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TRANSPHASE COOL STORAGE TEST REPORT' 

Therese K. Stovall 

ABSTRACT 

The Ice Storage Test Facility (ISW) is designed to test 
commercial cool storage systems. Transphase, Inc. provided 
a prototype of a new storage tank design equipped with coils 
designed for use with a secondary fluid system and filled with 
a eutectic designed to freeze at 41'F. The Transphase cool 
storage system was tested over a wide range of operating 
conditions, Measured system perfornance during charging 
showed the ability to freeze the tank with relatively constant 
brine temperatures over most of the charging cycle. During 
discharge cycles, the storage tank outlet temperature was 
governed mainly by the brine flow rate and the tank's 
remaining charge. l'he discharge capacity was dependent 
upon bath the selected discharge rate and maximum allowable 
tank outlet temperature. This prototype unit experienced 
several ~ ~ ~ ~ ~ ~ ~ o n a l  problems, not unexpected for the fkst full- 

on of a new design. Such prototype testing was 
1's primary goals in ~ ~ ~ n d i ~ g  the ISTF. 

ea& loads 

ties, Increased use of cwi  storage would shift this electrical load 

t utilities to defer cons 

apacity and redcc 

ber s f  cool storage installations in commercial buildings is 

it represents only a small fmction of the tenrial market. One major barrier to the use of 

cmP storage ~~~~~~e~~ has been the uncertainty associated with its rfarmance. Uniform 

testing by an i n ~ e ~ ~ ~ ~ ~ ~ t  agency has not been available. The ~ e ~ o ~ a n ~ ~  data available 
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from manufacturers are varied in scope and detail from one type of device to another and 

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

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

conditions. 

The Electric Power Research Institute (EP ) therefure sponsored the development 

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

cos1 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 c 

storage installation and use and in requesting rate incentives from public utility commissions 

arid to building designers ill specifying appropriate equipment for their applicati 

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

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

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

acquisition and precise computer controls were included. 

The ISTI; can be used to test dynamic, liquid recirculation, secondary fluid, and direct 

expansion (UX) 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 warn1 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 sent to the tank of water where it absorbs 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. 



3 

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 wetted throughout their length for improved heat transfer. This additional refrigerant 

circulation is accomplished through the use of gravity feed or a refrigerant pump. The 

stored cooling energy is t r ans fed  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 a cool storage tank furnished by Transphase, 

Inc. The Transphase storage tank holds a eutectic that freezes at a warmer temperature than 

water and is both charged and discharged using a secondary fluid or brine. The Transphase 

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

that were performed to characterize the starage 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 TRANSPHASE STORAGE SYSTEM 

Transphase has marketed cool storage systems based on various eutectics, providing 

a range of storage temperatures. In the past, their systems have circulated brine around 

stationary containers. ‘ n e  system tested at the ISTF was a significant departure from these 

previous designs. This system circulated brine through heat exchanger tubing within a large 

tank containing a eutectic mixture of NaOIl and water with a freezing temperature of 41OF. 

The unit tested was the largest prototype of this new design wish a capacity of 250 T-h. 

As described earlier, testing such new designs was ~ime of EPKI’s primary goals in founding 

the ISTF. 

The cool storage tank tested was a horizontal cylinder with an external header 

arrangement along the length of the top of the tank. The eutectic within the tank is chilled 

by the flow of brine through 1/2-in.-OD plastic tubing, mange$ in nine circular bundles 

within the tank. These tubes are apaanged in concentric coils arid almost conipletely 

subincrged in the eutectic fluid. The brine used for these tests was a mixture of ethylene 

glycol and water with a freezing point of 10°F (ST). l’he Transphase storage tank is 

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

simulated by a heater in the test facility. During an irnisial leak test, the tank was filled with 

4,640 gal. of water. This water was drained and the tank was f i k d  with 4,582 gal. of the 

eutectic mixture, Tinis filled the tank to a level approximately three in. be1.c~ the tops of 

the coils. The volume of brine in the storage system coils was estimated to be 580 gal., 

based on the mount  of brine pumped into the tank arid the warby piping. W Q W ~ V ~ ; ,  as is 

discussed later in this report, this amount may be in enor due to the ciiffkulty in mmioving 

air from the Transphase coils (causing the volume to be under-estimate and due to brine 

leakage which would cause an over-estimate of the coil volume. 
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2.2 TEST FACILITY 

Tne test facility was cdsigned to test a wluz variety of storage systems. It includes 

d l  refrigeration system components necessary to charge brine systems. Figure 1 shows the 

test facility configuration used to test the Transphase 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. 

The test loop instrumentation i s  described more fully in Appendix A and Ref. 1. 

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

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

facility’s refrigeration system to the brine loop that charges the cool storage tank. In the 

e v ~ ~ o r ~ t ~ r ~ c h i ~ ~ e ~ ,  a refrigerant, HCFC-22, is vaporized, absorbing heat from the brine. To 

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

TE 

JEI e, 

PE2 
TE2 
FE 1 

ORNL-DWG 93M-3683A ETD 

Thermal 
PElO 
TEIB 

F E ~  Brine Pumps 

TE15 

Fig. 1. ISW schematic fsr Transphase storage system. 
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Table 1. ISIF monitoring points 
for the Transphase eutectic system 

Point label Measured quantity 

FE1 
FE3 
EE4 
E 5  
E 6  
El 
JE3 
JElO 
PE1 
PE2 
PE4 
PE5 
PElO 
TIE 1 
E 2  
TI34 
m5 
T E l O  
‘El 1 
m12 
TE14 
TI315 
TE16 
TI317 
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 
Condenser outlet re€rigerant pressure 
Chiller inlet refrigerant pressure 
Chiller inlet refrigerant pressure 
Compressor suction p ~ s s u r e  
Compressor discharge temperature 

Chiller inlet refrigerant temperature 
Chiller inlet refrigerant temperature 
Compressor suction temperature 
Heater inlet water temperature 
Heater outlet water temperature 
Storage tank outlet brine temperature 
Storage tank outlet brine temperature 
Storage tank inlet brine temperature 
Chiller outlet brine temperature 
Chiller inlet brine temperature 
Coindenser inlet water temperature 
Condenser outlet water temperature 

nser discharge temperature 

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

nomind chiller capacity from 15 to 95 tons. The flow of water to the can 

the condensing temperature between $0 and 100°F. The brine pump s p e d  was varied to 

control the brine flow rate at the selected value during the charge cycle. The bypass line 
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was always closed during the charge tests. 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 

All units tested at the ISTF are examined for their operational characteristics. 

