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Development of a Prototype of an Ice Thermal
Energy Storage with Direct Contact Evaporator
T. Kiatsiriroat

Department of Mechanical Engineering, Chiang Mzi University

Abstract

In this research, an ice thermal energy storage with direct contact
evaporator was built and has been studied by applying to an office located in Chiang
Mai University, Chiang Mai, Thailand. The system consists of two cycles, basic
chilled water cycle and ice storage cycle. From the collected experimental data, the
mathematical models for main components composing of compressor, condenser,
expansion valve, water chiller and direct contact evaporator are developed and the
system simulation is created. Evidently from the results, the simulation agrees well
with the experiment with 5% error.

The simulation shows the suitable conditions for operating the system at
0.06-0.08 kg/s of the refrigerant mass flow rate with full compressor speed for chilled
water cycle and at 0.08-0.09 kg/s of the refrigerant mass flow rate at compressor speed
of 6.5 1ps. for ice storage cycle. The coefficient of performance (COP) of both cycles
on these conditions is approximately 3.1.

The simulation also indicates that the partial storage design system that
consists of 3.5 kW of chilled water system capacity and 14 kW of ice storage system
capacity is the best combination. Under this appropriate operating condition, the
system can shift 39.2% of peak electricity demand from on-peak to off-peak period.

Therefore, 32% of electricity charge are saved comparing to those of the conventional

system.

Keywords: Ice thermal energy storage system, direct contact heat transfer,

mathematical model, system simulation



Executive Summary

A prototype of an air-conditioner with an ice thermal energy storage

(ITES) has been designed and used to support the cooling load requirement

about (18 kW max) of a selected office in Chiang Mai University. The unit

consists of two main cycles, the chilled water cycle and the ITES cycle. The

characteristics of the components for the chilled water cycle and the ITES cycle

are as follows.

Characteristic of the components in the chilled water cycle.

Component Characteristic
" | Compressor Semi-hermetic reciprocating compressor for 5 TR air-conditioning
system
Condenser

Shell and tube water cooled condenser for 5 TR air-conditioning

system

Expansion valve

Manual control expansion valve for S TR air-conditioning system

Chiller Shell and tube, water chiller for 5 TR air-conditioning system
Chilled water pump Max. head: 40 m., Qwmax. 40 L/min.0.37 kW

Filter dryer Shell type for 5 TR air-conditioning system

Receiver

Liquid receiver for use with R12 for 5 TR air-conditioning system

Fan-coil unit

18 kW.

Characteristic of the components in the ice storage cycle.

Component Characteristic
Compressor Reciprocating compressor; open type for 2 TR air-conditioning
system
Motor Three phase induction motor, 5 HP, 4 Poles
Inverter For use with 5 HP motor
Condenser

Air cool condenser, 7 kW

Expansion valve

Manual control expansion valve for 2 TR air-conditioning system

Direct contact evaporator

1000 liters. Steel cylinder tank

Accumulator

R12 accumulator for 2 TR air-conditioning system
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Filter Dryer Dryer for 7TR refrigeration system, steel take apart, shell type

Qil separator For use with R12, for 2 TR air-conditioning system

Receiver R12 liquid receiver, max. pressure 3.445 kPa., for 2 TR air-
conditioning system

A direct contact evaporator-ice storage tank is used in the ITES cycle
which is designed as a partial storage types. At the evaporator, R12 is injected
into the water and ice could be generated in the tank. The R12 vapor leaves the
tank to the compressor — evaporator part of the cycle.

The chilled water cycle is designed to supply the base load of the office.
The cooled water from the chiller is fed through the fan-coil unit to extract heat
from the space and turns back to the chiller. If the cooling load required is too
high than the set limit the chilled water from the fan coil will pass through the
ice storage tank to lower the water temperature before returning back to the
chiller.

The mathematical models of all the main components of the chilled
water cycle and the ITES cycle are developed and the system simulation is
performed to find out the suitable operation of both cycies.

The simulation shows that the refrigerant mass flow rate with full
compressor speed for chilled water cycle should be 0.06 — 0.08 kg/s and that for
the ITES cycle should be 0.08 - 0.09 kg/s at the compressor speed of 9.5 rps.
The coefficient of each cycle under these conditions is found to be about 3.1.

From the system simulation, it is found that as the cooling load is highly
supported by the ITES, peak energy demand during the on-peak period
decreases significantly. The appropriate size of the storage capacity is about 14
kW. The base chilled water system capacity then is about 3.5 kW. With this
condition, the system can shift 39.2% of peak electricity demand from the on-

peak to the off-peak then 32% of the electric charge could be saved compared

to the stand-alone 18 kW conventional chilled water system.

The total period of the study is 2 years With a total budget of 1,411,200 Baht,
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Al present. high electrical energy consumption is consumed every year
especially during the peak demand period. The electricity demand. for example in
Thailand. is annually increased by 12% [1]. To support the increment. the Electricity
Generating Authority of Thailand (EGAT) has to construct new power plants or buy
electricity from neighboring countries. However, to create a new power plant for
serving the peak demand which occurs in a short duration is not appropnate. A lot of
money. land and available energy resources have to be invested. The demand-side
management policy has been pointed out by charging the consumers high premium
rate for the energy consumed during the peak period and low rate during the off-pcak
hours. Thus. uniform load factor and reduction of the peak demand will be achieved.
In Thailand. EGAT has set two electricity tarifts named Time-of-day (TOD) and
Time-of-use (TOU) rate. Both tariffs are used for the buildings that consumed high
electrical energy during on-peak period. The difference between TOD and TOU rate

is time schedule. The time schedules of TOD and TOU rate are as following.

Table 1.1 Time schedule of electricity tariffs.

Period Time-of-day (TOD) Time-of-use (TOD)
On peak Monday — Sunday 18.30 —21.30 | Monday — Saturday 09.00 — 22.00
Partial peak | Monday - Sunday 08.00 — 18.30 | Monday — Saturday 22.00 — 09.00
Off peak Monday — Sunday 21.30 — 08.00 Sunday 00.00 —24.00

The electricity cost charged by TOD rate consists of demand charge and
energy charge. The demand charge is counted on the average maximum electricity
used in kW over 15 minutes in each month. The energy charge is based on the total
amount of power consumed in kW-hr (unit) during each month. For TOU rate, it
consists of the monthly service charge besides the demand charge and the energy

charge. The examples of the TOD and TOU rates are shown in Tables 1.2 and 1.3
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Table 1.2 Electricity costs (TOD Rate) for commercial building.

Voltage Demand charge (Baht/kW}) Energy charge
1 * 2% 3* (Baht/unit)
> 69 kV 224.30 29.91 0 1.0208
22 -33kV 285.05 58.88 0 1.0582
<22kV 332.71 68.22 0 1.0862

1*  Monday - Sunday 18.30-21.30
2*  Monday — Sunday 08.00 — 18.30 charge only the excess of the peak
3*  Monday — Sunday 21.30-08.00

Table 1.3 Electricity costs (TOU Rate) for commercial building.

Demand Energy Charge Service

Voltage Charge (Baht/unit) Charge
(Baht/kW) (Baht/month}

L* 1* 2% 3*

>115kV 102.80 1.5349 0.6671 0.6062 400.00

69 kV 158.88 1.6292 0.6769 0.6153 400.00

22 -33kV 200.93 1.7736 0.6861 0.6236 850.00

<22 kV 21495 1.8891 0.7283 0.6616 850.00

1*  Monday — Saturday 09.00 — 22.00
2*  Monday — Saturday 22.00 — 09.00
3*  Sunday 00.00 - 24.00

For commercial building, it is found that the main electricity consumption
is mainly caused by air conditioning system. Then, thermal energy storage (TES)
system is one concept that is becoming more attractive to reduce the large peak
demand especially for the commercial buildings which have already employed a
conventional chilled water system. Moreover. the operating cost is consequently
decreased.

Thermal energy storage (TES) is the energy management technique. In the

case of cooling purpose, the system with TES shifts all or part of the electricity
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requirement from the peak period to off-peak hour. The compressor sizing of the
system is designed to meet the average load rather than the peak load. From the
application of the TES. the electricity is used to charge a storage tank when it is
cheapest and then the energy stored in the storage tank is used to cool the building
during the time when the electricity 1s expensive.

TES system are often classified according to the storage medium used, the

storage technology and the model of operation

1.1.1 Thermal storage media classification
The most common storage media for cooling purpose are water, ice
and other phase-change materials. known as eutectic salts. The differences among
these media are the amount of the energy stored per unit volume. the temperatures at

which they store cooling and the physical requirements of storing energy.

(a) Chilled water storage system
Chilled water storage system uses the sensible heat capacity of
water (4.184 kl/kg-K) to store cooling. The chilled water is generally stored at

temperature between 4 and 6 °C.

(b) lce storage system
Ice storage system uses the latent heat of fusion of water (335
kl/kg). The energy is stored in ice at the freezing point of water (0°C). To store this

energy. refrigeration equipment must provide charging fluid at temperature of -9 to
-3°C.

(c) Eutectic salts system

Eutectic salt phase change materials are available in various
formulations to melt and freeze at selected temperatures. The most common
formulation for cool storage applications is a mixture of inorganic salts, water and
nucleating and stabilizing agents. which melts and freezes at 8.3 °C. This temperature

is higher than the supply temperatures of most conventional cooling system, so

operating strategies may be limited.



1.1.2 Storage technology classification
Thermal energy storage technologies in cooling purpose can be

divided into the following categories:

(a) Chilled water storage
Chilled water is stored in tanks, using natural stratification or

other techniques to separate cold water from warm return water.

(b) Ice harvesting
Ice is tormed on an evaporator surface and periodically

released into water filled in storage tank.

{¢) lce-on-coil
- External melt ice-on-coil
Ice is formed on submerged pipes or tubes through which a
refrigerant or secondary coolant is circulated. Cooling is discharged by circulating the
water that surrounds the ice pipes. melting the ice from the outside.
- Internal melt ice-on-coil
lce is formed on submerged pipes or tubes, similar to those of

the external melt system. Cooling is discharge by circulating warm coolant through

the pipes. melting the ice from inside.

{d) Encapsulated ice

Water inside submerged plastic container freezes and thaws as

cold or warm coolant is circulated through the tank holding the containers.

(e) Phase-change materials

A eutectic salt phase-change material freezes and thaws in
response (o circulated cold or warm water. The most common approach has the phase-

change material in submerged containers similar to those in the encapsulated ice
technology.

[P



1.1.3 Operation model classification
Most of the storage installations use one of the three basic operational
models. which are full. partial and demand-limited storage. These models are shown
in Fig. 1.1 along with a conventional cooling system whicl operates during the

occupied hours of the building to satisfy the occupants comfort level.

(a) Full storage

Full storage minimizes the cost of a building by shifting the use of the
energy from on-peak to off-peak hours. In full storage systeni. the size of the chiller
and storage tank are depended on the time-of-use rate schedule of the building. Under
this rate. the primary cooling equipment does not operate during on-peak period so
that the entire cooling requirement for the building is supplied from the storage. Since
the daily cooling load of the building must be met by using the available off-peak

hours for charging of the storage. full storage requires larger storage volume than the

other storage strategies.

(b) Partial storage

With partial storage, the chiller is downsized compared to a
conventional cooling system and runs at steady rate over 24 hours. Compared with a
conventional system. it is observed that, for a given design day, building peak load is
significantly reduced with the use of partial storage strategy. Although the system

operates continuously all day, the storage does not meet peak demand but

supplements the full output of the chiller.

(¢) Demand-limited storage

A demand-limited storage is variation of partial storage such that the
chiller runs during all day except hours of maximum non-cooling demand. This
strategy requires complicated control system, since the peak demand must be met
through the storage. A demand-limited strategy is most applicable to the building with

significant demand charges and short occupancy periods that allows greater storage
charging time.
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At present, the most commonly used of TES system is the ice thermal
energy storage (ITES) system especially ice-on-coil type using water as a storage
medium. A simple schematic circuit diagram for the ice-on-coil thermal energy

storage system is shown in Fig. 1.2.

Fan Coil Unit lce Storage Tank

N |
¥ \ vn\‘ | ~— | ‘
< ( —
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m, . | A
Chilled Vi “ Y m
[ .
Water Tank co ': |
4 : < -
- -Chitler |
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" i
~ < . :
Chilled Water X
Pump e
¥
™
AN
Compressor Condenser

Fig. 1.2 Schematic diagram of building circuit for ice thermal energy storage.

The system consists of 2 cycles, chilled water cycle and ice producing
cycle. During the chilled water producing process, the refrigeration system consisting
of the compressor, the condenser and the expansion valve is operated to run the
refrigerant passing through the chiller to extract heat. Then during the ice producing
process, the same system is operated to produce the ice by bypass the refrigerant from
the chiller to the cooling coil submerged in the storage tank.

As the ice is formed directly on the coils submerged in the water in the
storage tank [3], this system has two main problems, big space for handling the
evaporator coil is needed and high thermal resistance is obtained due to the low
thermal conductivity of the ice when it is formed on the coil [4,5]. During the ice

formation process, as the ice thickness is increased, the rate of heat extraction



decreases. Thus. to overcome these problems, the direct contact heat transfer
technique has been much interest in recent years through its application {6.7].
Direct contact heat transfer is a fundamental process by which heat transfer
OCcurs in nature.
The major advantages of the direct contact heat transfer are
(1) Higlh heat transfer rates associated with intimate mixing of the two
fluids. This 1s mainly due to the very large interfacial surface area in
dispersed particulate systems and to the high level of turbulence
produced by the mixing process.
(2) Much simplified construction and capital cost reduction due to
elimination of the relatively complex tube or plate arrays.
(3) Elimination of metal walls which impose thermal resistance.
(4) The feasibility of using low temperature fluid without introducing the
thermal stress problems that are met in metal wall heat exchangers.
As shown in Fig. 1.3. the storage tank in ITES system acts as the

evaporating unit. There is no cooling coil in the storage tank.

Relrigerant Out

Direct Contacl
Evaparator

0%:0 .
o0t
.

J
]

Relrigeram o

Fig. 1.3 Schematic of direct contact evaporator tank.



