTDs are 

calibrated by the manufacturer to kO.5"F and are checked against an ice bath after 

installation. The KlDs were also checked agiiiast each other under conditions where an 

unloaded heat exchanger, €or exaiiple, would be expected to show the same inlet md outlet 

temperature. The RTD calibrations me peddically rechecked, and instmmen~s that have 

drifted beyond 0.5OF are replaced. The RTD's used for water and brine measmements were 

upgraded during the course of the FAFCO tests. The new RTD's axe calibrated to k0.2OF. 

These RTDs were calibrated by the manufacturer to 0.3'F. 

Water an 

A 3  FLOW MEASUREMENTS 

Vortex-shedding flowmeters are used to measure the, csrmdenser cooling water flow, 

the waterhrinie flow BO the heater, the waterfirine flow to the ice tank, and the gaseous 
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refrigerant flow to the condenser. The vortex-shedding refrigerant flowmeter imposes a 

pressure drop of -0.5 psia. These flowmeters are accurate to M.8% of the reading for liquid 

flows and +1.5% of the reading for gaseous flows. The flowmeters used to measure water 

and brine volumetric flow were checked after installation by running water through the lines 

into a 55-gal drum placed on a scale. 

The Coriolis mass flowmeters used to measure liquid refrigerant mass flows to the 

low-pressure receiver, the ice tank, and the thermal expansion valves were calibrated by the 

manufacturer to W,4% of full scale, which is loo0 lb/min. A sight glass is positioned to 

provide a visual confirmation of single-phase flow downstream of the meter. These Coriolis 

flowmeters are very difficult to calibrate after installation because of the closed nature of the 

refrigerant system. However, the volumemc flow through one of the vortex-shedding 

flowmeters can be compared to the mass flow through one of these Coriolis meters. Also, 

energy balances on the condenser, low-pressure receiver, chiHer/evaporator, and ice tank can 

be used to assess the continued accuracy of these devices. 

A.4 PRESSURE MEASUREMENTS 

Refrigerant pressure measurements are made with pressure transducers to allow the 

electronic recording of the values. The accuracy of these absolute pressure readings is rated 

at +Os 11% of full scale. However, the calibration certificates supplied with each transducer 

show accuracies of 3-0.004% or better. Also, the transducer calibration was rechecked after 

installation and periodically thereafter using laboratory calibration equipment. The pressure 

transducers located in the high-pressure portion of the loop, that is, between the compressor 

discharge and the expansion valve, are rated for 0 to 500 psia. All others are rated for 0 to 

250 psia. During testing, the pressure measurements are periodically compared to other 

measurements within the loop and to the expected refrigerant properties. 

A differential pressure meter can be used to measure the change in tank water depth 

during charging. The meter measures from 0 to 10 in. of water with an accuracy of &OS% 

of full range output (ie., k0.05 in. of water). 
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A S  ELECTRICAL, MEASUREMENTS 

Electrical measurements for the compressor power (rated at 40 and '75 hp), circulating 

pump(s) power (from 2 to 5 hp), agitation air compressor power (l/2 hp), and heater power 

(0 to 135 kW) are measured by watdwatt-hour transducers. The watt-hour measurements 

are accurate to 3-[(0.2% of the reading + 0.01% of the rated oueput)/(gower fact~r)]. The 

watt-hour meters for the compressors were checked by measuring the voltage and current 

on each of three phases. The watt-hour meter for the heater was checked by comparison to 

the heat absorbed by the water as measured by the flow and temperature change. The 

accuracy of this heater's watt-hour meter is poor because of the setlniconductor-controlled 

rectifier (SCR), or phase-angle power controller, used to vary the heater power. Heater 

energy use measurements are therefore based on the fluid flow rate and temperature change, 

although the power consumption is recorded as an additional check. 