However, because the Transphase unit was a prototype unit, this aspect of the testing 

received additional attention. Performance tests were also planned, similar to those used 

for ice storage systems. These test plans we based on Ref. 1, modified as necessary to 

reflect the elevated melting temperature of thc eutectic mixture, 

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

of operating conditions. Transphase expected the tank to work well with brhe flow rates 

betwcen 50 and 200 gpm, with the most efficient flow rate being bctween 80 and 120 gpm. 

The charging tests were designed to determine how the storage system would respond to 

charging perids from 6 to 14 In and brine flow rates from 50 to 2Nl gpm. 

The discharge tests emulated discharge perids ranging from 7 to 12 h with varying 

temperature and flow requirements at the heater. For most tests, the temperatures at the 

heater inlet and outlet were maintained for ip constant heater power by varyitig the bH.jiwe 

flow to the storage tank. The tank was considered to be fully discharged when it was no 

longer possible to maintain the desired heater outlet temperature. Some latent storage 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 storage tank; i.e., the brine: temperatures 

at the heater were not cantrslled, One test was also made with a constant heater outlet 

temperature, constant brine flow, and variable heater power. 

Storage tank shell heat gains were not measured because this prototype was not 

insulated by the manufacturer. "le main steel storage tank was surrounded with a plastic 

tank for leak contaiiiment purposes. However, this provided no substantial insulation, as 

was shown by the large amount of condensation on the tank skin whenever the tank was 

cooler than ambient. 
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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 cool storage system and the performance of the refigeration system. 

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

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

storage system. 

4.1 DATA PROCESSING 

The data available for each operational test permit redundant calculations that 

increase our u n ~ ~ ~ ~ t a n ~ ~ i g  and confidence in the test results. For example, the refrigeration 

effect is measured at the chiller Gn both the brine and refrigerant sides. The refrigeration 

effect to the storage t is measured by the brine flow and temperature change. The 

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

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

of measurements also enables us to fully separate the performance of the cool storage 

system from that of the refrigeration system. 

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

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

uirements. "he 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. 

Thermodynamic properties for HCFC-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 (ORNL) by C. K. Rice and S .  K. Fischer? 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? 
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fGERATION EFFECT 

The stored cooling effect at the storage tank is calculated from the measured brine 

flow rate and temperature gain as is shown in Eq. (1). 

It& = refrigeration effect produced by the brine, 

FE3 = brine flow from the chiller, 

cp = brine specific heat, 

p = brine density, 

TI315 = brine temperature leaving the storage tank, and 

E l 6  = brine temperature entering the storage tank. 

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

in Ref. 3. Interpolations from these curves for the temperature range from 20 to 6O0F and 

a brine concentration of 25 wt % produced the following equations for specific gravity 

(relative to water at 4i0'F) arid specific heat. 

SG = (-0.OOO108) x T + 1.0482, (2) 

cp = 0.080275 x T + 0.922 . (3) 

where 

SG = specific gravity, 

T = avenge brine temperature (OF) ,  and 

c, = specific heat [Btu/(lb-"F)J. 

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

refrigerant sides. These measurements provide another checkpoint to guard against 

instrument failure. The capacity measured at the chiller is expected to be slightly higher 
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than that at the storage 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 those used for the storage tank and are shown in Eq. (4). The refrigerant-side 

measurements are used in Eq. (5). Shell losses from the well-insulated chiller are assumed 

to be negligible. 

RI$,.h = FE3 X cP X p x (TE18 - TE17) , (4) 

where 

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

FE3 = brine flow from the chiller, 

measurements, 

cp = brine specific heat, 

p = brine density, 

"E17 = brine temperature leaving the chiller, and 

TE18 = brine temperature entering the chiller. 

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

FE1 = refrigerant flow to the chiller, 

HE10 = enthalpy corresponding to the measured suction temperature and 

WE2 = enthalpy corresponding to the saturated liquid refrigerant leaving the 

property measurements, 

pressure of the superheated refrigerant leaving the chiller, and 

condenser. 

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 storage tank [see Eqs. (6) and (7)]. 

cap, = FE4 x ( E 1 2  - E 1  1) x e, x p , (6) 
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cap, = FE3 x (E15 - TE16) x cp x p , 

where 

caph = discharge capacity measured at the heater, 

lFE4 = brine flow to heater, 

TE12 = brine temperature leaving heater, 

“Ell = brine teniperatulre entering heater, 

cp = specific heat of brine, 

scharge capacity measured at the storage tank, 

lEE3 = brine flow to storage tank, 

“13215 = brine temperature leaving storage tank, 

TE16 =: brine temperature to storage tank, and 

p =; brine density. 

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

available measurements, as is discussed in Apyexndix A. 
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5. RESULTS 
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5.1 GENERAL OPERATION 

The brine pressure drop across the Transphase coils was measured at flow rates from 

50 to 105 gprn with all nine circuits fully open. The measured pressure drop ranged from 

6.5 psi at 50 gpm to 18.5 psi at 105 gpm. These values were taken at a brine temperature 

of 80°F and a concentration of 25%. As the brine temperature decreased, the pressure drop 

increased, as is shown in Fig. 2. The constant-temperature relationship between pressure 

drop and flow rate shown here doesn’t correspond to that expected for either laminar or 

turbulent flow. An examination of the Reynold’s number shows that the brine flow through 

the heat exchanger is in the transition region between laminar and turbulent flow whenever 

the overall flow rate is between 50 and 190 gpm. 

d 55 F 

A 45 F 

(r 40 F 

d 35 F 
VARYING P U M P  SPE A 30 F 

80 F 
5 HP PUMP AT 

100% POWER 

---?-- t--- .-.... 40 _._I_____. ~ ...... 