The refrigerant is injected through the expansion valve where the pressure
and temperature of the refrigerant decrease. The low temperature refrigerant
exchanges heat with water in the storage tank directly and then leaves the tank and
returns back to the condensing unit. During the refrigerant passes through the water,
the water temperature decreases. The ice is formed.

[ this research work. the study of an ice thermal energy storage with the
direct contact evaporator system for air conditioning system of an office in Chiang

Mai province. Thailand has been carried out.

1.2 Literature Review

"1.2.1 Direct contact heat transfer technique

Subbaiyer et al. [6] showed a simulated result of a refrigeration unit
with a direct contact evaporator. The unit required only 50 — 60 % of electrical energy
consumption per ton of refrigerant compared with a cooling coil ice generator.

Nuntaphan {8] studied the parameters affecting thermal performance
of a direct contact evaporator. It was found that rapid sensible heat cooling of water in
the evaporator was obtained with a high value of Stanton number of the refrigerant.
It's also found that the performance of the system was about 3.4 — 3.6 at the
compressor speed of 8 — 10 rps. and for a refrigerant mass flow rate of 0.04 — 0.06
kg/s.

Kiatsiriroat and Maneechote [9] studied about the ice formation and
melting process in the direct contact evaporator. The researchers injected the low
temperature oil into the water in the tank. It was found that the ice formation
depended on 4 main factors i.e., oil flow rate, oil temperature, number of nozzle, and
water volume in the tank. It’s also found that the ice melting process depends on the

o1l temperature.

Chatakanonda and Na Bangchang [10] studied the performance of a
refrigeration cycle utilizing a direct contact evaporator with R22 refrigerant as a
working fluid. The performance of the system is about 3.5 - 4.0 which is higher than
the conventional system. It is found that R22 dissolves in water. The R22-and-water

solution shows high acidity and causes a problem of corrosion.
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Hence. in conclusion. the ice thermal energy storage with direct
contact evaporator has higher performance than the ice-on-coil ITES system. From
recent research work, it can be further concluded that R12 is appropriate for the direct

contact heat transfer technique more than R22 [8.10].

1.2.2 The feasibility of using ice thermal energy storage system

Crane and Dunlop [4] studied the economic feasibility of the external-
ice-melt thermal energy storage system in a department store located in London. The
ITES system can provide 50% of the store’s required cooling load and results to the
significant saving. However, a problem of low thermal conductivity of ice still
persists.

Simmonds {11] indicated that the chiller system incorporating with
the ice thermal energy storage system consumed less energy than that of the
conventional chiller system. The electrical energy consumption of the storage system
and conventional system of the selected building were 8,795 and 10,219 kW-hi.
respectively.

Ritthi [12] presented the effectiveness of the ice storage system in a
case study of Thai Rath Press. The electricity charge of TOD rate is reduced from 305
Baht/kW and [.07 BahtkW-hr to 285.08 BahtvkW and 1.0528 Baht/kW-hr,
respectively by using the ice thermal energy storage. While the COP of water chiller

system was 2.64 and the COP of ice storage system was 1.90.

Therefore, the ITES system could decrease the energy consumption

and also the electricity charge.

1.2.3 Heat transfer analysis of ice thermal energy storage

Knebel [13] studied the model for the ice harvesting thermal energy

storage system. The model for each main component is shown as the following:

Compressor model

Qeomp = f (SST, SDT, subcooling, superheat) (1.1)

where  SST = saturated suction temperature

SDT = saturated discharge temperature



subcooling =

|

superheal

Condenser model

11

external subcooling obtain in the condense liquid
heat addition to the suction gas that contributes to

the usetul refrigerant effect

Q('{md = f(SCT' DT’ S"bCOOﬁng 'Tamh ) (12)

where SCT
DT =

subcooling

' Tamb =

Evaporator mode!

Qcm,u

where Umg =
4 =

EWT =

SET =

Stoecker [14] formulated a mathematical modeling for a various kind

of turbomachines such as fans, pumps. compressor and turbines. Performance of these

equipment is expressed in

compressor, the ratio of the discharge pressure to the suction pressure, P4/Pg, can be

expressed as

e
where P4 =

P =

", =

saturated condensing temperature
actual condenser inlet temperature
external subcooling obtain in the condense liquid

ambient temperature

=U,, AlEWT - SET) (1.3)

average of the overall heat transfer coefficient
heat transfer area of the evaporator
evaporator entering water temperature

saturated evaporator temperature

dimensionless group. In the case of a centrifugal -

n, (CPTJ )0'5 ND (1.4)
D;'PJ ‘ (Cst )0-5

discharge pressure (MPa)

suction pressure (MPa)

refrigerant mass rate of flow (kg/s)
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N = rotative speed (rps)

D = wheel diameter (m.)

C, = specific heat of fluid (kJ/kg-K)
7 = suction temperature (K)

Kiatsiriroat, et al [15] offered mathematical modelings for three main
components of the refrigeration system: compressor, condenser, and evaporator.

These can be shown in the followings:

Compressor modeling

P _ f{—m’r‘*ﬂs" .N} (1.5)
P op P oo
where P, = inlet pressure of compressor (MPa)
Pepo = outlet pressure of compressor (MPa)
N = compressor speed (rps)
m, = refrigerant mass flow rate (kg/s)
Tepo = outlet temperature of compressor (K)

Condenser modeling

(r.-1,) _ f{ (u4), } (1.6)
T, T, m,C
where T, = water temperature (°C)
Ta = ambient temperature (°C)
Tei = inlet temperature of condenser (°C)
(UA) g = product of heat wansfer coefficient and the heat transfer

area of the condenser (kW)
my = water mass flow rate (kg/s)

Cow = specific heat of the water (kJ/kg-K)
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Evaporator modeling

T, = ,-{(UA)‘-‘- _ij' (1.7)

(TF_ -T "

oy ¥

where 7T, = evaporating temperature (°C)
T = condensing temperature (°C)
T = temperature of the water in the tank which evaporator

coil is submerged (°C)
(Ud)er = product of the overall heat transfer coefficient of the

fluid in the evaporator unit and the heat transfer rate

area (kW)

Hence. it could be found that the compressor work and the heat
transfer rate at the heat exchanger are related to the actual inlet and outlet
temperatures and pressures of the components, heat loss. and heat gain [13]. This
shows that the experimental data should be collected at the actual inlet and outlet port
of the components. Moreover, as the characteristic models of the reciprocating
compressor, the condenser and the evaporator have been generated into a

mathematical function [15]. the system simulation in this current work will be

developed by the list of the characteristic function.

1.3 Research Objectives

1. To design the ice producing system with the direct contact evaporator.

2. To construct and test the ITES unit with direct contact evaporator for selected
office.

3. To study the performance of the systen.
4. To study the parameters affecting the system performance.

To study the economic feasibility in operating the system for the selected
office.
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1.4 Scopes of Research Work

{. The experimental unit consists of two cycles. the chilled water cycle and the
ice storage cycle. The capacity of refrigeration cycles for the chilled water
system and the ice storage system are 17500 kW (5 TR) and 7000 kW (2TR),
respectively,

2. The unit is operated for the selected office in Chiang Mai University, Chiang
Mai, Thailand.

3. The chiller load is assumed to be equal to the cooling load of the selected
office.

4. The electricity charge is calculated under TOU tariff.

1.5 Expected Benefit

The ice thermal energy storage using direct contact evaporator could be
developed for more practical work and could be expanded for big scale commercial

buildings.



CHAPTER 2
THEORY

2.1.Theoretical Background

2.1.1 Cooling load calculation |14, 16, 17]

Since living spaces of the building gain heat from a number of
sources, if the temperature and humidity of air in room have to be maintained at a
comfortable level. heat must be extracted to offset these heat gains. The net amount of
the heat removed is called the cooling load arising from conduction through external
structure, conduction through internal structure. solar radiation through glass. lighting,
people. equipment, and heat from infiltration of outside air through openings. The
calculation of the cooling load can be derived based on the heat transfer principle
consisting of these modes: conduction, convection. and radiation. The detail of each

formulation is presented below.

(a) Conduction through external walls. roof. ceiling. and floors
The conduction heat gains through the external roof. walls and glass

are each found from the following equation

Q=U-A-CLTD,, 2.1)
where o = netroom conduction heat gain through roof, wall, or
glass (W)
U = overall heat transfer coefficient for roof, wall, or glass
(W/m?-°C)
A = area of roof, wall, or glass (mz)
CLTD,= cooling load temperature difference (°C)

CLTD. is the temperature difference between the temperature of the

outer surface of the sunlit exterior wall or roof and the room temperature.
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(b) Conduction through internal partitions. ceiling, and floors

The heat that flows from internal unconditioned spaces to the

conditioned spaces through partitions, ceiling, and floors can be found from

where

D

Q=U-A4-TD, (2.2)

heat transfer rate through partition, floor, or ceiling
(W)

overall heat transfer coefficient for partition, floor, or
ceiling (W/m*-°C)

area of partition. floor. or ceiling (m®)

Temperature difference between the temperature of the
adjacent area that is unconditioned and the room

temperature (°C)

If the temperature of the unconditioned space i1s not known, an

approximation often used is to assume that it is at 5°C less than the outdoor

temperature. Space with heat sources. such as boiler room. may be at a much higher

temperature.

(c) Solar radiation through glass

Radiant energy from the sun passes through transparent materials

such as glass and becomes a heat gain to the room. lts value varies with time,

orientation. shading, and storage effect. The net heat gain can be found from the

following equation

where

SHFG

SC
CLF

Q=SHFG-A4-SC-CLF, (2.3)

net solar radiation heat gain through glass (W)
maximum solar heat gain factor (W/m?)

area of glass (m?)

shading factor

cooling load factor for glass
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The maximum solar heat gain factor (SHGF) ts the maximum solar
heat gain through 0.32 cm. (1/8 inch) single clear glass at a given month, orientation,
and latitude. To account for heat gains with different condition arrangement, the
shading coefficient SC is introduced. The SC is the proportional amount of maximum

heat gain through arrangements other than 0.32 cm. (1/8 inch). single clear glass.

(d) Lighting

The equation for determining heat gain from lighting is

O=W. (2.4)
where ¢ = net heat gain trom lighting (W)
W = total lighting capacity (W)
(e) People

The heat gain from people is composed of two parts. sensible heat
and the latent heat resulting from perspiration. Some of the sensible heat may be
absorbed by the heat storage effect. but not the latent heat. The equations for sensible

and latent heat gains from people are

Q.=q,-nCLF, (2.5)
and
O =q,-n, (2.6)
where Os = sensible heat gain (W)
O = latent heat gain (W)
gs = sensible heat gain per person (W/person)
q = latent heat gains per person (W/person)
n = number of people

CLF cooling factor for people

The rate of heat gain from people depends of their physical activity.
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(f) Equipment
The heat gain from equipment may sometimes be found directly from
the manufacturer or the nameplate data. allowing for intermitient use. Some

equipment produces both sensible and latent heat.

() lnfiltration

The infiltration of air through cracks around windows or doors in
both a sensible heat and latent heat gain to the rooms. Most summer 4ir conditioning
systems have mechanical ventilation using some outside air. which reduces or
eliminates infiltration by creating a positive air pressure within the building. In this
case the ventilation air is not a load on the room. but is a load on the central cooling
equipment. Many modern buildings have sealed windows and therefore have no

infiltration loss. except for entrances.

2.1.2 Direct contact heat transfer technique
From the preliminary experiments, it is found that the temperature of
water is uniform during an injection of the refrigerant into water due to the high
turbulence. The refrigerant temperature existed from the storage tank is also close to
water temperature. Moreover, it is assumed that the refrigerant is not soluble in water
and there 1s no water mass transfer to the refrigerant in the evaporator tank. Then, the
thermal characteristic of water in the storage tank can be analyzed under the

application of an energy balance. The equation can be expressed as

%(M“,hw% M,C, % = m, 1, = By )+ WUA), (T, ~T.), 27
where M, = mass of water in the storage tank (kg)
Ay, = enthalpy of water in the storage tank (kJ/kg)
M, = mass of direct contact evaporator (kg)
C, = specific heat of direct contact evaporator (kl'kg-K)
my, = refrigerant mass flow rate (kg/s)
ey = inlet refrigerant enthalpy (kJ/kg)
Heo = outlet refrigerant enthalpy (kJ/kg)

(UA)ey = total heat transfer coefficient of the tank (kW/K)
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Tomp = ambient temperature (°C)

T‘II’

waler temperature (°C)

The left-hand terms ot the equation refer to the enthalpy change rates of
water in the storage tank and the evaporator unit while the right-hand terms are the

enthalpy change rate of the refrigerant and the external heat gain from the surrounding

ambient.
For the numerical analysis the characteristic equation can be written as
. mo At UA ). At
h:" _\! = h:" + _Ji;(__(hf.’l'.i - ht’r.u )+ % (Tamh - T\r )' (28)
W u
where . Al = time lapses (s)

2.2.Mathematical Model

2.2.1 Compressor modeling

For a centrifugal compressor [14]. the pressure ratio can be performed -

in dimensionless group as

P, | m, (Cst )0'5 ND
P, p*pr, lc,T,f* 29
where Py = suction pressure of compressor (MPa)
Py = discharge pressure of compressor (MPa)
n, = refrigerant mass flow rate (kg/s)
c, = specific heat of working fluid (kJ/kg-°C)
Ts = suction temperature of compressor (°C)
D = wheel diameter (m.)
N =

= rotative speed (rps).

Then, in the case of using a reciprocating compressor [15], as D is a

%fié;(g

constant parameter and the working fluid used in the system 1s R12 which ha? é13
}

constant specific heat, the characteristic function can be expressed as
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P | m, TO?
= fl —= N | (2.10)
o0 L P('p.r
and
P, m,.Tf’,‘f,
_L_:f __"'_.N‘ (2]])
o L Pc‘p.u
where Py, = inlet compressor pressure or suction pressure (MPa)
Pepa = outlet compressor pressure or discharge pressure (MPa)
Teps = inlet temperature (°C)
Tepo = outlet temperature (°C)
N = compressor speed (rps).
The work input into the compressor can be calculated from
_ b
W, = mr(hq,_{, - hq,‘,l (2.12)
where We, = compressor work (kW)
hepy = inlet enthalpy of compressor (ki/kg)
Pepa = outlet enthalpy of compressor (kJ/kg).