COOL STORED MEASUREMENT 

The change in storage medium volume is used to measure the amount of expansion 

due to ice formation for ice on coil systems. The amount of ice formation, along with the 

sensible heat =moved from the storage medium indicates the quantity of cool stored in the 

tank. The differential pressure transducer described in a previous section was mounted at 

the initial water level in a section of tubing that was immersed in the tank at one end and 

fixed to a vertical support at the other. 
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Appendix B 
CMA TESTS IN FAFCO TANK 

B.1. SCOPE AND PURPOSE OF TESTS 

When calcium magnesium acetate (CMA) is mixed with water, the freezing point of 

the water is lowered. Calcium magnesium acetate could therefore be used to provide cool 

storage at temperatures below 32'F. Also, CMA has been identified as altering the structure 

and adhesion qualities of ice. It might therefore effect the heat transfer in an internal-melt 

intermediate fluid ice storage system. 

A mixture of about 7% (by weight) of CMA and water was placed in the FAFCO 

tank. This mixture should have a freezing point between 27 and 28°F. A series of charge 

and discharge tests were then made. The discharge tests were patterned after tests previously 

performed on the FAFCO tank when filled with plain water. The charge tests were chosen 

to span a range of charging rates. Because the charging rate is affected by the suction 

temperature, it was not possible to exactly match charge tests with CMA to previous charge 

tests. 

B.2. TEST CONDITIONS 

The charge tests made with the CMA solution are summarized in Table B.l .  Several 

tests made previously with plain water are also included in this table for comparison and 

they will be discussed later in this section. 

The discharge tests are summarized in Table B.2. As closely as possible, the CMA 

solution tests duplicated previous tests made with plain water. However, two difficulties 

affected the ability to start the discharge tests with the same amount of cool storage available 

to meet the load. First, as water freezes in the CMA solution, the remaining solution 

becomes more concentrated and its freezing point is further depressed. The freezing 

temperature of the heat transfer fluid therefore became a limiting factor in the amount of ice 

that could be frozen. When the minimum brine temperature of 0°F was reached during the 
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Table B.1. FAFCO charge tests, CMA experiments 

Test ED Conipressor C3orsdensing Brine flow Average CMA 
ng temperatwe; rate capacity present 

(W%) (OF) (am) (tons) 

1022 

1024 

1026 

1031 

1107 

05 

0524 

0608 

061 3 

0620 

90 

95 

93 

94 

90 

90 

98 

90 

90 

1 0 0  

113 

117 

115 

115 

50 

118 

108 

123 

105 

107 

17 

8 

26 

17 

13 

18 

15 

30 

14 

20 

CMA charge tests, the amount of ice in the tank was much less than it was during previous 

tests with plain water. Secomd, during prcvious tests with plain water, the depth of the water 

in the storage; tank was used as an indication of the amount of ice s t o ~ d  at. the end of a 

charge cycle, This was possible because all the ice was submerged, soli y built up around 

the heat exchanger tubing. However, with CMA in the tank, there was a certain amount of 

free-floating ice that made this measurement inaccurate. Also, as will later be discussed, the 

density of the CMA solution in the tank tended to prduce stratification, i n ~ d u c i n g  further 

emors when the density of the fluid in the tubing used to measure the fluid depth no longer 

equaled the density of the solution in the tank It therefore became difficult to ascertain the 

ice present within thc tank. 
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Table B.2. FAFCO discharge tests, CMA experiment 

Test ID CMA Heater inlet Heater Capacity Cumulative 
temperature outlet (tons) discharge 

( O F )  temperature energy' 
(OF) (ton-h) 

1023 

427 

1025 

607 

1030 

52 1 

1102 

53 1 

1108 

604 

47 

48 

48 

48 

48 

48 

41 

40 

NCb 

NC 

59 

59 

59 

60 

58 

60 

55 

50 

NC 

NC 

24 

25 

17 

19 

34 

37 

18 

19 

16 

20 

107 

132 

107 

124 

85 

84 

90 

133 

86 

118 

'As measured by the brine at the heater from the test start until the tank outlet temperature 
reaches 4 4 O F  
bNC = not controlled 