5 10 1 5  20 25 
PRESSURE DROP (psi) 

i 
Fig. 2. Transphase storage tank heat exchanger pressure drop with all nine 

circuits open for 25% g lyc~ l  brine. 
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Some operational difficulties we% encountered with this prototype unit- The method 

of joining the heat exchanger tubing to the header apparatus resulted in a large number of 

leaks. Most of these leaks were very small and difficult to locate, but a few leaks were 

large enough to produce spurting jets of brine. Because of leaks, one to two circuits (out 

of nine) were closed off for most tests, effectively reducing the available heat exchanger 

surface are3 by -10 tc 20%. Although h e  circuit chat-off valves isolated the wmsi leaks 

and the brine loop was depressurized whenever the unit was shut down, leaks continued. 

These continuing leaks made it necessary to add brine at the start of every charge cycle. 

Over the four-month trial period, 46 gal of brine were added to make up for leakage. Some 

of the leaking brine ran off the tank exterior and some was caught with a series of tubes and 

beakers. However, most of the leaking brine fell down into the Transphase; tank and floated 

on top of the eutectic mixture, where it was visible as a greenish coating. If this unit had 

been installed in an underground location, the leakirng brine would eventually have caused 

the caustic material in the tank to overflow, as was observed at ahe test facility during the 

final tests. A redesign of the header connections an a rigorous qualily control program to 

eliminate these leaks should he implemented. 

The Transphase heat exchanger tubing is arranged in a large number of coils around 

a horizontal axis. This creates a large number of high points where air bubbles can become 

trapped and are impossible to vent. It becomes necessary to circulate the brine for extended 

periods of time to purge the system of air. It is particularly easy to trap air in the heat 

exchanger tubing in the process of initially filling the Transphase heat exchanger with brine. 

If a low volume brine transfer pump is used, the coils can become air-locked. A high 

volume pump is therefore required for this initial fill. 

With mixtures there is the potential for phase separation of the compornents, 

especially when freezing or melting on surface heat exchangers. As a result, the 

temperatures throughout the tank will not be uniforni at each time step. Because of this, 

there is the potential for chemical nonuniformities developing in the tank SO there may be 

a gradual loss in storage capacity. This loss in capacity would probably not be noticed in 

short-term thermal tests but would be noticeable in actual installations as cycling proceeds. 

Therefore, the mixture was sampled at several points during the testing process to study this 
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effect. Laboratory analysis of the composition of these samples indicates that there may be 

a long term concern. Figure 3 shows the measured caustic concentration for a number of 

samples. The first sample was taken after the initial fill, before the caustic was ever frozen, 

and tested at 45.86% caustic. The caustic supplier tested the material at 46.66%. The 

supplier was diluting the caustic from a standard 50% strength in a large tank and the 

amount of mixing done before their sample was taken is unknown. Samples taken at a 

single point, 10 in. below the sur€ace of the caustic in the tank, over a one month period 

(over four freeze and melt cycles) decreased from 45.66% to 45.23%. A stronger indication 

of a separation effect is found in a sample removed from the bottom of the tank five months 

after the initid fill. This bottom sample tested at 50.2 wt.% caustic, a significant increase 

in concentration. 

The stratification and changes in concentration could be due to the partial separation 

of the two solid phases that are in equilibrium when the NaOH-H,O drops below its eutectic 
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point of 41'F for the no inal 47% concentration. Figure 4, an NaOIS/H,Q phase diagram 

taken from Ref. 4, shows that these solid phases consist of NaOlI.34iH,O and NaOH.2Hz0. 

If a portion of the denser crystals (NaOH.2H20) settle out during each freex cycle, the 

NaOH concentration at the bottom of the tank will gradually increase. Such a stratification 

will eventually affect the freezing point of the mixture. A slight drop (-1°F) in the NaOH 

freezing temperature was seen in IS'I'F tests from May 22 to June 26 and is shown in Fig. 5 ,  

The temperatures shown in Fig. 5 were taken -21 in. below the surface of the caustic, 

approximately 1/3 of the way from one end of die tank.. This figure shows the NaOH 

temperature as it recovers from the initial sub-cosling and reaches a relatively stable 

plateau. Each of the tests shown in Fig. 5 began from the ftilly melted state. It is not 

knswii whether this change in freezing temperature is due to a change in the caustic 

concentration or to the small amsunt of brine spilled into the system. 

The effect of the spilled glycol on this caustic matification is unknown. IJndcr 

proper operating conditions, there would be no glycol within the caustic mixture. However, 

a surface sample taken soon after the first leaks were noticed showed a glycol concentration 

of 1.6 wt.% (M.5 wt. 5%) and a reduced caustic concentration of 40.96 wt.%. It's not clear 

to what extent the glycol pemeated the caustic mixture. The glycol specific gravity was 

much lower than that of the caustic mixture, and the. glycol would therefore be cxpectced eo 

float, considering the much higher viscosity of the caustic mixture and the absence of any 

physical mixing device. Indeed, the series of samples taken 10 in. below the surface 

showed only very small amounts when tested for glycol, registering from 0.2 wt.% (M.2) 

to 0.3 wt.% (kO.3). Another factor to be considered is the presence sf  a nucleating agent 

within the tank. Although this agene i s  supposed to be physically restrained from mixing 

with the caustic, the initial sample taken near the top of the tank showed Orace amounts of 

26 ppm. A final sample taken from the bottom of the tank showed a much higher 

concentration of 100 ppm. 