2.2.2 Condenser modeling
The condenser could be classified due to the secondary working fluid.

The common used type is air-cool condenser and water~cool condenser. The

mathematical modeling of both types can be modified from

T.-T.)_ [(w4),]
R a — f cid \ (2-13)
and iTcd_, -7, | | m,C |
(T:I'O - T:ri) | (UA) d |
- — = £ N 2.14
Ed.: - Tu'..fj f_'"iu-cp\r ( )
where Cow = specific heat of water (kJ/kg.K)

Eﬂ
|

specific heat of air (kJ/kg.K)
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-

T, = ambient temperature (°C)

Too, = outlet air temperature (°C)

Tw, = inlet water temperature (°C)

Twa = outlet water temperature (°C)

Ted: = inlet refrigerant temperature (°C)

(UA)ea = overall heat transfer coefficient of condenser (kW/K).

The heat transfer rate at the condenser can be calculated from

Qc‘d =m, (hc'd.." _h('tf‘o )" (2 ! 5)
- where Ouw = heat transfer rate at condenser (kW)
hea, = inlet enthalpy of condenser (kl/kg)
Hedo = outlet enthalpy of condenser (ki/kg).

2.2.3 Expansion valve modeling

For expansion valve [8]. the mathematical modeling can be modified

as from

Frco
o = fim,.N). (2.16)
[ %)

2.2.4 Chiller modeling

For chiller using water as a secondary working fluid [15]. the

mathematical modeling can be modified from

T UA
ch — ( )d: , T:,-d . (2 1 ?)
(7-:" - T;‘h) Inr
where Ty = evaporating temperature of the chiller (K)
T = condensing temperature (K)
T, = water temperature (K)

(UA)er

overall heat transfer coefficient (kW/K).

The heat transfer rate at chiller can be calculated from
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Q('h =, (h('h.n - h{'h.." ) ’ (2.1 8)
where fich, = inlet enthalpy of chiller (kJ/kg)
Ao = outlet enthalpy of chiller (kJ/kg).

2.2.5 Direct contact ecvaporator modeling
To create the evaporator modeling, the experiment is divided into 2
processes. sensible heat process and ice forming process.
During the sensible heat process. the tank temperature is assumed to

be the same as that of the water inside. From energy balance the characteristic

modeling can be expressed as

[M wC e +M,C, )(AT“. ) = mr(ht,‘_.f- -h,.. )Ar . (2.19)
where M, = mass of direct contact evaporator (kg)
Cowe = specific heat of water (kJ/kg-°C)
Cor = specific heat of direct contact evaporator (kJ/kg-°C})
AT, = water temperature difference during the period of time
At (°C)

During the ice formation process. the temperature is constant at about

0.01°C. The mass of the ice forming during a period of time At can be found as
M\rL = n?r (he\'.f' - hev.o )Af i (220)

where L = latent heat of water (kl/kg).



3.1 Experimental Set-up

CHAPTER 3
EXPERIMENTAL SET-UP AND SYSTEM MODELING

In this research work, the experimental unit of an air-conditioner with

an ice thermal energy storage (ITES) system is designed to support the cooling

requirement of a selected office in Chiang Mai University, The schematic diagram of

the experimental set-up with the pressure, the temperature and mass flow rate

measurement positions are illustrated in Fig. 3.1.
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Fig. 3.1. Schematic diagram of the experimental set-up.

The system consists of two main cycles, chilled water cycle and ice
thermal energy storage (ITES) cycle. The ITES is designed as a partial storage type
and the whole system uses R12 refrigerant as the working fluid. During the off-peak

period, the low temperature R12 in the ITES cycle is injected through an expansion

valve into the water in the storage tank to exchange heat directly. The water

temperature in the storage tank is decreased to the freezing point. The ice is formed
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and stored in the tank. During the on-peak period. the chilled water cycle 1s operated
to produce the cooled water to achieve the cooling requirement. The cooled water
passes from the chiller to the fan-coil unit to exchange heat and then turns back to the
chiller. If the required cooling load is higher than the capacity of the chiller, the
chilled water from the fan-coil unit controlied by a two-way valve will pass through

the ice storage tank to lower the chilled water temperature before going back to the

chiller.

3.1.1 Chilled water system
The chilled water system in this research work consists of the
components for the standard 5 TR (18 kW) vapor-compression refrigeration system.

_ The characteristic of each component is shown in Table 3.1.

Table 3.1 Characteristic of the components in the chilled water cycle.

Component Characteristic

Compressor Semi-hermetic reciprocating compressor for 5 TR air-conditioning
system

Condenser Shell and tube water cooled condenser for 5 TR air-conditioning
system

Expansion valve Manual control expansion valve for 5 TR air-conditioning system

Chiller Shell and tube, water chiller for 5 TR air-conditioning system

Chilled water pump Max. head: 40 m., {5, 40 L/min.0.37 kW

Filter dryer Shell type for 5 TR air-conditioning system

Receiver Liquid receiver for use with R12 for 5 TR air-conditioning system

Fan-coil unit 18 kW,

3.1.2 Ice storage system

The 1ce storage system used in this work is illustrated in Fig. 3.2. It
has another vapor compression refrigerant cycle using R12 refrigerant separated from -
the chilled water system. The compressor, the condenser and the expansion valve are
the standard-size components of the 2 TR (7 kW) refrigeration system. The ice

storage tank works as the direct contact evaporator unit since R1?2 is injected through




25

the water 1o extract heat directly. The characteristic of each component is summarized

in Table 3.2.

Retumed

Chilled Water
e
Bl

+—

To Fan Coii_\

T

Direct >
Contact R12 J
Evaporator] Ice Storage Process i — |
Tank

Qil Returned Line Qil
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Filter Dryer
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Fig. 3.2. Schematic diagram of the experimental set-up for the ice storage system.

Table 3.2 Characteristic of the components in the ice storage cycle.

Component Characteristic W
Compressor Reciprocating compressor; open type for 2 TR air-conditioning
system
Motor Three phase induction motor, S HP, 4 Poles
[nverter For use with 5§ HP motor
Condenser Ailr cool condenser, 7 kW

Expansion valve |

Manual control expansion valve for 2 TR air-conditioning system

Direct contact evaporator

1000 liters. Steel cylinder tank

Accumulator

R12 accumulator for 2 TR air-conditioning system

Filter Dryer

Dryer for 7TR refrigeration system, steel take apart, shell type

Oil separator

For use with R12, for 2 TR air-conditioning system

Receiver

R12 liquid receiver, max. pressure 3.445 kPa., for 2 TR air-

conditioning system

|
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The system requires auxiliary refrigerant storage space when all of
the refrigerant in the system cannot be condensed and stored in the condenser during
the shutdown period. Receiver is a cylinder tank made of steel sheets used to serve
this purpose. The top of the tank is connected to the liquid line from the condenser. It
also has a liquid discharge line connected to the evaporator by a shutoff valve.

However. moisture and foreign objects from the refrigerant have to be
removed during the period of operation. Therefore, filter dryer is used. It contains a
molded, porous core made of material with high moisture affinity, such as alumina
and acid-neutralizing agents. The core should be replaced after a certain period of
time.

To observe the condition of refrigerant flow in the liquid line, a sight
glass is used. The sight glass is located just before the expansion valve. Bubbles seen
through the sight glass indicate the presence of flash gas instead of liquid refrigerant.
The presence of flash gas always indicates that evaporator capacity is reduced because
of a shortage of refrigerant or insufficient subcooling. A moisture chemical is built
into the sight chamber behind the sight glass. If excessive moisture is present in R12,
the chemical turns pink. If the moisture is below the safe limit, the color remains

green.

3.2. System Modeling

In this section, the mathematical models of the main components for the air

conditioner including the direct contact ITES are formulated as follows:

3.2.1 Chilled water system

For chilled water refrigeration cycle, a standard vapor-compression
refrigeration system is simulated under steady-state conditions to produce the chilled
water to support the cooling load. The system is operated with chiller priority
strategy, in this research. The chiller is allowed to operate at full load during peak
hours and the ice is only utilized to over the building load that exceeds the full load
capacity of the chiller. The compressor in the system usually operates at constant full
speed.

The refrigerant mass flow rate adjusted by the manual-controlled

expansion valve is varied from 0.033 kg/s to 0.088 kg/s. Atany given mass flow rate,
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the pressure and the temperature of the refrigerant at the inlet and the outlet of each
main component are measured. The mathematical modeling of each main component

could be developed at various refrigerant mass flow rates.

(a) Compressor Modeling

Since the refrigerant mass flow rate in chilled water system is varied
at full speed of the compressor. The pressure ratio of the compressor responds to the
mass flow rate and also the temperature of the refrigerant. The correlation between

these values can be deducted from the experimental results shown in Fig. 3.3 and 3.4

as
P, m, T,
L= 00973 —24 | 40.0663. G.1)
and Pq:,n "\ (¥ N
P, m, T3
P _0.0873 —ﬂ]+0.1088. (3:2)
pr.o \ cp.a
The pressure ratio of the compressor can be additionally calculated
from

‘,‘ -
Pc,n,r [Tm.f ]A o
o | s 33
P‘c_.ﬂ‘u Tc_n_u ( )
where k is the polytropic index. However, the index is not a constant
value and depends on the refrigerant mass flow rate. When the flow rate increases, the

index also increases. The relation between the flow rate and the index is shown in Fig.

3.5 from which the characteristic equation can be expressed as

k=-2.1397m} +0.4896m, +1.1867 . (3.4)
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Fig.3.5. The relation between mass flow rate of the refrigerant and the polytropic

index of the compressor in chilled water system.

(b) Condenser Modeling

A shell and tube heat exchanger having circulating water as a coolant
is used as a condenser to extract heat from the refrigeration system. From the
experiment, it could be found that the refrigerant becomes saturated liquid after

passing the condenser from which the extracted heat is calculated from

Q= mr(hm,', —hﬂ,_”). (3.5)

O.s1s the rate of heat extraction, sy, and h.4, are the enthalpies at the

inlet and the outlet of the condenser, respectively.

(c) Expansion Valve Modeling

The expansion valve is operated manually to control the refrigerant
mass flow and the pressure of the cycle. The results from the experiment are shown in
Fig. 3.6. The pressure ratio at the inlet and outlet of the valve depends on the
refrigerant mass flow rate. As the refrigerant mass flow rate increases, the pressure

ratio 1s also increased. The characteristic equation of the valve is, hence, expressed as
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oo =-20.114m  +3.5432m, +0.1291. (3.6)
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Fig.3.6. The relation between the pressure ratio in the chilled water system

and the refrigerant mass flow rate.

{(d) Chiller Modeling
The water chiller used in this case is a shell-and-tube flow type of

which the relevant heat transfer rate is calculated from

Q, =m, (hm‘” - hm_,), 3.7
or

0, =mcC, (1., ~T..). (3.8)

and
.

(YZI’J - Td?_a )_ (T'll',o - Tch_f)
[Tii‘_f - Tch.o } ,
Inf —————=
| Tn‘_o - Tc‘h.r |

where (UA)cy is found out from the experiment data and Egs. 3.8-3.9.

0., =(UA),, (3.9)




It is observed that there exists a pressure drap across the condenser
and the chiller which can be expressed in terms of the pressure ratios at the expansion

valve and compressor as

P i
— 20,7733

[FIRE

]—0.0194. (3.10)
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Fig. 3.7. The relation between the pressure ratio of the compressor and the pressure

ratio of the expansion valve in the chilled water system.

3.2.2 Ice storage system

Standard vapor-compression refrigeration cycle is operated as the ice
storage system. The system hosts two processes; the ice producing and the ice melting
process. The ice producing process is operated during the nighttime or off-peak
period. To formulate the mathematical models of the system, the reﬁige@t mass
flow rate is varied from 0.033 kg/s to 0.088 kg/s similar to the chilled water system.
The compressor in the system 1s an open-type. Its speed controlled by the inverter is
varied from 7.1 rps to 11.8 rps. For this experiment, the mass of water in the storage
tank is also varied from 200 kg to 400 kg. The experiment starts with adding water
into the direct contact evaporator/storage tank in the required amount and then

injecting R12 through the expansion valve into the water directly to extract heat. The
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pressures and the temperatures of the refrigerant at the inlet and the outlet of each
main component, and the temperature of the water in the storage tank are measured
during the ice producing process..

After the ice is produced and stored in the storage tank, the
compressor of the system is shut down. Then. when the chiller in chilled water system
reaclies its capacity. the chilled water is bypass through the ice in the storage tank.
The ice is melted. Time taken during the ice melting process and the temperature of
the water in the storage tank are recorded.

Hence, the characteristic models of main components in the system

are created from the experimental data as followings:

(a) Compressor Modeling

During the ice producing. the compressor model could be
characterized similar to that of the chilled water system. It is noted that the pressure
ratio of the compressor depends on both of the refrigerant mass flow rate and the
compressor speed. The pressure ratio 1s proportional to the function of mrTcp_oo'S/Pcp_o.
The pressure ratio is decreased when the compressor speed increases. However, the
compressor speed does not affect on the polytropic index. The relation among these

variables are illustrated in Figs. 3.8 and 3.9 from which the characteristic equations of

the compressor can be expressed as

TO.S
P |{-0.0015N% —0.0087N +0.3003] T2

Fopo || G.11)

+{0.00228% - 0.0581N +0.5824)

and

k=19584m_ +1.1503 . (3.12)
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(b) Condenser Modeling

A cross flow heat exchanger using air as a coolant is used to extract
heat from the refrigerant. The temperature ratio of the condenser is a function of a
dimensionless group (UA)./m,Cye. When the value of the dimensionless group
increases, the temperature ratio also increases as shown in Fig. 3,10,

Deduction from the experiments, the characteristic equation of the

condenser can be expressed as

T,,-T, 02723
o =Ty _0213WANy 40107 (3.13)

rTrf.a 'Trr )/(T cd § ‘Trf)
]

0.05

0 02 0.4 0.6 0.8 ] 1.2 1.4
(UA) calin s C o)

Fig.3.10. The effect of mass flow rate of air and total heat transfer coefficient to

outlet temperature of air.