B.3 RESULTS 

When the CMA mixture was initially frozen, the brine inlet temperature dropped 

below 16°F before the first ice crystals were seen. As Fig. B.l shows, the brine temperature 

at the onset of freezing varied from about 14 to 22'F during the CMA tests. Figure B.2 is 

a plot showing comparable tests from the FAFCO unit before the CMA was added to the 

tank. These tests were chosen for comparison because they were made with similar brine 

flow rates, similar compressor loading and condensing temperatures. The capacity is not 

however exactly the same because the CMA ice froze at a colder temperature, affecting the 
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Fig. B.l. Brine inlet temperature during CMA freeze tests. 

brine temperature in the chiller and therefore lowering the evaporating temperature. In these 

previous tests, the brine inlet temperature usually showed the start of freezing at about 24'F. 

When the ice began to form in the tank, it was first noticeable as small soft granules 

on the tubes very near to the surface of the water. These granules could not be felt at a 

depth of about 6 in. below the surface of the water. Next, soft slushy ice appeared floating 

between the banks of tubes, starting about 8 in. away from the tank sides and continuing 

through the tank. At this time, soft ice could be felt on all the inlet tubes. It was quite soft 

and came free of the tube at the slightest touch. Then small blobdflakes of ice about 1/2 in. 

in diameter came floating to the surface. When a small area of the surface was cleared, 

more of these flakes could be seen rising from below. The surface temperature at this point 

was a little below 29'F. After almost 2 h of freezing, the slush on the tubes was noticeably 

stiffer, but was still soft at its outer edges and the tube could still be cleared with a bare 
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Fig. B.2. Brine inlet temperatures during non-CMA frceze tests. 

hand pushing gently on the ice. After sitting for a 2-day period the ice was nearly as hard 

as ice made without CMA, although a fingernail could be pressed into the ice, 

Before the first test, the CMA mixture was well mixed within the tank using air 

agitation. During the initial test, there was a lot of white flock present in the water. During 

later tests, this material appeared to have settled out and could be seen resting on the tube 

supports and spacers. The water was then quite clear. 

After a discharge cycle, a cap of crumbly ice, about 3 - 4 in. thick, hung above the 

water. This cap appeared to be slightly thinner near the center of the tank. 

After almost two weeks of tests (including four complete freeze and melt cycles), a 

sample of the tank contents was taken at the surface and found to have a specific gravity of 

1.OOO. A sample taken 4 in. below the surface had a specific gravity of 1.001 and a sample 

taken fiom the bottom of the tank had a specific gravity of 1.082. The tank was then mixed 
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using air agitation. Samples firom both the bottom and the top then showed a specific 

gravity of 1.041. The next morning, top and bottom samples showed the s m e  specific 

gravity of 1.040. After one freeze/melt cycle was completed, the sampling procedure was 

ated and showed the specitk gravity 6 in, above the tank bottom to be 1.055 and the 

specific gravity at the top to be 1.024. Sixty hours latcr (and at a slightly higher 

tevxmperature) the specific gravity at the top was 1.020 arid the bottom specific gravity was 

1.054. This lack of change indicates that the stratification is not due to simple settling 

within the tank. It appears that when the ice freezes and floats to the topg it brings pure 

water with a lower density to the top of the tank, thereby causing the significant stratificadon 

in density and @MA coaicentmatiom. “phis theory was further confirmed when a chunk of ice 

was brokeas from the ice cap hanging above the water level. When this ice chunk was 

melted, it had a specific gravity of 1.001, showing that very little CMA w;?s present in the 

ice. A tank using CMA would therefme need to be equipped with some nserhod of agitadon 

to remix the solution on a periodic basis. 