As currently designed, the Transphase system has a drain plug on the 

cylindrical storage tank. Although draining the caustic would not be a part of nomid 

operation, it could become necessary for heat exchanger repairs. This bottom drain was 

found to be unusable at the end of the ISTF tests and it was necessary to pump the caustic 
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out from the top of the tank. One caustic reference source indicates that caustic should 

always be removed from a small distance above the bottom of any storage tank to avoid a 

sludge made up of s ~ o w ~ y  accumulating settled solid impurities.' For the 

be usable, it should be redesigned to include a short length of pipe extending into t 

storage tank. The drain could also be relocated to the end wall of the tank, again placed 

a short distance above the bottom of the tank. 

The Transphase tank is 110t equipped with any kind of thermal storage inventory 

meter. This makes it difficult to assure a full tank of solid phase change material (PCM) 

is available at the start of the discharge cycle. This problem was most noticeable after a 

series of partial charge/&scharge cycles. The only indication of charge available is the 

brine temperature during the charge cycle. As will be described later in this report, this 

temprattare shows a nnarked drop as the tank approaches the fully charged state. However, 

we found that i t  is this tempemeurc drop and not any particular brine temperature, that must 
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be used to judge whether the tank is fully charged. 

experimental conditions with variable charge rates and variable brine flow rates. 

This is especially true under 

5.2 CHARGING PERFORMANCE 

WhGn designitg a thermal storage sj-xern fdr a given application, the heat rbjectian 

temperature, storage capacity, and time available for charging are usually known! This 

establishes the average capacity needed during the chaging cycle. The ability of a storage 

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 were made to measure the Transphase charging performance. These tests are 

summarized in Tables 2 and 3. 

Table 2. Transphase charge test conditions 

Brine 
temperature 

Compressor Condensing Brine change in 
Test Initial loading Circuits temperature flow rate ice tank? 
ID condition (hpl%) in use CF) b m )  (OF) 

0425 Melted 40150 9 95 87 3.9 

0508 Melted 40i75 9 90 71 8 .O 

0522 Melted 40/100 7 95 94 6.3 

0528 Melted 401100 9 95 49 10.6 

0530 Some solid 40i75 8 94 77 6.6 

0606 Somesolid 40/100 7 91 91 5.2 

FCM 

FCM 

061 1 Melted 75/100 7 99 91 8.7 

0618 Melted 751100 8 80 99 9.7 

0620 Melted 75/100 and 8 100 98 9.0 

0626 Melted 75/75 8 94 108 7.3 

40/75 

a Measurement accuracy of 3.2'F. 
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Table 2 shows initial test conditions including whether or not solid PCiM was present 

at the start of the charge test and how many circuits were in use (as discussed in the 

previous section, some circuits were closed to reduce the mount  of brine leakage into the 

storage tank). By comparing tests made with the same pump settings, the effect of closed 

circuits on total charging capacity can be estimated. The brine flow rate dropped from 87 

to 77 gpm between tests 0425 and 0530 when the number of circuits changed from 9 to 8. 

This should cause a capacity derating of -18%. Tests 0522, 0606, 0611, 0618, 0620, and 

0626 were also made with comparable pump settings. This group of tests show that 

reducing the number of circuits further from 8 to 7 &ops the brine flow rate, and therefmc 

the capacity, by approximately another 8%. The brine temperature change in the storage 

tank ranged from a low of 4'F to a high of almost 1 1'F. With a calibrated RTD accuracy 

Table 3. Transphase charge test summary 

Average Brine temprathahe 
Average chiller b0 @Ak 

._." Test charging capacity Total 
Test duration rate. - pump ha;aa" charge' Average Minimum 

___1_ 

("e 
8425 25.8' 13.6 13.8 355 37.0 32.8 

0508 12.7' 22.8 23.1 287 29.9 23.6 

0522 10.4 23.5 23.6 244 32.0 28.7 

0528 3.1 20.9 21.5 46 31.2 26.1 

0530 18.8' 20.7 21.2 392 32.5 24-8 

OgQg 14.3 19.3 19.6 279 30.8 23.4 

061 1 8.7" 32.0 32.4 280 28.7 19.8 

0618 I .2 38.1 38.7 276 27.2 20.6 

0620 8.4 35.5 35.9 30 1 28.1 18.8 

0626 10.3" 29.0 29.4 305 31.4 25.7 

-. 
ID (hb (ton) (ton) (tQR-h) rn - _... 

* From brine flow rate and teinpermre change in stora 
From brine flow rate and temperature change in the chiller/evaporator minus the pump 
energy. 
Long tests were intempted and took place over two or more days. 
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of &0.2OF, the capacity calculations should show a high degree of accuracy. This is shown 

by comparing the average capacity measured at the storage tank to the average measured 

at the chiller (minus the pump energy) as was discussed in Sect. 4.2.1. As Table 3 shows, 

these values match within +2% for every test except the 3-h long test 0528, which matched 

within 3%. Over all these charge tests, the agreement averages 99%. A comparison was 

also made between the refrigerant and brine sides of the chiller/evaporator. All the tests 

before 0611 showed agreement within +I%. Tests 0611 to 0626 showed differences 

between 3 to 10%. This is most likely attributable to some drift in a refrigerant monitor, 

either flow or temperature. These refrigerant values, especially flow rates, are much more 

difficult to measure than their brine counterparts. Also, if these later errors were due to a 

brine measurement error, it would have shown up when comparing the redundant 

temperature and flow measurement points throughout the loop. 

The total charge shown on Table 3 is the product of the average charging rate and 

the test duration, therefore showing the total amount of cooling provided to the storage tank 

by the chilled brine flow. However, due to significant jacket losses, this does not represent 

the total amount of cool storage that might have been available for discharge if the ti& had 

been insulated. The difference between the amount of cooling stored and the amount 

available during discharge is greatest for those tests made at very low charging rates over 

a period of several days. This is discussed further in Sect. 5.3. 

Compressor capacity depends on suction and discharge pressures and temperatures. 