(c) Expansion Valve Modeling

The characteristic function of the expansion valve in this system is
similar to that of the chilled water system. Both of the refrigerant mass flow rate and
the compressor speed have the effects on the pressure ratio of the expansion valve,
However, the pressure ratio is increased when the flow rate increases, it is decreased

when the compressor speed increases. The correlation of the variables can be
expressed as
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(1.5134N% ~32.0125N +148.8285 ]
P,
22 o +(-0.1020N2 +2.0160N - 5.8329)n, |. (3.14)
“ | +(0.0032M% —0.0824N +0.7113)
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Fig.3.11. The relation between pressure ratio of the expansion valve in the ice storage

system and mass flow rate of refrigerant at various compressor speeds.

As shown in Fig. 3.2, there are some accessory components in this
system such as filter drier, accumulator and receiver. These components cause
pressure drops as well as heat losses. The pressure drop is found to relate to the

pressure ratio of the compressor and the expansion valve from which it can be

concluded that

L= 0.954[ﬂ]. (3.15)

Observed from the results, there is a pressure drop across the

condenser which can be expressed as



P,,=P,, —0034, (3.16)

where P4, and P4, are in MPa.

(d) Direct Contact Evaporator Modeling
The mathematical model for the direct contact evaporator is
formulated by lump model. Using the energy balance, the thermal characteristics of

the water in the tank can be expressed as

—(;{(M “,h“_)+ M,C, g_ =i, (hm,', -h.., )+ (UA )(T:, ~T. ) (3.17)
i /i

As shown in the equation. the first three terms relate to the enthalpy
change rates of the water, the container and the refrigerant. respectively. The last term
relates to the external heat gain from the surrounding ambient. In this study, the direct
contact evaporator is well insulated. the external heat gain then can be neglected. The
water temperature of the water inside the tank changes in two steps according to two
related processes. which are sensible heat process and ice formation process. The
characteristic equations of the direct contact evaporator during the sensible heat

process and the ice formation process can be expressed in the following equations,

respectively as

T‘:'.ﬁ-m _ T‘: + m, (hev_f - hev.o )A{ (318)
MC,+M.C,,
M = m, (h‘.,._,, -h,, )A;

we B 9
- (3.19)

Due to the long length of the pipes between the evaporator unit, the
compressor and the condenser in the direct contact experiment set-up, the heat gain
and loss can not be ruled out. From the preliminary study, the heat gain between the
low temperature refrigerant flowing inside the pipes from the evaporator to the

compressor and the surrounding ambient can be characterized as

T']' i + T\( (N
,nrcr’r (I:.'P.J - Tcr.n ) = f[j:r - [__‘_E_T]‘ m, ] (320)
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The results of this part are shown in Fig. 3.12 from where the

equation can be expressed as

- Te\'o + TC_;H' h i
(- 0.4132m° +0.0409m, - 00012} T, - | 2=

{")J‘

Tl.‘\' & + ?‘c‘” 3
m,Co (T, - T ) =]+ (6.0055m - 0.3648m, +0.0448{T8 —[—T"—] - G20

+((=38.4022)m” +6.243m, - 0.2699)

L J
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k ]
S
o 02
0.1
0
2 4 6 8 10 12 14 16

Td = (Tﬂ'.n - T(’p.f) "(2 (C)

Fig. 3.12. The relation between heat gain through pipes from the evaporator to the

compressot and a function of Tp-(T oy 0-Tep /2 (°C).

As the high temperature refrigerant flows through the pipe between

the compressor and condenser. the heat loss occurs and can be characterized as

T' 3,6 + T‘t'{ i
!}'?rCJu- (Tt'.h‘n - Y-t‘d.i ) = f{[i—z_!l - 7:' N f??,_ ] ' (322)
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The heat loss characteristic 1s expernnmentally observed and plotted in

Fig. 3.13. The empirical relation between this loss and aforementioned relevant

parameters 15 deducted as

Tc‘p ) + 7:‘4 ! i
(-0.0001) | =——=|-T,

2 Tr. ar + Tc: 4 323)
m,C o (Tro = Tons )= | (1.607m7 ~0.0298m, — 0.0146{[4—2——#] - Ta] !

+{-20432m7 +1.9399m, - 0.293)

=
~

, =088 kess

bt
[

bt
n

, = 0.055 ke

M Cor(T g0 = Teat) (KW)
o =
i i

= 0.022 kgfs
02 m, =0.022 kefs
0.1
4
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(T('p.n - T(‘d.i) f2- Tﬂ'
Fig.

3.13. The relation between heat loss through pipes from the compressor to the

condenser and a function of (T, o+ Ty )72 - T, (°C).



CHAPTER 4
SYSTEM SIMULATION

4.1 Simulation Program

With the mathematical modeling of each component in the system, the
simulation is created 1o determine the energy consumption of the system at various
possible combinations of the conventional chilled water system and the ice thermal
energy storage (ITES) system. The computational steps are shown in Fig. 4.1.

As shown in Fig4.1. the simulation consists of two parts, chilled water
system and ice storage system. The input parameters of the simulation are the total
-cooling load, Oeq. the compressor speed of the ice storage system. Ny the mass flow
rate of the refrigerant for the ice storage system. m1, 4 the initial temperature of water
in the storage tank, 7,.: the ambient temperature, 7,,,5 and the properties of the system

working fluid.

|
| The cooling load is divided into two parts for chilled water system and ice

storage system. Qipasoc aNd Oloaqqae- For the chilled water system, the trial and error has
been done to find out the suitable mass flow rate of the refrigerant at the given cooling
load and the power input of the compressor is also the output parameter. Starting with
Egs. 3.6 and 3.10 and guessing the initial value of mass flow rate of the refrigerant,
the pressure ratio is calculated and transferred to the compressor modeling mode. The
equations used to calculate the properties of R12 refrigerant or refrigerant equations
are as tollowings {18]:

For the saturated conditions.

2
In(P.. x10)=—15.6 + 8.96(3%30;3-1_5] _1'038[ T, + 273.15]

(4.1)
h,=-239.8 + 100.6[MJ (42)
h, =187.28 +0.4722(T,, ) (4.3)

The suffixes /" and "g" refer to saturated liquid and saturated gas

conditions. respectively and the suffix “sar™ refers to saturated condition.
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For superheated conditions.

h=173.52+13.01(In(P x 10)) + (0.57 + 0.0826 In(P x 10)\T - T,,)  (4.4)

P and T are pressure and temperature in MPa and K. respectively and 4 is

the specific enthalpy in kJ/kg.

By using Egs. 3.1 — 3.4 and Egs. 4.1-4.4, the pressures and the temperatures
at the inlet and the outlet of the compressor are calculated. The compressor work is
also found out. The outlet pressure and temperature of the compressor are the input
conditions for the condenser. Then. using Eq. 3.5 and Eqgs. 4.1-4.4, the heat transfer
_ rate of the condenser and the outlet pressure and the temperature of the condenser are
calculated. These values are then transferred for the expansion valve. By assuming the
isenthalpic process (enthalpy is assumed to be constant during a preocess), the outlet
pressure and temperature of the expansion valve are evaluated and sent to the chiller.
After that, the heat load of the chiller is calculated by using Egs. 3.7 — 3.9 and the
refrigerant equation. The heat load of the chiller is compared with the initial value of
the input cooling load of the chilled water system. If the difference is not significant,
the calculation will be stopped and the power input of the compressor, the heat
transfer rates at the condenser and the chiller are the output results of the program.
Otherwise, the program is calculated by using the new value of the mass flow rate of
the refrigerant.

For the ice storage part, the method for transfer data through each
component in this system is the same as the chilled water system. Note that, the
leaving temperature of the refrigerant of the ice storage tank is equal to the
temperature of the water in the tank because of high turbulence due to the refrigerant
injection into the water tank. When the temperature of water is higher than 0.01°C, the
calculation is in sensible heat mode. As the water temperature is lower than 0.01°C,
the latent heat mode is applied. The outputs of this part are the power consumption at

the compressor, the heat transfer rate of the direct contact evaporator and the time
consumed for producing ice.
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4.2 Simulation Results

4.2.1 Chilled water system
In the chilled water system part of the simulation program, after input
the initial values of the variables. which are cooling load. refrigerant mass flow rate
and ambient temperature, the compressor work and the heat transfer rate at the chiller
are evaluated. From the experiments. the pressures and the temperatures of the
refrigerant are measured at the inlet and the outlet of the compressor and the chiller.

Therefore. the compressor work and the heat transfer rate at the chiller can be found

out from

W, =m, (hq v = Py ) (4.5)
and

Qw‘: = I??,_ (h('h.(} - h('h.r ) (46)

The results from the simulation are compared to those of the

experiments. The results are illustrated in Figs. 4.2-4.3.

i}
5
s o
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- 4
[ =)
S
w3 Simulation
i
L]
o
IE_ .
: 2 ©  Experiment
o
l
0
0.02 0.04 0.06 0.08 0.1

me(kgls)

Fig. 4.2. Compressor work of the chilled water system at various refrigerant mass
flow rates.



44

14
= |1
12
i (=]
T 10
2
g g —— Simulation
3
o
- -
5 ° ©  Expenment
5 4

\

0

0 0.02 0 006 0.08 0.1
mr(hp/s)
Fig. 4 3. The chiller cooling load at various refrigerant mass flow rates.

From the results, it could be found that the compressor work and the
heat transfer rate depend on the refrigerant mass flow rate. As the refrigerant mass
flow rate increases. these values are also increased. Moreover. it 1s noted that the
values from the simulation program are closed to the experimental results within 5%

CITor.

4.2.2 lce storage system

(a) Ice producing process

For the ice storage simulation. the compressor work, the heat transfer
rate at the direct contact evaporator and the time used to produce ice are evaluated. At
any given value of the refrigerant mass flow rate, the compressor speed and amount of
the water in the storage tank, the results from the experiments and the simulation are
compared. The compressor work and the heat transfer rate from the experiments are
found out by the same method as in the chilled water system. To compare the time
used for producing ice, the system is operated for the certain period that firstly
calculated from the simulation. After the system is shut off. the water that remains in
the storage tank are drained out and measured. The amount of the remained water is

compared to the input value of water in the tank to find out the amount of the
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produced ice. The resuits of the experiments and the simulations are shown in Figs.
4.4-4.5 and Table 4.1.
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Fig. 4.4. Compressor work of the ice storage system at various refrigerant mass flow

rates.
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Fig. 4.5. The direct contact evaporator load at various refrigerant mass flow rates.
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As shown in Figs. 4.4-4.5. the refrigerant mass flow rate has an effect
on the both of the compressor work and the heat transfer rate at the direct contact
evaporator. As the mass flow rate increases. the compressor work and the heat transfer
rate are also increased. The estimated results agree well with the experimental data
within 5% error.

For Table 4.1. with the simulation described before, the time used to
produce the required amount of the ice is determined under the assumption that the
water In the storage tank is completely tumed to be the ice. The amount of the ice

calculated from the simulation is also close to that of the experiment.

Table 4.1.The companson of ice formation between the simulation and the

_experiment.

Massof | m, N | Initial | T, | Produced | Time | Produced | Time

water in | (kg/s) | (rps) | water | (°C) | ice mass (hr) 1CE€ Mass (hr)

storage temp. (kg) (ke)

tank (kg) °C) (s1m.) (sim.) (exp.) (exp.)
250 0.077 | 11.8 | 18.0 | 29.2 250 3.66 212 3.59
250 0.100 | 11.8 | 165 | 30.2 250 3.11 209 3.23
300 0.066 | 11.8 | 15.0 [ 285 300 5.01 272 498
300 0.100 | 11.8 | 154 | 26.8 300 3.67 269 3.62

(b) Ice melting process

In this section, the experiment is divided into three parts. First, 200 kg
of the ice is produced by the ice storage system and kept in the storage tank. Then,
twrn off the ITES system and start the second part of the experiment. At this period,
the chilled water system is operated at 0.055 kg/s of refrigerant and 0.3833 kg/s of
chilled water to support the cooling requirement. The results of the heat transfer rate at
chiller could be shown in the first part of Fig. 4.6 (0 — 75 min.). Then, the return-
chilled water bypass to the storage tank before turns back to the chiller. The overall
heat transfer rate of the chiller including the heat exchange in the storage tank are
shown in the second part of Fig. 4.6. Moreover. the values from the experiment are

also compared to those of the simulation. It could be found that the experimental

results agree well with simulation.
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Fig. 4.6 Comparison of the ice melting process.

4.3 System Performance

Since the simulation could be used to estimate the results of the experiment
as shown in the previous section, the performance curves of the chilled water system
and the ice storage system are created by using the simulation program. The results
are illustrated in Figs. 4.7- 4.8,

As the refrigerant mass flow rate is varied for both systems while the
compressor speed is varied for only the chilled water system, the coefficient of
performance (COP) of the chilled water system depends only on the refrigerant mass
flow rates. The highest value of COP for this system shown in Fig. 4.7 is about 3.1 at
0.06 — 0.08 kg/s of refrigerant.

For the ice storage system, COP of the system is higher at higher
compressor speed. However, it could be found from the experiments that the
condensing temperature of the condenser in the case of adjusting 7.1 rps of
compressor speed is approximately 21°C which is lower than the average ambient
temperature in summer and rainy season. While the condensing temperature in the

case of 9.5 rps is about 29°C which could be caused the heat transfer between the
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condenser and the surrounding. Thus, 7.1 rps of the compressor speed is not
reasonable. As shown in Fig. 4.8, in the case of 9.5 and 11.8 rps of compressor speed,
the refrigerant mass flow rate has slight effect on COP.

Then to operate the combination of chilled water system and ice storage
system. the recommended refrigerant mass flow rates are 0.06 — 0.08 kg/s for chilled
water system and 0.08-0.09 kg/s which causes the least period of time to produce the
amount of the for the ice storage system. The compressor speed for the ITES system

should be 9.5 rps due to the high value of COP

253

COP (chilled water system)

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
it (kgls)

Fig. 4.7. COP of chilled water system.
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Fig. 4.8. COP of ice storage system.