After the f i s t  three fieeze/melt cycles were completed, two thennocouples were 

placed in the tank, one located 6 in. above the bottom and tbf: other 3 in. below the. surface 

of the solution in a fully-melted tank. The T/Cs agreed within 0 . 1 O F  in an ice bath before 

placeanent in the FAH;CIO tank. Figure B.3 shows the difference bet 

temperatures recorded at these locations during two heeze/melt cycles, Because the first 

cycle was dons following three heeze/melt cycles, the CMA solution was stratified within 

the rank, but the tank was well mixed when the second cycle began. ‘l%e well mixed freeze 

and melt processes display mirror image profiles, During the freeze process the top of the 

tank was initially warmer than the bottom, brat during the course of freezing the tank, the 

two temperatures became equal. The well mixed elt process shows the opposite behavior, 

with the top and bottom beginning at nearly equal temperatures, but with the top becoming 

wamer as the ice melted. The freeze and melt cycle made with the stratified tank showed 

quite different behavior. The top temperature was significantly lower than the bottom 

temperature throughout the: stratified freeze process. Again, the melting process showed the 



53 

0 RNL-D WG 93-65 59 
10 

c 

5 
L u 5  
0 

0: 
UI 
L 

f 
II 
0 0  
Lu 
0: 
3 

t 
a w a 
I -5 
ul 
I- 

-1 o 
0 25 50 75 100 125 150 

CUMULATIVE STORAGE (ton-h) 

Fig. €3.3. Difference between tank top and bottom temperatures (i.e., Tts, - 
Tbottorn) affected by CMA distribution within tank. 

opposite behavior. During the stratified melt test, there appeared to be a sharp rise in the 

surface temperature near the end of the test. It is possible that the T/C near the top of the 

tank became exposed to the air when the water level sank during melting, because a portion 

of the tank's contents would have been located in the hanging ice cap, causing the water 

height to be less than it was initially, when the T/C was placed 3 in. below the water surface 

in a fully melted tank. 

As Figs. B.l and B.2 show, the total energy storage capacity of the tank was greatly 

decreased by the addition of CMA. The amount of this derating is a function of the 

refrigeration plant and the freezing point of the intermediate heat transfer fluid. However, 

even if lower charging temperatures were available, it would be necessary to limit the 
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portion of the tank contents frozen to avoid saturating the remaining CMA solution. 

Therefore, independent of the refrigeration plant limitations, there will be some derating in 

any tank’s storage capacity. 

The temperature profiles of the brine leaving the ice tank during comparable 

discharge tests, with and without CMA are shown in Figs. B.4 and B.5. Figure B.4 

compares tests made at a discharge rate of -19 tons under varying brine flow rates. Figure 

B.5 makes a similar comparison for tests at faster discharge rates, from 25 to 37 tons. In 

these figures, all the tests with the CMA mixture are shown to reach the maximum brine 

outlet temperaturc before those without CMA. This is largely attributable to the smaller 

amount of ice made in the tank during the CMA freezing process. More importantly, both 

figures show the temperature rise occurring faster (i.e. with a sharper slope) for the CMA 

cases. 
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Fig. B.4. Comparison of tank outlet temperatures during discharge cycles with 
and without CMA. 
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Fig. B.5. Comparison of tank outlet temperatures during faster discharge cycles, 
with and without CMA. 

However, the reduced ice temperatures in the CMA tests led to a greater brine 

temperature change in the ice tank, and therefore a reduced brine flow rate. The brine flow 

through the ice tank for the five pairs of discharge tests considered here averaged 20% less 

for the CMA tests than for the tests with plain water. This will translate to reduced pumping 

power requirements and therefore an improvement in efficiency. 

As discussed, the ice made with CMA was much softer than ice made with plain 

water. It was not known whether this softness was caused by entrained water (with a higher 

CMA concentration and therefore lower freezing point) or air, or by some other change to 

its crystalline structure. The effect of this softness on the unit’s heat transfer properties was 

of great interest. It was hypothesized that water might be able to circulate within the ice, 

thereby enhancing the overall heat transfer by adding internal convective mechanisms to the 

conductance of the solid ice. Conversely, if entrained water was unable to circulate within 



the soft ice structure, it could very well decrease the conductivity, since water's conductivity 

is only a b u t  1/4 that of ice. If the softness is caused by minute air pockets, the 

conductivity would almost certainly decrease due to the poor conductivity of air, -1/100 that 

of ice. 