When charging an ice-on-coil storage tank, the suction temperature gradually drops as the 

water in the tank becomes colder and solid ice builds up on the coils. The lower suction 

temperature leads to a reduced refrigeration capacity. (The Transphase eutectic reduces this 

penalty by raising the freezing temperature of the storage medium.) The temperature profile 

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

characteristic of the storage system. Figure 6 shows this temperature profile for two freeze 

tests, both of which started from a fully melted state. The brine inlet and intern 

temperatures (measured 21 in. below the eutectic surface) are plotted against the tank’s 

cumulative charge based on the brine flow rate and temperature change. The second test 

shown, 0618, was run at a higher capacity of 38 tons and shows a corres 
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Fig. 6. Two charge tests starting from fully-melted state. 

brine inlet temperature (the brine flow rate was nearly the same for these two tests), Both 

tests show the characteristic brine inlet temperature profile for a fully melted tank. The 

temperature drops nearly linearly until nucleation occurs after a perid of subcooling, seen 

also in the internal tank temperature proflle. The inlet temperature then recovers and begins 

to increase as the heat transfer surface area expands as solid PCM forms on the tubes. After 

the solid PCM thickness reaches a certain point, however, the additional heat transfer 

resistance causes the brine inlet temperature to again drop. 

The difference between charging from a fully melted tank arid a partially frozen tank 

can be seen most clearly in Fig. 7. This figure shows two tests run at very ne 

capacity (20 to 23 tons) and brine flow rates (70 to 77 gprn). The first test, with test D 
number 0508, began with a fully melted tank, Neglecting the discontinuities due to a test 

interruption, this profile is similar to in shape to those shown in Fig. 6. Test 0530 began 

with some solid PCM present in the storage tank, and shows a very different profile. The 

subcooling is very nearly eliminated for this case and both the brine inlet and internal 
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NaOH temperatures are very nearly constant throughout the test. The Transphase design 

includes a nucleating agent to reduce the subcooling. Indeed, another NaOH/H20 phase 

diagram shows a subcooling curve for this concentration that drops to -26"F, much lower 

than any internal tank temperatures measured during the tests? 

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

on the storage tank. At any given time, the capacity is the product of the brine mass flow 

sate and the brine temperature change in the storage tank. Figure 2 showed that the brine 

flow rate drops somewhat (for a constant pump setting) as the brine temperature drops. 

Figure 8 shows that the difference between the brine inlet and outlet also decreases slightly 

as the solid PCM builds up within the storage tank, even though the internal. tank 

temperature remains constant. These factors combine to produce the capacity curves shown 

in Fig. 9. Overall, the capacity remains relatively steady throughout most of the charge 

cycle. This is most visible €or those tests run at the higher rates, greater than 35 ton. Tests 
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in the 25 ton range show the inore traditional cumature, expected as solid PCM begins to 

form and grows ever thicker on the tubular hcar exchanger surface. Those tests that began 

from the partially frozen state show less variation in the early stages of the tests compared 

to those that began in the fully melted state. All tests at rates grcater than 20 ton show the 

expected decrease in capacity near the end of thc test, as the tank beco es fully charged. 

e test was mn at a very slow rate of about 15 ton. This test never showed any 

decrease in charging rate, even though the t a t  extended over a 4-day peaid, Later 

calculations estimated that the jacket heat gains for the uninsulated tank were very large and 

that this test probably never reached the fully charged state. 

The bkne flow rate is also an important parameter in determining the brine inlet 

temperature. Figure 10 shows the variation in b i n e  inlet temperature for rests with the 

approximate charging rate of 21-23 tons and bri~ie flows that vary from 50 to 93 gpm. All 

of these tests began with a fully melted tank. The I S F  evaporator froze at the lowesr flow 
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rate and that test had to be stopped before nucleation began in the storage tmk. Figure 10 

also shows the mean brine temperature in the storage tank, Le. the average of the brine inlet 

and outlet temperatures. The difference between the brine inlet temperatures for the high 

md low flow tests is gTeater than the difference between the average brine tern 

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. 

5.3 DISCHARGE PERFORMANCE 

The IS'TF simulates a building load with a resistance heater. This portion of the test 

loop was designed to model a constant load while maintaining constant inlet and outlet 

temperatures to the load. This is accomplished by recirculating a 

the heater outlet to the heater inlet, bypassing the storage tank, as is ~~~~~ in 
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Fig. 10. Brine inlet and average temperatures for tests with charging sates from 
21 to 23 ton. 

During the course of the discharge test, the brine temperature leaving the storage tank 

gradually rises and this recirculation steadily decreases until the brine exiting the storage 

tank is at the desired heater inlet temperature. After that tine, the desired heater outlet 

temperature is maintained by increasing the brine flow through the heater/storage 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. Also, tests were made with a 

caristant flow through the storage tank to investigate whether this would increase the 

available em1 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. Also, one test was made with a constant brine flow and a variable discharge 

rate, maintaining the heater outlet (storage tank inlet) temperature below a selected 

maximurn value. All the discharge tests am summarized in Table 4. 



Table 4. Transphase discharge test summary 

Average Cumulative discharge Average flow to temperature 
Average Average Cumulative Average 

temperature 

Test duration ofopen Control rate energy 5 50°F power tank storage tank storage tank 

0506 5.8 8 Constant 32.7 lWC 86' 3.0 88 53.7 62.8 

Test Number discharge discharge energyb pump storage leaving into 

ID (h) circuits strategy* (ton) (T-h) (T-h) 0 (urn) ("F) ("n 

flow 

0523 5.2 7 60°F in . 35.1 185 NA 1.8 59 44.8 60.1 

0604 6.2 8 Constant 35.4 223 218 4.9 107 44.6 52.8 
flow 

0610 7 .O 7 60°F in 27.9 185d 1.5 53 46.0 59.6 

9614 6.7 9-8" Constant 34.2 23 1 228 4.0 100 44.4 52.9 

0619 11.6 8 60°F in 21.9 254 2 19 1 .o 44 46.8 60.0 

flow 

0625 10.8 8 Variable 27.0 292 229 4.3 102 48.6 55.2 
power 

0627 11.1 8 Constant 21.9 249 215 4.9 105 45.1 50.3 
flow 

' 'Constant flow' tests maintained a constant brine flow rate to the storage tank. '60°F in' tests used the heater bypass to maintain a constant temperature 
of 60°F entering the ice tank. 
Discharge energy produced with a storage tank outlet temperature -< 50°F. 
Five days elapsed between end of charge and start of discharge test. Initial storage capacity diminished by substantial tank wall heat gains over this 
period. 