CHAPTER 5
ELECTRICITY CHARGE SAVING

5.1 Conditions of the Tested Office

The ice thermal energy storage system with direct contact evaporator
considered in this research work 1s operated to support the cooling requirement of the
selected office in Chiang Mai Umiversity. The office contains 4 laboratories on the
first floor. & working rooms on the second floor and an auditorium. The characteristics
of the electrical energy consumption of the office are as following:

- Electricity consumption during the year 33,954 kW-hr/year

- Maximum energy demand 49,4 kW
- Load factor 0.325
- Power factor 0.69

From the investigation. the electrical erergy is consumed in three main
parts, air conditioning system. lighting. and other appliances. The portion of the

energy consumption in each source is as following Table and Fig.5.1:

Table 5.1. The electrical energy consumed in the office

Part Energy consumption (kW-hr/year) |
Air conditioning system 15.306
Lighting 11,102
Others 7,546
Total 33,954
-
. e Lighting
Arr corditio
e ; 33%
system
45%
Other
22%

Fig. 5.1. The portion of the electricity consumption in different parts
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The experimental unit is provided only for the working rooms which are
room R1 to RS as illustrated in Fig.5.2.The primary condition data stipulated for office

cooling load calculation is shown in Table 5.2 and Fig. 5.3.

Table 5.2 The characteristic of the selected office (R1 to R5)

Description of Construction

Overall Heat

Facing Office Area Material Transfer
Envelopes (m?) Coefficient
(U} W/m*-K)
North |- Wall 23.35 | 80 mm. thick brick. both 2.04

sides furnish with 10 mm.

plaster
- Window (1) 25.65 | 5 mm. thick cool gray glass 2.90
- Window (2) 22.5 | 5 mm. thick glass 295
West - Wall 8.35 | 80 mm:. thick brick, both 2.04
sides furnish with 10 mm.
plaster
- Window (1) 8.55 | 5 mm. thick cool gray glass 2.90
South |- Partition 62.5 | Hollow concrete block 2.56
- Door 9 35 mm. thick wood door 295
East - Partition 16.9 | Hollow concrete block 2.56
Floor - 178.75 | 10 cm. Thick reinforced 1.42
concrete
Roof - - S mm. ceramic 22.5° inclined 0.619

Ceiling - 178.75 | 10 mm. gypsum 1.53
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Since the selected office locates in Chiang Mai city. the outdoor and indoor

conditions for calculating the cooling load on the design day 1s shown in Table 5.3.

Table 5.3. Design conditions under the design day [17].

Condition Description

Instde condition

- Dry bulb temperature 25°C (77°F)

- Relative humidity 50% RH

- Number of people 20 people

- QOccupancy period 8.00 a.m. — 5.00 p.m.
Qutside condition

- Dry bulb temperature 35°C (95°F)

- Relative humidity 65% RH

The result of cooling load calculation of the selected office on the design
day and the average cooling load in each month based on the temperature data in year

1998 are shown in Table 5.4 and Fig. 5.4.

Table 5.4. The result of the cooling load calculation of the selected office on the

design day.

Description Heat gain (W)
Solar radiation through transparent surfaces 3284.92
Heat conduction through exterior walls and roofs 1211.07

Heat conduction through interior partitions,

ceilings and floors 3706.87

Sensible Latent

Heat generated within the space by occupants,

lights and appliances 2730.50 1138.31

Energy transfer as a result of ventilation and

infiltration of outdoor air 3887.47 1495.79
Total heat gain (W) 6617.97 2634.10

Total heat gain (W) 1745493
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Moreaver. the cooling load profile of the selected office during the year 1s
also carried out as shown in Fig. 5.4 It is calculated from average temperature and

average retative humidity during the month based on the data in year 1998 [18].
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Fig. 5.4 The average cooling load of the selected office during the year.

It could be found that the amount of cooling requirement can be divided
into three groups. low, medium and high cooling load. The maximum cooling load is
in summer period whereas in April, May and June. While the medium and low cooling
loads are occurred in rainy season and winter, respectively. The design day explained
in last section is in April. From the temperature data, it is noted that during winter
period, although the cooling load ts about 9,000 kW-hr/day as shown in Fig. 5.4, the

air conditioning system is seldom used due to the low outdoor temperature.
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5.2 Appropriate Sizing of the lce Storage

In this researlch work, the selected office having 18 kW of maximum design
cooling requirement is considered as a case study. Six different air conditioning
system combinations have been investigated to determine the appropriate possible
combinations which relates to the electricity tariff (TOU rate) as shown in Table 5.5
[1].

Table 5.5. Electricity costs (TOU Rate) for commercial building.

Demand Energy Charge Service

Voltage Charge (Baht/unit) Charge
(Baht/k W) (Baht/month)

1* 1+ a* 3*

>S5 kV 102.80 1.5349 0.6671 0.6062 400.00

69 kV 158.88 1.6292 (.6769 0.6153 400.00

22 -33kV 200.93 1.7736 0.6861 0.6236 850.00

<22kV 214.95 1.8891 0.7283 0.6616 850.00

I*  Monday - Saturday 09.00 - 22.00 (On peak)
2*  Monday - Saturday 22.00 - 09.00 (Off peak)
3*  Sunday 00.00 - 24.00 (Off peak)

The six categories are as the following:

Category 1. Conventional design (no ice storage). The entire cooling
requirement is supported by the chiller unit operating during the occupancy period.

Categories 2-5. Partial storage design. The chiller unit is responsible for the
less cooling requirement compared to the conventional system. The cooling load is
divided into two parts. The first part is supported by the chiller unit during the
occupancy time and the other is supported by the ice produced in the ice storage or
ITES system operating during the nighttime. The capacity of the chiller unit (TR} that
is responsible for the base cooling load in categories 2-5 are 4. 3,2 and | TR,
respectively.

Category 6 Full storage design. The entire cooling requirement is

supported by the ice storage system. The chiller unit is not provided in this case.
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The peak energy demand (kW), the energy consumption (kW-h) and the

electricity charge (baht) of each category are considered under the assumptions that

{1) The refrigerant mass flow rate of the chilled water system is varied

based on the responsible cooling requirement.

(2) The ice storage system is operated at 0.088 kg/s of refrigerant mass flow

rate and 9.5 rps of compressor speed.

(3) The sufficient amount of the ice is produced and completely used in

each day.

(4) The value of cooling requirement based on the temperature and

humidity data in year 1998.

Table 5.6 shows the peak energy demand occurred during on-peak period of

_the design day at various categories. The capacity of the chilled water system is

decreased in accordance with a number sequence. As the chilled water is responsible

for fewer cooling requirement, the ice storage system have to be responsible for more

cooling load. The results shows that the peak energy demand during the on-peak

period decreases when the cooling load is more shift to the ice storage system. This is

due to the fact that the load of the compressor in the chilled water system is shifted to

the ice storage system compressor running during the off-peak period. However, for

categories 5 and 6, the required period for generating ice is more than 11 hrs which is

the limited time for off-peak period as shown in Table 5.5. Then the compressor load

of the ice storage overlaps to that of the chilled water system in the on-peak period.

Table 5.6. The peak energy demand occurred during on-peak period at various

categories on the design day.

Peak energy demand

Category | Chilled water system Ice storage system Total
(kW) (kW) (kW)

1 9.7 - 9.7

2 7.0 - 7.0

3 53 - 5.3

4 3.8 - 3.8

5 22 3.7 5.9

6 0 3.7 a 3.7




58

Fig. 5.5 shows the electrical energy consumption of the system in each
category. As the cooling load responsible by the ice storage system increases, the
energy consumption of the chiller decreases and that of the storage increases.
However, in categories I — 4, the energy consumption of both systems does not occur
at the same time. The chilled water system consumes energy during the daytime while
the ice storage consumes duiing the nighttime. Similar to Table 5.6, in categories 5 —
6, the energy consumption of the ice storage system overlaps to that of chilled water
system. [rom all of the results. it makes certain that the ITES technology is not the

energy conservation. It is the energy management.

900 Q Energy consumed in chilled water system (kW)

. 8 Energy consumed in ice storage system (kW)
80

700
600
500

400

Energy Consumption (k'W-hr/year)

Category

Fig. 5.5. Energy consumed during the year in each category.

To determine the electricity charge, it could be seen that the appropriate
design is the 5" category which of the cheapest charge is obtained as shown in Fig.
5.6. At this condition, the energy demand and energy consumption from the daytime
could be shifted to the nighttime when the tariff is lowest. The peak energy demand
from 9.7 kW in case of the conventional unit (1% category) could be reduced to 5.9
kW (39.2% decreased). The total electricity charge is reduced from 33,720 baht/year

for conventional system to 22,940 baht/year resulting in 32% reduction.
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Fig. 5.5 shows the electrical energy consumption of the system in each
category. As the cooling load responsible by the ice storage system increases, the
energy consumption of the chilier decreases and that of the storage increases.
However, in categories 1 — 4, the energy consumption of both systems does not occur
at the same time. The chilled water system consumes energy during the daytime while
the ice storage consumes duiing the nighttime. Similar to Table 5.6, in categories 5 —
6. the energy consumption of the ice storage system overlaps to that of chilled water
system. From all of the results, it makes certain that the ITES technology is not the

energy conservation. It is the energy management.
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800

700

600

500

400

300

Energy Consumption (kV-hr/year)

Category

Fig. 5.5. Energy consumed during the year in each category.

To determine the electricity charge, it could be seen that the appropriate
design is the 5™ category which of the cheapest charge is obtained as shown in Fig.
5.6. At this condition. the energy demand and energy consumption from the daytime
could be shifted to the nighttime when the tariff is lowest. The peak energy demand
from 9.7 kW in case of the conventional unit (1* category) could be reduced to 5.9
kW (39.2% decreased). The total electricity charge is reduced from 33,720 baht/year

for conventional system to 22.940 baht/year resulting in 32% reduction.
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Fig. 5.6. Electricity charge during the year in each category.

Since the 5" category selected in this research work offers the significant
economic as shown in Table 5.7 and the installation cost of the ice storage system is

as in Table 5.8, it could be found that this system yields a realistic payback.

Table 5.7. Electricity charge of the office during the year due to the 5™ category

system combination.

Moenth Electricity charge (Baht)
Conventional System ITES System

January 2.284 1,585

February 2.229 1,520 n
March 2.939 1.814 J
April 3.545 2,513
LM::ly 3.536 2,504

June 3.368 2,376

July 3,099 1,931

August 2.702 1,744
@mber 2.699 1,758
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Table 5.7. Electricity charge of the office during the year due to the 5" category

system combination {continued).

Month Electricity charge (Baht)
Counventional System [TES System
Qctober 2.790 1.822
November 2.221 1,513
December 2311 1.862
Total 33.723 22.942

Table 5.8. The installation cost of the ice storage system.

Component Lists Cost (Baht)

| Compressor 15.000
Condensing 10.000
Direct contact evaporator tank 35.000
Nozzle 3.000
Compressor control motor 5,000
Accessories 5,000
Piping 1.000
Total 74,000

As the ITES system could reduce the electricity charge 10,781 baht/year
comparing to the conventional system. the payback period approximately 9 years. It is
calculated by the future worth of a uniform series of amounts method. The rate of

interest is 8 percent, compounded annually. The rate of inflation is 2.5 percent.




CHAPTER 6
CONCLUSION AND RECOMMENDATION

6.1 Conclusions

6.2.1 The mathematical models of each main component in both of the
chilled water system and the ice thermal energy storage with direct contact evaporator
are created at various mass tlow rates and compressor speeds. The refrigerant mass
flow rate is varied from 0.033 kg/s to 0.088 kg/s. The compressor speed is varied from
7.1 tps to 11.8 rps. Then. the system simulation to find out the suitable refrigerant
mass flow rate and power input of the chilled water system at any given cooling load
1s construcied. Moreover. the time used to produce the required amount of the ice and
the energy consumption in the ITES system are also carried out. The estimated values
from the simulation program are good agreement to the experimental results with 5%
errors for chilled water system and for ITES system.

6.2.2 The appropriate refrigerant mass flow rate of the chilled water is 0.06-
0.08 kg/s which gives the highest value of the coefficient of performance (COP). COP
is approximately 3.1. For the ITES system. the appropriate refrigerant mass flow rate
and compressor speed are 0.08-0.09 kg/s and 9.5 mps, respectively. The COP of the
ITES system is about 3.1.

6.2.3 For the selected office located in Chiang Mai University which has 18
kW of the cooling load on the design day and 13.045 kW-hr of energy consumption in
air conditioning system during the year, the appropriate combination system is the
partial storage design system that consists of 3.5 kW of capacity of chilled water
system and 14 kW of capacity of ITES system. The chilled water system is operated
as the base cycle.

6.2.4 Under the appropriate operating conditions, the peak electricity
demand and the electricity charge related to TOU tariff of the office could be
decreased 39.2 % and 32% compared to the conventional chiller system, respectively.

It is also found that the payback is approximately ¢ years.
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6.2 Recommendations

6.2.1 Since the chilled water cycle and the ITES cycle are separately
operated by the different systems to find the characteristic models and simulation in
this research, the system should be re-designed to use the same one for more practical
work as the conventional ice-on-coil ITES system. During the office occupancy time,
the refrigeration system is operated to produce the chilled water. The refrigerant runs
through the chiller to extract heat. Then. during the ice producing process, the same
system is operated to produce the ice by bypass the refrigerant from the chiller to the
direct contact evaporator. This method should be simple and make optimum use of the
chiller to achieve the best system performance.

6.2.2 The high pressure remained in the storage tank after the ice producing
process has to be exterminated before utilizing the produced ice. After the required
amount of the ice is obtained. the inlet port of the tank is shut off and the compressor
of the ice storage system is further operated for about 10 minutes.

6.2.3 From the experiments. the ice formed at outlet of the nozzle blocks the
refrigerant flows. It causes high pressure. The nozzle should be redesigned to solve
this problem as followings:

(a) The nozzle should be designed as a propeller shaft. In this case,
the high turbulence flow of water is obtained. The ice is not
formed around the nozzle. Moreover, the ice produced is a slurry
ice (as partly melted or watery snow) that will let the refrigerant
passes through the ice easily.