In order to quantitatively examine this issue, a 'UA factor' was calculated. The total 

heat transfer during a charge cycle call be expressed as 

where 

cap, = charging capacity measured at ice tank, 

IJ = overall heat transfer coefficient, 

A = total heat transfer surface area, 

TLank = temperature of tank contents, and 

Tbk, = temperature of brine. 

The tank temperature, Trank, is constant during most of the charge cycle, at 32'F for 

a tank full of water and at 28.6'F for a well-mixed tank of CMA and water. The brine 

temperature, Tbrine, varies from the ice tank inlet to the outlet, The log mean temperature 

difference, frequently used for beat exchangers, is inappropriate here due to two factors that 

are contrary to the log mean temperature difference derivation: (1) the non-flowing nature 

of the water side of the heat exchanger and (2) the latent energy storage precludes the 

expression of the water-side's internal energy change in ternis of its temperature. Therefore, 

a simple average of the brine inlet and outlet temperatures was used for the brine 

temperature in this equation. The heat transfer coefficient, U, combines the effect of forced 

convection on the inner tube surface, the conductivity of the heat exchanger tube, the 

conductivity of the ice adhering to the tube wall, and the effect of natural convection on the 

outer surface of the ice. 'I'he conductivity of the ice decTeases almost linearly with the 

thickness of the ice on the coils. This will therefore cause the overall heat transfer 

coefficient to decrease as the ice inventory of the tank increases. The heat m n s f e r  area, A, 
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increases proportional to the square of the ice thickness until the ice bridges between the 

heat exchanger tubes. This bridging causes a temporary decrease in the heat transfer area, 

which then grows much more slowly than the pre-bridging rate. 

Due to this complex dependency of the UA product on the ice inventory, it is not 

possible to independently calculate the heat transfer coefficient of the softer CMA ice from 

the available performance data. However, the UA product can be calculated and is shown 

in Figs. B.6 and B.7 for charge tests with and without CMA, respectively. These results 

show the UA factor decreasing steadily for the CMA cases, with a consistently linear slope. 

Figure B.7 shows a completely different shape for the plain water tests, with an almost 

steady value throughout most of the tests, followed by a sharp decrease near the end of the 

charge cycle. The plateau is most likely attributable to the relative magnitudes of the 

increasing heat transfer area and the decreasing ice conductance (similar to the classical pipe 

insulation problem). The end of the plateau may represent the point at which the ice bridges 
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Fig. B.6. UA product for tests with CMA. 
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Fig. B.7. UA product for tests without CMA. 

between coils and the surface area decreases. The average UA factor for the plain water 

cases was 70% higher than for the CMA cases. This would indicate that the softer CMA 

ice had a much lower conductance than plain ice, due either to entrained air or entrained 

water in stationary pockets. The shape of the CMA UA curves in Fig. B.6 indicates that the 

increasing surface area is unable to compensate for the increased heat transfer resistance as 

the ice thickness grows on the heat exchanger tubes. 

The UA results show that the difference between the tank and average brine 

temperatures would have to be much greater for the CMA cases to achieve the same 

charging rate. Also, the tank temperature is lower for the CMA cases. The combination of 

these two effects demonstrates a need for much lower chiller temperatures, and hence 

lowered chiller efficiencies, for the CMA application. This result should preclude the use 

of CMA for heat exchanger surfaces where ice is allowed to build up. 
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B.4. CONCLUSIONS 

The CMA lowers the tank storage temperature, enabling the application of ice storage 

to customer needs at lower temperatures. However, the tank outlet temperature rises much 

faster while melting the CMA ice, so that this advantage is limited to a relatively small 

portion of the stored energy. The CMA also decreases the total storage capacity of the tank 

compared to that of plain water. Also, while making ice, the inlet brine temperatures for the 

CMA mixture are much lower than for plain water due to the lower heat transfer 

characteristics of the CMA ice. This increases the efficiency penalty associated with lower 

ice-making temperatures. Periodic agitation of the tank contents would also be necessary 

to avoid CMA concentration stratification. Overall, the application of CMA in ice-on-tube 

ice storage systems was found to be of limited use. 
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