Iv 
U 

Two days elapsed between end of charge and start of discharge test. 

One circuit was closed during the test. 



28 

As mentioned in Sect. 4.3, the discharge capacity was measured at both the heater 

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

measurement at the storage tank because of heat added to the brine by the circulation 

pumps. Therefore, the total discharge energy measured at the storage tank was compared 

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

matched within 3% for all the tests, gooti agreement considerin that the flow meters and 

temperature measurements are completely inde endent. All capacity data presented in this 

section are based on the temperature difference and brine, flow rate at the storage tank. 

The heat transfer resistance between the brine flowing through the storage tank and 

the frozen NaOH consisks of three components: the convective heat transfer at the inner 

wall of the heat exchanger tubing, the conduction through the thickness of the tube wall, 

and the conduction through the melte NaOH surrounding the tube. The second tenn is 

constant and the largest of the t!iree, 'The convective transfer at the inner wall of the tube 

varies with the brine flow rate. At the rates tested at the ISTF, from -50 to 100 gpm, the 

flow is in the transition region betweeai laminar and turbulent flow. For this reason, thc 

convective heat transfer cmfficient is not precisely defined, but will range from 5 PO 30% 

of the constant resistarm posed by the hibe wall thickness. This convective resislancc is 

a C O E S I ~ ~  value for thosc alischwge tests m i  at a constaiit brine flow rate but will gradually 

dccrezse for thosr, tests with controlled heater inlet md outlet temperatures as thc brine flow 

raic to the tank increases n e x  the end of the discharge cycle, The maximur~~ decrease in 

thc conveciive heat resistance would occur when the flaw changes from laminar to turbident 

and would then account for a ~naximum decrease of 15% in thc temperature difference 

between the brine and the solid NaQH. 'I'he resistance due to the melted NaOH surrounding 

the tube will incrcase throughout the discharge cycle, rising IS a level alrrnclst equal to that 

sf the tube wall thickness near thc end of the discharge. This growing resistance can be 

seen in Figs. 11 and 12, where the frozen NaQHH supply maintains a nearly constant 

temperature but the bkne temperature leaving the tank rises at the end of the disclaxge 

cycle. l 'he  shape of the brine temperature curves is related to the Bogaritlmic growth (due 
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Fig. 11. Brine temperature at storage tank outlet during melt tests. 

to the cylincbical geometry) s f  this liquid heat transfer resistance, ~ u ~ ~ i n ~ ~ i ~ g  in a 50% 

increase in the temperature difference between the brine and the frozen Na 

Figure 11 shows the discharge temperature profiles vs the  at^^^ $is& 

energy for id1 the discharge tests listed in 'Fable 4, '&is figure 

olds a relatively constant value t ~ r ~ u ~ h ~ u t  much of the disc 

(??ne one test showing much higher temperatures is discussed later in this section.) T 

increase in temperature near the end of each test sigrials the en 

storage. Figure 12 shows the temperature measured within the NaOH, at a p i n t  about 21 

in. below the surface and ~ ~ t ~ e ~ n  two sections of heat exchanger tubes. Ex 

these two figures shows that total lateiat storage and total available latent sewage are 

different quantities depending on the maximum uscable brine outlet ~ e ~ ~ ~ r ~ ~ ~ ~ .  The 

temperature is relatively constant, indicating that a significant portion of the NaOit-1 

is still frozen for -50 T-h after the tank outlet temperature has begun to rise rapidly. 
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The dependence of storage capacity on brine outlet temperature is shown in Table 

4, by comparing the cumulative discharge energy throughout each test to the cuniulative 

discharge energy available at outlet temperaturcs < 50°F. For other cool storage units, we 

have correlated the total available energy with the discharge parameters of acceptable outlet 

temperature, discharge rate, OT inlet temperature. However, for the Transphase unit, the 

tions for each test were not always comparable because the shell heat gains were 

very large and because there was no way to measure the latent storage inventory. 

Therefore, slight differences in charging conditions or in the amount of elapsed time 

between the charge and discharge cycle had an important effect on the total amount of 

available storage. The best example of this initial variability is shown by the one test in 

Fig. 11 that started with initial temperatures greater than 45°F and a sharply rising 

temperature, This test represents a case where the tank was not fully charged at the 

beginning of the discharge test. Although these constraints prevent a meaningful prediction 

of total available capacity, the data can still be used to estimate the sensitivity of the 
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available capacity to the acceptable outlet temperature and discharge rate. This analysis 

showed, with high confidence levels, that -12 additional T-h are available for each increase 

of 1°F in the acceptable outlet temperature. Also, the capacity is increased by -10 T-h for 

each increase of 1 h in the discharge time, i.e. a decrease in the discharge rate increases the 

total available stored energy. 

Figures 13 and 14 show 4 tests made with constant discharge capacities of 21 or 35 

tons. Figure 13 displays the difference in control strategies among the tests. Two tests 

were made with constant brine flow rates to the storage tank with no attempt to control the 

temperatures anywhere in the loop. The other two tests used the bypass control shown in 

Fig. 1 to maintain the heater inlet temperature at 45°F; and the heater outlet temperature at 

60°F. After the brine temperature leaving the tank exceeded 45'F, these two tests were 

continued until the heater outlet temperature of 60°F could no longer be maintained. Figure 

14 shows the temperature profiles of the brine leaving the storage tank for these same four 

ORNL-DWG 93-1 1 9 0 6  
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Fig. 13. Brine flow rates for two different control strategies during melt tests. 
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Fig. 14. Storage tank outlet temperature for two different control strategies 
during melt tests. 

tests. As expected, the higher brim flow rates produce lower brine temperatures for 

comparable discharge rates because the product of the brine mass flow am! temperature 

change must be the same (see Eq. 7). ‘lhose tests with tcmpemture controls (OS23 and 

061!?), and thcrcfoi-e gowing brine: flow rates, shnw a markedly differmt temperature profile 

than h3ose for the constant brine flow rate tests (0604 and 0627). As discussed earlier3 with 

a constant brine flow rate; the temperature of the brine leaving the tank will only vary with 

the lc~~garithrnic growth of tile fluid resistance surrounding the heat exchanger tubes. 