{b) There should be a small electric heater rounded at the outlet of the
nozzle to melt the ice formed. In this case, the hot wire is operated
only a short period. After the ice blocking the refrigerant flow is

wiped out, the hot wire is tumed off.
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Program Simulation:

Uses

Var

wincrt:

{CHILLED WATER SYSTEM}
{Compressor} Tepi, Tepo. Pepi, Pepo. mr, x, y, ¢l. ¢2. u. v, k., Tcpi2, Tepo2.,
Pcpi2. Pepo2. Tsatepi, Tsatepo, hepi. hepo. Wepireal:
{Condenser} Tedi. Tedo. Pedi. Pedo. Qed. hedi. hedo: real:
{Expansion valve} Texi, Texo. Pexi. Pexo. hexi. hexo: real:
{Chiller} Pchi. Pcho. Tchi, Tcho, Qch. Cpw. Twi. Two. hehi. heho., Tsatcho:
real:
{General} COP. Cpa. Qload: real:
1,] : integer:
{ICE STORAGE SYSTEM}
{Compressor} Pepil. Pepol [Tepil, Tepol, N1, mrl, hepil, hepol, Wepl:Real;
{Condenser} Pedil. Pedol, Tedil. Tedol. Taii, Taol, UAcdl. mal, Cpal.
hedil. hedol. Qcdl:Real,;
{Expansion Valve} Texil. Texol. Pexil, Pexol. hexil, hexol:Real;
{Direct Contact Evaporator} Cprt. Mwl, Mwi, Mil, Twl. Tevil, Tevol. hevil,
hevol, Pevil, Pevol. Qevl:Real:
{Others} Qev2. COPI, tl, Tambl, Pex_ratiol, Pep ratiol, Psatl, Tsatl, k1, ul,
vi, wl x1, yl, zl:Real;

{Meaning of Variables (use only in this program)

COP = coefficient of performance

Cpa = specific heat of air (kl/kg-K)

Cpr = specific heat of refrigerant (kJ/kg-K)
hedi = inlet enthalpy of condenser (kJ/kg)
hedo = outlet enthalpy of condenser (ki/kg)
hchi = inlet enthalpy of chiller (ki/kg)

heho = outlet enthalpy of chiller (kJ/kg)

hepi = inlet enthalpy of compressor (kJ/kg)
hepo = outlet enthalpy of compressor (kJ/kg)
hexi = inlet enthalpy of expansion valve (kJ/kg)
hexo =

outlet enthalpy of expansion valve (kJ/kg)



hevi

hevo

ma
mr
Mi
Mice
Mw
N
Pedi
Pedo
Pclhi
Pcho
Pept
Pepo
Pep ratio
Pexi
Pexo
Pex_ratio
Pevi
Pevo
Psat
Qcd
Qch
Qev
Tai
Tao
Tamb
Tedi
Tedo
Techi
Tcho
Tepi
Tepo

Il
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inlet enthalpy of evaporator (kJ/kg)
outlet enthalpy of evaporator (kJ/kg)
polytropic index

mass flow rate of air (kg/s)

mass flow rate of refrigerant (kg/s)
mass of ice formution (kg)
required amount of ice (kg)

mass of water in storage tank (kg)
compressor speed (rps)

inlet pressure of condenser (MPa)
outlet pressure of condenser (MPa)
inlet pressure of chiller (MPa)

outlet pressuer of chiller (MPa)

inlet pressure compressor {(MPa)

outlet pressure of compressor (MPa)
pressure ratio of compressor (Pcpt/Pcpo)
inlet pressure of expansion valve (MPa)
outlet pressure of expansion valve (MPa)
pressure ratio of expansion valve (Pexi/Pexo)
inlet pressure of evaporator (MPa)
outlet pressure of evaporator (MPa)
saturated pressure (MPa)

rate of heat transfer of condenser (kW)
rate of heat transfer of chiller

rate of heat transfer of evaporator (kW)
inlet temperature of condenser fan (C)
outlet temperature of condenser fan (C)
ambient temperature (C)

inlet temperature of condenser (C)
outlet temperature of condenser (C)
inlet temperature of chiller (C)

outlet temperature of chiller (C)

inlet temperature of compressor (C)

outlet temperature of compressor (C)
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Tevi = inlet temperature of evaporator (C)

Tevo = outlet temperature of evaporator (C)

Texi = inlet temperature of expansion vaive (C)

Texo = outlet temperature of expansion valve (C)

Tsat = saturated temperature (C)

t = time ()

Tw = temperature of water (C)

c = variable

UV = variable

XNz = variable

UAcd = overall heat transfer coefficient of condenser (kW)

Wep = rate of work input of compressor (kW)}
Begin

write('Input cooling load responsible by chilled water system (kWYY;
readIn{Qload):
write('Tnput mass flow rate of refrigerant in chilled water system (kg/s));

readln{mr):

{CHILLED WATER SYSTEM}
Repeat
¢cl:=-20.114*mr*mr+3.5432*mr+0.1291;
c2:=0.7733%c1-0.0194;
k:=(-2.1397)*sqr(mr)+0.4896*nur+1.1867;
Tept:=5:
Tepo:= 60
Pcpii=0.3:
Pepo= 1.6
For i:=1 to 100 do
{COMPRESSOR}
Begin
Tepo2:= exp(In(Tepi+273.15)-((k-1)/K)*In(c2))-273.15;
x:=¢2-0.1088:
y:=x/0.0873;
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Pepo2:= mr*squi{ Tepo)/v:

Tepi2:= sqi{({0.0663-c2)/0.0973* Pcpi/mr);

Pepi2:= Pcpo*c2:

Tepli= Tepi2:

Tepo:= Tepo2;

Pcpi:= abs{Pcpi2):

Pcpo:= abs(Pcpo2):

End:

Tsatepi:= ((8.96-sqrt(8.96*8.96-(4*1.038*(15.6+In(Pepi*10)))))* 100/

(2*1.038))-2753.15:

hepi:= 173.52+13.01 ¥ In(Pepi* 10)+(0.57+0.0826* In(Pepi* 10))*(Tepi-
Tsatepi):

Tsatcpo:= ((8.96-sqr1(8.96%8,96-(4* 1.038*(15.6+In(Pcpo*10))))* 100/

(2*1.038))-273.15:

hepo:= 173.52+13.01*In(Pcpo* 10)+(0.57+0.0826*In(Pcpo* 10))*(Tepo-
Tsatcpo):

Wep:= mr*(hepeo-hepi):

{CONDENSER]}

Tedi:= Tepo:

Pcdi:= Pcpo:

Pcdo:= Pedi:

Tcdo:= ((8.96-sqrt(8.96*8.96-(4*1.038*(15.6+In(Pcdo*10)))))* 100/
(2%1.038))-273.15:

hedi:= hepo:

hedo:= -239.8+100.6*(Tcdo+273.15)/100;

Qcd:= mr*(hedi-hedo):

{EXPANSION VALVE}

Pexi:= Pcdo;

Pexo:= Pexi*cl;

Texi:= Tedo;

Texo:= ((8.96-sqrt(8.96*8.96-(4* [ .038*(15.6+n(Pexo*10)))))*100/
(2*1.038))-273.15;

hexi:= hedo;

hexo:=-239.8+100.6*(Texo+273.15)/100;
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{Chiller}
Pchi;= Pexo:
Pcho:= Pepi:
Tchi:= Texo:

Tcho:= Tchi:
hehi:= hexo:
hecho:= hepi:
Qch:= mr*(hcho-hchi):
COP:= Qch/Wcep:
writeln{" mr = "mr:1:4.) Wep = "Wep:t:2) Qch = "Qch:1:2" Qed =
'Qcd:1:2 COP = "COP:1:2):
If Qch<Qload then
mr:= mr+0.0001;
If Qch>Qload then
mr:= mr-0.0001;
Unti}
abs{Qch-Qload)<=0.01:
writeln:
write('Enter any key to start the calculation of the ice storage system');
readkey:

writeln:

{I{CE STORAGE SYSTEM}

write('Enter cooling load responsible by ice storage system (kJ/day));
read(Qev2);

Mwi:=1.1*Qev2/335;

writeln;

write('The require amount of the ice = ",Mwi:1:2, 'kg");
writeln;

writeln;

write(' Enter mass of water in ice storage tank(kg) Y

read{Mw1);

write(' Enter mass flow rate of refrigerant in ice storage system (kg/s)";
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read(mrl);

write(' Enter mass flow rate of air(kg/s) )

read{mal);

write(' Enter compressor speed of the ice storage system (rps)’):

read(N1):

write(' Enter initial temperature of water 1n storage tank (C) '):

read(Twl);

write(’ Enter ambient temperature (C) BN

read{Tambl):

write(' Enter specific heat of refrigerant (kJ/kg-K) ")

read(Cprl):

write(* Enter specific heat of air (kl/kg-K) Y

read(Cpal):

write(' Enter delta time which you want to calculate (5) '),

read(tl);

writeln{(" Sensible Heat Period )

writeln('Time Tw Tepi Tcpo Tedi Tedo Pepi Pecpo Wep Qve Qcd COP

Tevi):
{COMPRESSOR}
Pex_ratiol:=(1.5134*sqr(N1)-32.0125*N1+148.8285)*sqr(mr1)+(-0.1020*sqr(N1)
+2.0160*N1-5.8329 *mir 14+(0.0032*sqr(N1)-0.0824*N1+0.7113);

Pcp ratiol:=0.954*(Pex_ratiol);

wl:=0;

Repeat
Tevol =Twl;
Tepil :=0:
Repeat

Tepit = Tepil+0.01;
x! = Tevol+(1/(mr1*0.9))*((-0.4132*sqr(mr1)+0.0409*mr1-0.0012)
*sqr(Tamb1-(Tevol+Tepil )/2)+(6.0055*sqr(mr1)-0.3648*mr1+0.0448)

*(Tambl-(Tevol+Tepi1)/2)H(-38.4022)*sqr(mr1)+6.243*mr1 -0.2699)):
Until

abs(Tepil-x1)<=0.01;
ki :=1.9584*mri+1.1503;



72

Tepol = exp(In(Tepil +273.15)-((k1-1 )Yk )*In(Pcp_ratiol))-273.15;
yl :=-0.00015%sqr(N1)-0.0087*N1+0.3003;

zl = Pcp_ratiol-0.0022%sqr(N1)-0.0581*N1+0.5824;

Pepol = Mrl¥sqri(Tepol Y*yl/z1:

Pepil == Pcpol*Pep_ratiol:
Tsatl =0

Repeat

Tsatl =Tsatl+0.01;

x1 = exp(-15.6+8.96*(Tsat1/100)-1.038*sqr(Tsat1/100)});

Until

abs((x1/10)-Pcpi])<=0.01:

hepil

= 173.52+13.01*In(Pepi 1 * 1O)+(0.57+0.0826* In(Pepil *10)}

*(Tepil-Tsat1+273.15):

Tsatl =0;
Repeat
Tsatl = Tsat]l+0.01;

xi = exp(-15.6+8.96*%(Tsatl/100)-1.038*sqr(Tsat1/100));

Until

abs{(x1/10)-Pcpol)<=0.01;

hepol = 173.52+13.01*In(Pcpol*10)+(0.57+0.0826*In(Pcpol*10))
*(Tepol-Tsatl+273.15):
Wepl :=mrl*(hepol-hepil):
{Condenser}
Pedil = Pcpol;
Tedil :=0;
Repeat
Tedil = Tedil+0.01;
x1

Unul

= Tepol-(1/{mr1*0.9))*((-0.0001)*sqr{(Tepo i +Tedi)/2-Tamb)+
(1.607*sqr(mr1)-0.0298*mr1+0.0146Y*((Tcpol +Tedil )/2-Tamb1)+
(-20.432%sqr(mr1)+1.9399*mr1-0.293));

abs(Tedil-x1)<=0.01;

Pcdol
Tsatl

:=Pcdil-0.034;
=
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Repeat
Tsatl :=Tsat]1+(.01;
xl = exp(-15.6+8.96%(Tsat1/100)-1.038*sqr(Tsat1/100));
Until
abs({x1Y/10-Pedil)<=0.01;
hedil = 173.52+13.01*In(Pcdil *10)Y+(0.57+0.0826* In(Pcdi1 *10))
*(Tedil-Tsat1+273.15).
Tedol = Tsatl-273.15:
hedol = -239 8+100.6%(Tsatl/100).
Qcdl :=mr!*{hedil-hedol):
Tail :=Tambl:
Taol = (Qcdl/mal)+Tail;
UAcdl = (mal*Cpal/0.2723)*(({Taol-Tatl)/(Tedil-Tail))-0.0107):
{Expansion Valve}
Pexil :=Pcdol:
Pexol :=Pexil*Pex_ratiol:
Tsatl =0
Repeat
Tsatl := Tsatl+0.01;
x1  :=exp(-15.6+8.96%(Tsatl/100)-1.038*sqr(Tsatl/100));
Until
abs((x1/10)-Pexol)<=0.01;
Texol :=Tsatl-273.15;
hexol :=hcdol;
{Direct Contact Evaporator}
Pevil :=Pexol;
Pevol :=Pevil;

Tevil ;= Texol;

Tsatl :=0:
wl = wlt]:
ul = wl*tl;
Repeat

Tsatl = Tsat]+0.01;
xI = exp(-15.6+8.96*(Tsat1/100)-1.038*sqr(Tsat1/1 00y,
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Until
abs((x1)/10-Pevo1)<=0.01;
hevol :=173.52+13.01*In(Pevol *10)+(0.57+0.0826*In(Pevol *10))
*(Twl-Tsat1+273.15);
hevil :=hexol;
Twl =Twl-(mrl*(hevol-hevil Y*t1)/(Mwl1*4.19+450);
vl =yl+l
Qevl :=mrl*(hevol-hevil):
COP1 :=Qevl/Wcpl:
[f Twi>0.01 Then
writeln(ul:1:0." "Twl:1:1." "“Tepil:1:1." “Tepol:l:1] °,
© Tedil:1:1.) "Tedol:1:1.) “Pepil:1:2) “Pepol:1:2. °
Wepl:1:1! "Qevl:1:1) "Qedl:1:1. "COPL:1:1. "Tevil:l:1);
If Twl1<=0.01 Then
BEGIN
Twl =0.01;
writeln{ul:1:0," " Twl:1:1' "Tepil:1:1. " Tcpol:l:1, ",
Tedil:1:1, “Tedol:1:1. "Pepil:1:2" "Pepol:l:2, ',
Wepl:1:1) "Qevl::l! "Qedl:1:1) "COPIL:1:1. "Tevil:l:1);
END;
Until Twi<=0.01;
writeln;
writeln('Press enter for next calculation'),
readkey;
writeln(’ Latent Heat Period '),
hevol = 173.52+13.01*In(Pevol)+(0.57+0.0826* In(Pevo1))*(0.01-
Tsat1+273.15);
vl = (Mw1*334)/(mrl*(hevol-hevil));
z] =0
Repeat
Mil  =Mwl*(zl/v]);
If Mil<Mw] Then
writeln('Time = ,21:1:0, 'second Ice formation = ', Mil:1:2 'kg");
I[f Mil>=Mw1 Then



Begin
writeIn('Time = 'v1:1:0. 'second Ice formation ="' Mwl:1:2'kg').
end;
zl = zl+l:
Until
Mil>=Mw];
writeln;
writeln('Press Any Key to Return to Program');
readkey;
End.
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Payback period calculation {21]

Designing and building a device or system that functions properly is a part
of the engineer’s task but he basis of most engineering decisions is economic.. The
device or system must. in addition. be economic, which means that the investment
must show an adequate returni. In this study, the payback period of the ice thermal
energy storage with direct contact evaporator i1s considered based on the investment.
From Chapter 3. the system 1n category 5 is selected due to its optimum performance.
It consists of the chilled water system and the ice storage system while the
conventional system- consists of only the chilled water system.