“Tinerefore tests 0604 and 0627 show an initially flatter profile with a sharply increasing 

tempcracure near ehc cnd of rke test. However, with variable b ~ n e :  flow, the convective heat 

transfer within the tuthe i s  increasing as the heat transfer through the melted NaOH is 

decreasing, producing the more linear temperature profjle shown for tests 0523 and 0619. 

Another test was made to cmmirtc the reduction in capacity that would occur for a 

discharge in which the tank ink:  (or hcater otatleb) temperature was held constant. The 
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discharge rate was held constant at 35 tons (the maximum available at the ISW) until the 

heater outlet temperature exceeded 60°F, after which the heater power was reduced as 

necessary to maintain this temperature. Figure 15 shows the storage tank outlet temperature, 

the internal NaOH temperature, and the discharge rate for this test. The drop off in 

However9 the internal tank 

e presence of 

remaining latent storage. Again, the gowing volume of melted NaOH provides quickly 

growing heat transfer resistance near the end of the discharge cycle, limiting the ~ v ~ i ~ a b ~ ~ ~ t y  

of the stored energy. 

scharge rate after 7 h, or -250 T-h was quite sharp, 

erature remains almost coristant throughout the test, indicating 

Three tests were made under b e  same control srrategy (4YF into the heater 

t of the heater) at three ifferenn discharge rates of 35, 28, an 21 tms, 713-ie storage 

tank outlet temperatures for these tests are alm ow^^ in Figs. 16 and 17. Figure 16 s~~~~~ that 

ORNL.-DWG 93-6 1908 

.-- 
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TESTID RATE I ..... ~ 0523 (twd 
0 6 1  0 
0619 

- - - - - - - 
............... 

I 
I 

.......... - ........ - .......... , 

0 1 2 3 4 5 6 7 8 9 10 11 12 
TIME (h) 

Fig. 16. Storage tank outlet temperatures for controlled tank inlet temperature 
of G O O F  with constant rllischaxge rates. 

the slower discharge rate provides slightly lower outlet temperatures, as expected, for a 

of time. However, when these same temperature profiles are plotted against 

the cumulative discharge energy in Fig. 17, they are very nearrly identical. It may be 

possible, therefore, to characterize the tank’s inventory as a function of brine outlet 

temperature for a given tank inlet temperature. 

Power requirements during discharge include brine pumping power. The pumping 

power varies with the brine flow rate and ranged from 1 to 5 kW. This accounted for an 

approximate heat input to the brine of between 2 to 13 T-h over the course of the discharge 

cycle, assuming that all the pump power is converted to heat in the brine. Those tests made 

with a constant brine flow rate used from 2 to 3 times as much pumping power as those 

made with controlled temperatures at the heater inlet and outlet. 
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0523 35 
061 0 28 
061 9 21 

- - - - - - - 
.............__ 

0 50 100 150 200 250 300 
CUMULATIVE STORAGE (ton-h) 

Fig. 17. Storage tank outlet temperatures for controlled tank inlet temperature 
of 60°F with constant discharge rates. 

5.4 STANDBY HEAT GAINS 

The Transphase prototype unit was not insulated, although the double wall 

construction provided a small amount of heat transfer resistance. Anytime the tank contents 

were cold, there was visible condensation on the outer plastic wall, usually running and 

dripping down the side of'the tank. At one point, so much condensation had accumulated 

in the dike surrounding the tank that i t  was necessary to add chlorine to this diked area to 

inhibit the growth of odoriferous water creatures. The ambient temperature in the test area 

remained between 65 and 85'F, the humidity was usually high, and there was no direct 

sunlight upon the tank. 

Without an inventory meter, it was not possible to directly measure the jacket heat 

gains. However, an estimate was made using the well defined parameters of tank surface 

area, surface temperature, and ambient temperature. The appropriate convective heat 
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transfer coefficient, for condensation under natural convection conditions, is not as easy to 

pin down. Various handbooks recommend values ranging from 0.59 to 1.65 Btu/h-ft2-"F, 

giving heat gain rates from 0.7 to 3 tons?*8 These produce daily heat gain estimates ranging 

from 18 to 40 T-h/day, for a tank it1 a cold (-40OF) state. One charge test, 0425, was pun 

at a very slow satc of about 15 ton. This test never sh wed any decrease in charging ratee, 

even though the test extew d over a 4-day period and the refrigeration system removed 

-355 T-h of heat from the tank (see Fig. 9). This steady charging rate indicates that the 

tank was never ifidly charged. Since most charge tests showed some decrease in charging 

rate at -200 T-h, one could estimate that at least 150 T-h of heat had been added to the 

storage tank through thc shell. The shell heat gain rate would then be at least -48 T-Wday 

and esuld be greatcr. If the shell heat gains wcurred at a rate of 70 T-Mday, it would have 

taken about 6 days to fully chaige the system (with a charging cycle of 15 h/day at a rate 

of 15 ton) before any decrease in the cooling capacity would have been visible, 
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6. CONCLUSIONS AND RECOMMENDATIONS 

The cool storage unit tested was Transphase, Inc.'s first full scale prototype of a new 

design based on a 41°F eutectic. The design is comprised of a horizontal cylinder filled 

with eutectic material and containing an internal plastic heat exchanger used to circulate a 

brine mixture through the storage medium. This prototype was tested to determine both its 

thermal and operational characteristics. During the ISTF tests, the thermal behavior was 

measured and met reasonable expectations. The eutectic froze and melted very near the 

predicted temperature of 41"F, with only a small amount of subcooling whew freezing from 

a fully-melted state. Compared to available subcoding curves for this material, the 

uced this unwanted p ~ e n ~ ~ e n o n *  A ~ t ~ o u ~ ~  the lack of insulation makes any 

quantitative determination of total storage capacity imprecise, the unit was able to provide 

-250 %-h of cooling under a variety of test conditions. 

The prototype unit exhibited several operational problems that should be eliminated 

from future models. First, the heat exchanger construction should be made leak-free. 

Second, some means of removing the air from the heat exchanger coils shoul 

i ~ ~ ~ e m e ~ $ e d ,  perhaps y reorienting the coils or the tank to permit the necessary venting. 

Third, future development efforts should include some form of inventory measurement. 

Fourth, the bottom drain plug should be removed from the tank design to improve 

overall safety. Future ins tallations should be insulated. 

One of the most important issues in this proloeype test was that of eutecric stability. 

This issue warrants further study. Although ehe trends toward stratification noted in this 

work are slight, they were measurable and woul Snnpact the lon & e m d  qualities of 

the eutectic. ~ ~ ~ o r t ~ i ~ a t e ~ ~ ,  the c o n ~ o u n ~ i ~ g  effect of the brine leakage into the storage tank 

can't be separated from the stratification effects under observation, leaving this issue o 
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Appendix A 

ISTF INSTRUMENTATION 

A.l DATA ACQUISITION AND CONTROL 

A data acquisition system and computer are used to control the thermal loading rate, the 

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

condensation temperature and to collect the data from system instrumentation. The 

computer allows short sampling times of the instrumentation to provide data for detailed 

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

acquisitionhomputer system, are available for compressor loading, booster pump operation, 

and auxiliary portions of the test facility. 

A.2 TEMPERATURE MEASUREMENTS 

Refrigerant temperature measurements are made by RTDs bonded to the outside of the 

copper pipes. These RTDs were calibrated by the manufacturer to 0.3"F. After installation, 

the recorded refrigerant temperatures were compared to the expected thermodynamic states 

for the corresponding pressure measurements. Water and brine temperature measurements 

are made by RTDs inserted into the PVC pipes. These RTDs are calibrated to HI.2'F and 

are checked against an ice bath periodically. The RTDs were also checked against each 

other under conditions where an unloaded heat exchanger, for example, would be expected 

to show the same inlet and outlet temperature. 

A.3 FLOW MEASUREMENTS 

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

waterbrine flow to the heater, the waterbrine flow to the storage tank, and the gaseous 

refrigerant flow to the condenser. The vortex-shedding refrigerant flowmeter imposes a 

pressure drop of -0.5 psia. These flowmeters are accurate to m.88 of the reading for 

liquid flows and +1.5% of the reading for gaseous flows. The flowmeters used to measure 
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water and brine volumetric flow were checked after installation by running water through 

the lines into a 55-gal. $rum placed on a scale. 

The Coriolis mass flowmeters used to measure liquid refigersmt mass flows to the low- 

pressure receiver, the storage tank, and the thermal expansion valves were calibrated by the 

manufacturer to 3 . 4 %  of full scale, which is IO00 lb/min. A sight glass is positioned to 

provide a visual confirmation of single-phase flow ~ Q W ~ S ~ . E ~ I I I  of the meter, These Coriolis 

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

the refrigerant system. PLowever, the volumetric Row through one of the vortex-shedding 

e ter~  can be compared eo the mass Row through one of these Coxidis meters, Also, 

energy bdmces on the condenser, low-pressure receiver, chille~/evaporato~-, and storage tank 

can he used to assess the continued accumcy of these devices. 

A.4 PRESSURE MEASUREME 

Refrigerant pressure measaircments are ma& with pressure ~msducess to allow the 

clcctmnis recording of the values. 'The accuracy of these izbsdutc pressure readings is rated 

at I-Q9,11% of full scale. HOVJCYC~, the calibration ceitificates supplied with each eiransdiicer 

show ~ccusacacies of N.W4% or better. Also, the tmisdsjcer calibration was reclaccked after 

installafm and peridically thereafter t~sing 1aboratrx-y calibration equipment The pressure 

transducers located in  PIE high-pressure pertion of the imp, that is, between the compressor 

discharge: and the txpansion valve, are rated foi 9 to 500 psia. A!l cthers m rated for 0 

to 250 p i a  During testing, the, pxssure f i ~ ~ ~ s t i i e ~ e ~ ~ t s  are. periodically compared 10 other 

m e ~ s % j ~ ; ~ ~ , e ~ t s  k i t h  thc I m p  and to the expected re€rigermi propcrtirs. 

A differcwdal pressure. meter can Sc used w rneasim she change in tank water depth 

during chai-ging. The tineter measures from 0 to 10 in. of water with an accuracy of 33% 

of full rmge output (i.e.> 2-0.05 in. of water). 'This iilswmeiit was not ~,ised during thr: 

Transphase tests. 
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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 cornpressor power (1/2 hp), md 

heater power (0 to 135 kW) are measured by watt/watt-hour transducers. The watt-hour 

measurements are accurate to 30.2% of the reading + 0.01% of the rated o ~ t p ~ t ~ ~ ( ~ w ~ r  

factor)]. The w ~ t t - h ~ ~ r  meters for the compressors were checked by measuring the voltage 

and current on each of t h e  phases, The watt-hour meter for the heater was checked by 

, ~ o ~ ~ ~ s ~ n  to the heat absorbed by the water as ~ ~ a ~ ~ r ~ ~  by the flow and ~~~~~t~~ 

change. The accuracy of this heater’s watt-hour meter is r because of the 

>, or phase-angle power con 

heater power. Heater energy use ~~~~~~~~~~~~~ are therefore base 

and t e m p e ~ a t u ~  change, though the power ~ ~ ~ s ~ ~ ~ ~ i o ~  i s  ~crprded as 
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