The payback period (years) of the system is normally calculated from

. C
Pavback Period = (N ~ R] —0&M) (B.1)
where C = Capitat cost (first cost or investment) (Baht)
N = Conventional system running cost (Baht/year)
R = Selected system running cost (Baht/year)
O&M= Operating and Maintenance cost (Baht/year)

The capital cost of the selected system 1s normally the investment evaluated
at present. The profit (V-R-O&M) is the returning value evaluated per year during the
lifetime. As the profit is affected by the interest and inflation, one baht of the profit at
the first year does not have the same value as one baht in the year following or later.
So, the profit has to be adjusted such that the current value is used in place of the
value in years to come to calculate the payback period. If the annual profit is the

uniform amount, the present worth of the profit can be calculated from

(1+i)" -1

P=A—"—
i+ i) (B.2)
and . ip—f
1+ f (B.3)
where P = Present worth of the profit in each year (Baht)
A = Annual amount of the profit (Baht)
i = Interest rate including the effect of the inflation

(% per year)
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I

iy Interest rate (% per year)

~
]

Intlation rate (% per year)

n year

In this research. as indicated in Chapter 5, the capital cost of the selected
system () is 74,000 Baht. The operating and maintenance cost is already included in
the running cost of the selected system. Therefore, the term (N-R-O& M) or profit is
11,000 Baht/year and will be available tor 10 years of lifetime. The interest rate and
the inflation rate 1s 8% and 2.6%, respectively.

Then the true value of the interest is

;_ 0:08-0.026
1 +0.026

=0.054

The profit received at the end of the first year is

(1+0.054) —1
0.054(1 + 0.054 )

P:IO781[ }=10268

As the annual profit is received. then, the results of the value calculation of

the profit at the end of each year is shown in Table B.1

Table B.1 The present worth of the total profit gained during the lifetime of the system

year Annual profit (Baht) | Present worth of | Total profit
annual profit (Baht) | (Baht)

1 10.781 10,267.62 10,267.62
2 10.781 9.778.68 20,046.30
3 10,781 9,313.03 29,359.34
4 10,781 8.869.56 38,228.89
5 10,781 8.447.20 46,676.09
6 10,781 8.044.95 54,721.04
7 10,781 7.661.86 62,382.89
8 10,781 7.297.01 69,679.80
9 10.781 6,949.53 76,629.43
LO 10,781 6,618.60 83,248.02
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From Table B.1. value of the total profit at the end of the " year is more

than the capital cost of the system. Hence, the payback period is 9 years.
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(.5 Condensing unit

C.6 Ice storage tank
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.7 Nozzle

C.8 Produced ice in the storage tank
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.9 Produced ice in the storage tank
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‘designed as a partial storage type. From the experimental data, the mathematical models for
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chiller and direct contact evaporator are developed and the system simulation is created.
From the result, it could be shown that the simulation agrees well with the experiment. From
the simulation, it indicates that the appropriate capacity of the ice thermal energy storage
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1. INTRODUCTION

As electricity demand in commercial building is mainly caused by cooling system, ice

hermal energy storage (ITES) is a concept that is becoming more attractive to reduce the

yperating cost of the building in both of demand and energy charges [1-3]. Demand and energy
‘harges are based on the peak power consumption during a peak hour and the total energy
ronsumed respectively. The ITES technique shifts the cooling load from peak to off-peak by
unning the air

conditioning compressor during the off-peak hour when the energy cost is the lowest to produce
ce stored in the storage tank. Water from this tank is circulated for the cooling purpose during
1¢ on-peak hour. At present, most of the ITES systems used are the ice-on-coil storage system
£ which the ice is formed directly on the coils submerged in the water. There are two main
Toblems, big space for handling the evaporator coil is needed and high thermal resistance is
btained due to the low thermal conductivity of the ice when it is formed on the coil [4-5].

Juring the ice formation process, as the ice thickness is increased, the rate of heat extraction

zecreascs. Thus, the direct contact heat transfer technique has been much interest in recent years

trough its application to overcome these problems [6-7]. In thus paper, an application of an ice
hermal energy storage with the direct contact evaporator system for air-conditioning of an office
n Chiang Mai, Thailand has been carried out. The mathematical models of the main components
n both of air-conditioning and direct-contact ITES system have been developed and the

xerformance analysis of the whole system has been investigated.




2. THE AIR-CONDITIONING SYSTEM

The air-conditioning system with the ITES unit used in this work are shown
schematically in Fig. 1.

The system consists of two main cycles, chilled water cycle and ice storage cycle. The
[TES or ice storage cycle is designed as a partial storage type and the whole system uses R12
refngerant as the working fluid. During the off-peak period the ice storage cycle is operated to
proceed the ice formation process. The ice is stored in the storage tank. During the on-peak
hours, chilled water cycle is operated to produce the cooled water to achieve the cooling
requirement. The cooled water passes from the chiller to the fan-coil unit to exchange heat and
then tums back to the chiller. If the required cooling load is higher than the capacity of the
chiller, the chiiled water from the fan-coil unit controlied by a two-way valve will pass through
the ice storage tank to lower the chilled water temperature before going back to the chiller.

An air conditioning unit is operated to support cooling load of a selected office in Chiang
!lMai city. The area of the office is 71.5 m” of which the maximum peak cooling load gained on
Ithe designed day in April is approximately 18 kW,

In this study, modeling equations, which describe the behavior of the main system
components have been investigated and the system simulation has been carried out to find out

the appropriate size of the ITES.



3. MATHEMATICAL MODEL

In this section, the mathematical models of the main components for the air conditioner

including the direct contact ITES could be described as follows:
3.1 Chilled Water Refrigeration Cycle

For chilled-water refrigeration cycle, a standard vapor-compression refrigeration system
is simulated under steady-state conditions to produce the chilled water for supporting the cooling
load. In this case, the chilled water cycle is operated as a base cycle. The compressor is usually
worked at constant full speed. Thus, modeling of each component could be developed at various
refrigerant mass flow rates. The details have been described as follows:

Compressor Modeling

Kiatsiniroat et al. [8] generates a mathematical model of a reciprocating compressor,

‘which is modified from Stoecker [9] as

Pcp,f — /{mry:':‘g,si ’N1 ,
F, cp.o £ .t (H)
0.5
Pq,_; _ f[mrTfp,o , N], )
.o Pr.;cr.o

where N is the compressor speed in 1ps, m, is the refrigerant mass flow rate in kg/s, 7,5,

or

-

Tepor Peps and Py are temperatures and pressures at the inlet and outlet ports of the compressor

in K and MPa, respectively.



With the experimental results from Figs. 2 and 3, the relations in Eqgs. (1) and (2) can be

characterized as

0.5

P 7
L 0.0973[ e lep ]+ 0.0663, (3)

3

p.o cpt

‘and

’l

7.0 Ly N p.o

P m. 1% ? m 7%
it =—0.0057[%] +0.0936[ TP [+0.1071, (4)

Moreover, the pressure ratio of the compressor could also be calculated from

& (k-1)
Pf.‘p.l = [ Tcp.i ]
Peoo \Tepo 5)
where k is the polytropic index depending on the refrigerant mass flow rate as
k= f(m). (6)

From the experiments, the relations between these two parameters can be expressed as
shown in Fig. 4 which is
k=0.2216m, +1.1949. (7
Condenser Modeling
In this work a counter flow heat exchanger having circulating water as a coolant is used
to extract heat from the refrigeration system. From the experiment, it could be found that the
refrigerant becomes saturated liquid after passing the condenser. The heat extracted can be
calculated from
Ot = 11, ez — Pt ) ®)
Q.4 is the rate of heat extraction, fi.q;and /14, are the enthalpies at the inlet and the outlet

of the condenser, respectively.



Expansion Valve Modeling

The expansion valve is operated manually to control the refrigerant mass flow and the
ipressure of the cycle. From the results as shown in Fig. 5, it could be found that the pressure

ratio at the valve depends on the refrigerant mass flow rate where

P

Pa'a = f(m,), (9)

and

and the charactenistic equation at the valve can be experimentally expressed as

P
=0 = —20.114m? +3.5432m, +0.1291. (10)

ex.i

Chiller Modeling

The water chiller in this case is a counter flow type and the heat transfer rate could be

:alculated from

0., =m k., — ), (11)

o

Qd: = mwccpw (Tw.! - Tw.o )’ (12)

wnd _

(‘T wi Tdr.o)_ (Tw,o - T dr.i)

T . T '
In[—-———” d"“} (13)
T

w0

Qu = (UA)df

— Td:,}




From the experiments, it could be found that there is a pressure drop across the condenser

and the chiller, and it is expressed in terms of the pressure ratios at the expansion valve and

COMPpressor as

op.o ex.i exd

2
P, P P
z =—4.6771|: '"‘“:l +3.1933[ M“’}—0.33. (14)
P P P

3.2 Ice Storage Refrigeration Cycle

For the ice storage system, another standard vapor compression refrigerant cycle is
'operated to produce ice. R12 is injected through the expansion valve into the water in the direct
contact evaporator/storage tank directly to extract heat. The diagram of the system is shown in
Fig. 6.

Compressor Modeling

During the ice producing, the compressor model could be characterized similar to that of
the chilled water system. From the results as shown in Figs. 7 and 8, the characteristic equation

s

of the compressor can be expressed as

2
2 mrT;,i
(0.0027N? —0.0705N +0.3297 -

&p.0
P ' mrTﬂ.S
24 | (- 0.0013N% +0.028N +0.1428] —22 ||, (15)
P, Foe

+(0.0026 N2 ~0.0685N +0.6253)

i |

and

k=17525m, +1.1571. (16)



Condenser Modeling

In this case, a cross flow heat exchanger having air circulating as a coolant is used to

extract heat from the refrigerant. The temperature ratio could be characterized as

(17)

From the experiments as shown in Fig. 9, the characteristic equation of the condenser can

a

I,~T, [(U4),
7,.-T m,C a .

he expressed as

r —-T
oo o 0.2723(UA)., +0.0107. 18
[ad,i - m,C ( )

a a* pa

Expansion Valve Modeling
‘The characteristic equation of the expansion valve similar to Eqn. (9) can be expressed

from the results shown in Fig. 10 as

(0.4839N2 — 12.657 +59.808 )’
P
= | 4+ (-0.0252N? +0.5546N +0.9465)m, |. (19)
“ 1 +(0.003142 —0.0783N +0.6857)

As shown in Fig. 6, there are some accessory components in this system such as filter
drier, accumulator and receiver. These components cause the pressure drops and heat losses also
occur. From the experiments, the pressure drop related to the pressure ratio of the compressor

and the expansion valve can be expressed as

P Feo
P. =0.95 7| 20)
e Lot




Moreover, it could be found that there is pressure drop across the condenser and it could
be expressed as

Paf_o = Pm‘.: ‘—0.034 (21)

Direct Contact Evaporator Modeling

Kiatsiriroat et al [7] generated a mathematical model for a direct contact evaporator by

using lump model. The thermal characteristics of the water in the tank analyzed by the energy

balance could be expressed as

-:—‘(M,;z, )+ M,C, i:-’? =m, (i, —h )+ UAXT, -T.). 22)

As shown in the equation, the first three terms relate to the enthalpy change rates of the
vater, the container and the refrigerant, respectively. The last term relates to the external heat
rin from the surrounding ambient. In this study, the direct contact evaporator is well insulated,
he heat gain could be neglected. Then, the water temperature of the water inside the tank is
eparately considered in two processes, which are sensible heat process and ice formation

srocess. The characteristic equations of the direct contact evaporator during the sensible heat

rocess and the ice formation process can be expressed in the following equations, respectively

s
. m, (hn,_, —h, )Ar
To=lo M,C,+M,C, 23)
Mm — mr (hw,o - ;I!\-’J )Af (24)



0

Due to the long length of the pipes between the evaporator unit, the compressor and the
condenser in the direct contact experiment set-up, the heat gain and loss are considered. From the
preliminary study, the heat gain between the low temperature refrigerant flowing inside the pipes

from the evaporator to the compressor and the surrounding ambient can be characterized as

T.,+T,
O (R = Y R

From the experiments, the equation can be expressed as

2
Too+T.;
(_ 00459”13 +0.0005n;’ +00003{T‘, __[ oo . cp.d J]

- . 2 Tev.o + Tcp.-'
m,C (T, ~T.,)=| +(0.9138m? +0.1596m, +0.0356) T, - )

+(2.663m? +1.1131m, —0.1304)

Then, for the high temperature refrigerant flowing through the pipe between the

compressor and condenser, the heat loss can be charactenized as

. o T, 0 + Tch
nColln ) IH_”;Z_} e m’]' @7)

In this case, the equation can be expressed from the experiments as

TootT4
(l ,607!713 —0.0298m_-0.0 I 46{[%] -7, ] (28)

(- 20.432m? +1.9399m, ~0.293)

m,C (T _Tcd,f)z

r pr e
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4. SYSTEM SIMULATION

With the mathematical modeling of each main component in the system, the simulation is
created 1o determine the energy consumption of the system at various possible combinations of
|

the conventional chilled water system and the ice thermal energy storage (ITES) system. The

computational steps are shown in Fig. 11,

As shown in Fig 11, the simulation consists of two parts, chilled water system and ITES
system. The input parameters of the simulation are the total cooling load, Oy, the compressor
speed of the ITES system, Ny, the mass flow rate of refrigerant for the ITES system, m, 4 the
Eim'tia] temperature of water in the storage tank, 7. the ambient temperature, 7. and the

properties of the system working fluid.
| The cooling load is divided into two parts for chilled water system and ITES system,
Qoatae and Qroadae. For the chilled water system, the tnal and error has been done to find out the
:suitable mass flow rate of the refrigerant at the given cooling load. Moreover, the power input of
the compressor, the heat transfer rates at the condenser and the chiller are also the output values
of the program.

For the ice storage part, the calculation is under the assumption that the Jeaving
temperature of the refrigerant of the ice storage tank is equal to the temperature of the water in
the tank because of high turbulence due to the refrigerant injection into the water tank. When the
temperature of water is higher than 0.01°C, the calculation is in sensible heat mode. As the water
;temperature is lower than 0.01°C, the latent heat mode is applied. The outputs of this part are the

power consumption at the compressor, the heat transfer rate of the direct contact evaporator and

the time consumed for producing ice.
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5. RESULTS

5.1 Chilled Water System

In the chilled water system part of the simulation program, after input the initial values of
the vanables, the compressor work and the heat transfer rate at the chiller are evaluated. The
results from the simulation are compared to those of the experiments. The results are i}lustrated
in Figs. 12-13. From the resuits, it could be found that the compressor work and the heat transfer
rate depend on the refrigerant mass flow rate. As the refrigerant mass flow rate increases, these
values are also increased. Moreover, it is noted that the values from the simulation program are

tlosed to the experimental results.

5.2 Ice Storage System

For the ice storage simulation, the compressor work, the heat transfer rate at the direct
:ontact evaporator and the time used to produce ice are evaluated. The results are shown in Figs.
1l4~15 and Table 1. They agree well with those of the experiments.

As shown in Figs. 14-15, the refrigerant mass flow rate has an effect on the both of the
sompressor work and the heat transfer rate at the direct contact evaporator. As the mass flow rate
nereases, the compressor work and the heat transfer rate are also increased.

The calculation above lead to the determination of the ice mass produced in the ice
storage system and the results are shown in Table 1 in which good agreement is seen between the

results from the simulation and the experiments.
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5.3 Appropriate Sizing of the Ice Storage

In this research work, an office having 18 kW of cooling requirement is considered as a

case study. Eight different air conditioning system combinations have been investigated to

| determine the appropriate possible combinations which relates to the electricity tariff (TOU rate)
as shown in Table 2 [10].

The eight categories are as the following:

Category 1. Conventional design (no ice storage). The entire cooling requirement is
supported by the chiller unit operating during the occupancy period.

Categories 2-8. Partial storage design. The chiller unit is responsible for the less cooling
‘Tequirement compared to the conventional system. The cooling load is divided into two parts.
The first part is supported by the chiller unit during the occupancy time and the other is
supported by the ice produced in the ice storage or ITES system operating during the nighttime.
The ratio of the cooling load supported by the chiller unit (kW) to the cooling load supported by
the ITES system (kW) for categories 2-8 are 162, 14:4, 12:6, 10:8, 8:10, 6:12 and 4:14,
respectively.

From the system simulation, the peak energy demand (kW) of each category is shown in
Table 3 while the energy consumption (kW-h/day) and the operating cost of each categories are
illustrated in Figs. 16-17.

From Table 3, it could be found that the peak energy demand during the on-peak period
decreases when the capacity of the ITES system increases. This is due to the fact that the load of
the compressor in the chilled water system is shifted to the ITES compressor running during the
off-peak period. However, for categories 7 and 8 in which the capacities of the ITES are 12 and

14 kW, respectively, the required period for generating ice is more than 11 hrs. Then the
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compressor Joad of the ice storage overlaps to that of the chilled water system in the on-peak
period.

Fig. 16 shows the electrical energy consumption of the system in each category. Similar -
to Table 3, as the size of the storage increases, the energy consumptior; o.'f the chiller decreases
and that of the storage increases. For categories 2 -5, the total energy consumption does not
exceed the conventional system (1% category). For categories 6 — 8, it could be found that the
Idesigns are not appropriat since the energy consumption is higher than that of the conventional
:;'um'l.

To determine the operating cost, it could be seen that the appropriate design is the 5
category whereas the cheapest cost is obtained as shown in Fig. 17. At this condition, the energy
‘demand and energy consumption from the daytime could be shifted to the nighttime when the
tariff is lowest. The peak energy demand from 9.7 kW in case of the conventional unit could be
reduced to 5 kW (48.7% decreased). The operating cost is reduced from 4,200 baht/month for
conventional system to 3,100 baht/month resulting in 27% reduction.

It could be found that this system yields a realistic payback. In this research work, the
installation cost of the ice storage system is approximately 70,000 baht and the operating cost is
reduced for 1,100 baht/month. If the ITES is chosen to operate during March to October which
has high opportunity to use the ice storage system, then, the payback period could be

approximately 8 years.
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6 CONCLUSION

The mathematical of each main component in the ice thermal energy storage with direct
contact evaporator is created and the system simulation to find oﬁt the suitable refrigerant mass
flow rate at any given cooling load, the time used to produce the required amount of the ice and
energy consumption has been carried out with good agreement to the experimental results. It is

also indicated that for the office having 18 kW of cooling requirement considered as a case
study, the appropriate size of the ITES system is 8 kW. Under this operating condition, the peak
electricity demand and the operating cost could be decreased 48.7 % and 27%, respectively

comparing to the conventional chiller system. The payback is about 8 years.
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NOMENCLATURE

Cp specific heat capacity (kJ/kgK)
DC  demand charge (Baht/kW)
EC energy charge (Baht/unit)
] h specific enthalpy (kl/kg)
k polytropic index
L latent heat (kJ/kgK)
m mass flow rate (kg/s)
mass (kg)
N compressor speed (rps)
OC  overall charge (Baht))
P pressure (MPa)
Q heat transfer rate (kW)
T Temperature (°C)
At period of time (s}
UA  overall heat transfer coefficient (kW/mzK)
Subscripts
a air
ed  condenser
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ch chiller

Cp  COMDressor

ey evaporator

ex expansion valve
i inlet

0 outlet

r refrigerant

W water
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Table 1. The comparison of ice formation between the simulation and the experiment.

Massof | m, N Imtial | Tamb | Produced Time Produced | Time
water in (kg/s) | (ps) water Ice mass (hr) ice mass (hr)
storage tank temp. (kg) (kg)

(kg) (°C) | (°C) (sim.) (sim.) (exp.) (exp.)

250 0077 | 11.8 18.0 2972 250 3.66 212 3.59

250 0.100 | 11.8 16.5 30.2 250 3.11 209 3.23

300 C0.066 | 11.8 15.0 28.5 300 5.01 272 4,98

YT 300 0.100 | 118 15.4 26.8 300 3.67 269 3.62
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Table 2. Electricity cost (TOU Rate} for commercial building [10]

Voltage Demand Charge Energy Carge Service charge
(Baht/kW) (Baht/month)
(Baht/unit
1* 1* 2* 3*
>115kV 102.80 1.5349 0.6671 0.6062 400.00
69 kV 158.88 1.6292 0.6769 0.6153 400.00
22-23kV 200.93 1.7736 0.6861 0.6236 850.00
<22 kV 214.95 1.8891 0.7283 0.6616 850.00

1* Monday — Saturday  09.00 — 22.00 (On-peak)
2% Monday — Saturday  22.00 — 09.00 (Off-peak)

3*  Sunday 00.00 — 24.00 (Off-peak)
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Table 3. The peak energy demand occurred during on-peak period at various categories.

—

lce storage Peak energy demand
system
Category capacity Chilled water Ice storage system Total
(kW) system (kW) (kW)
(kW)

1 0 9.7 - 9.7

2 2 8.2 - 8.2

3 4 7.0 - 7.0

4 6 59 - 59

-5 8 5.0 - 5.0

6 10 4.1 - 4.1

7 12 3.4 5.5 8.9

8 14 2.6 5.5 8.1
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ABSTRACT

This research work studies heat transfer characteristic of a direct contact evaporator. A
cold two-phase refrigerant (R12 or R22) is injected into water kept in a storage tank to exchange
heat with the water directly. The water temperature is reduced 1o the freezing point and ice could
be formed. The lump model is used to predict the water temperature and it is found that this
model can predict the water temperature quite well. A correlation which relates the

dimensionless parameters such as Stanton number, Stephan number, Prandtl number and
oressure ratio is also developed.

Keywords:  Direct contact heat exchange, Ice thermal energy storage, Heat transfer
correlation.

Submitted to Applied Energy, June, 2001

Address of Correspondence and Proof:

Prof. Dr. Tanongkiat Kiatsiriroat

Department of Mechanical Engineering, Faculty of Engineering,
Chiang Mai University, Chiang Mai 50200, Thailand.
Tel:6653-944144 Fax:6653-944145

E-mail: tanong{@dome.eng.cmu.ac.th




INTRODUCTION

For several years, the electrical energy consumption has increased and becomes a
serious problem in developing countries. In Thailand, the electricity demand increases
approximately 12% every year {1]. The demand-side management policy is set as a method to
overcome this problem by charging the consumers with a high premium rate for the energy
consumed during the peak period and a low rate during the off-peak pentod. Uniform load factor

and reduction of peak demand then are anticipated.
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Figure 1 Direct contact evaporator.

In case of commercial building, 60% of the electrical energy consumption comes from
the air;conditionjng system [2]. This system is normally operated during the daytime or on-peak
period which consequently increases the electrical peak demand and thereby is charged with a
high electrical charge rate. To alleviate this problem, ice thermal energy storage has been

conducted. During the nighttime or off-peak period, ice could be formed in a storage tank and



during the daytime a circulation of cool water from a storage tank is used for air-conditioning
purpose. As the result, the uniform load and reduction of the peak demand are achieved.

The most common design of ice thermal energy storage is ice-on-coil system. The
refrigerant is circulated inside the submerge coil in a water tank on which ice formation takes
place. However, because of low thermal conductivity of ice, the ice layer forming on the coil
severely inhibits the transfer of heat. To improve the performance of the ice storage, the direct
contact evaporator is conducted. Figure 1 shows the principle of the direct contact evaporator.
The cold two-phase refrigerant is injected into the water in the storage tank to extract heét from
water directly. The water temperature 1s decreased and ice is formed when the freezing point is
reached. The refrigerant vapor leaves the storage tank through the upper channel.

Some studies on the injection of immiscible fluid into phase change materials for
exchangining heat directly have been carried out. The applications are thermal storages for
heating and a few for cooling purposes. Blair et al. [3] studied the heat transfer characteristic of
R113 droplet injected into a water column. It was found that the column height affected the
degree superheat of the refrigerant and the mass flow rate of refrigerant played an important role
on the volumetric heat transfer coefficient which approximately equaled 122 kW/m’K. Sideman
and Gat [4] also found that the volumetric heat transfer coefficient of pentane injecting into
water was about180 kW/m°K which was in the same order as Blair et al. In contrast, Goodwin et
al. [5] reported that the volumetric heat transfer coefficient of pentane injecting into water was
only about 3-8 kW/m’K. However no further explanation was elaborated.

Subbaiyer et al. [6] showed a simulated result of a refrigeration unit with a dire\ct contact
evaporator. The unit required only 50-60% of electrical energy consumption per ton of

refrigerant compared with a cooling coil ice generator. Kiatsiriroat et al. {7] studied the



phenomenon of ice forming around a jet stream of refrigerant injected from the bottom of a water
column. Different types of refrigerant, R12, R22 and R134a were used. It was found that the
stream of R22 showed better heat transfer, and ice could be formed quicker than those with the
other refrigerants. A numerical model to predict the water temperature and the thickness of ice
forming was developed, and the results agreed quite well with those of experiment.

In this present study, the heat transfer model of a direct contact evaporator has been
Jinvestigated. R12 and R22 are selected as the refrigerants and water is chosén as the phase
:Jcha_nge material. The effects of the volume of water, the inlet temperature and the mass flow rate
of refrigerant are investigated and their relation in terms of dimensionless groups is also

f developed.

THE EXPERIMENTAL SETUP

Figure 2 shows the experimental setup which consists of a direct contact evaporator, a
dryer unit, a compressor - condensing unit, a receiver tank and an expansion valve. The direct
contact evaporator is a stainless steel storage tank with 30 cm diameter and 110 cm height. The
refrigerant from a receiver is injected through the expansion valve to reduce the pressure and
temperature. This valve not only controls the mass flow rate of the refrigerant but also controls
the temperature and the pressure of refrigerant injected into the storage tank. The cold two-phase
refrigerant injected extracts heat from the water directly. As a result, the water temperature is
decreased and ice could be formed when the temperature reaches the freezing point. The
refrigerant after getting heat becomes vapor and leaves the storage tank to the compressor-

condenser unit. The dryer unit is used to eliminate the moisture which might come along with the



refrigerant vapor. The vapor condenses in the condensing unit and the liquid refrigerant returns
back to the receiver.

In this study, the refrigerant mass flow rate, the inlet and the outlet temperatures and
pressures at the expansion valve, and the water temperature of the storage tank are recorded.

Table 1 shows the testing conditions of the experiment.
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Figure 2 Schematic diagram of the experimental apparatus.

Table 1 The testing conditions of this research work.

Item Conditions
Mass of water in a storage tank 20-40 kg
Mass flow rate of refrigerant 0.02-0.08 kg/s
Inlet temperature of refrigerant -§—-15°C




MATHEMATICAL MODEL

In our previous studies {2, &, 9], it was found that high turbulence was found in the water
‘column during the refrnigerant injection then the temperature of water was found to be uniform.
Moreover, the temperature of the refrigerant that leaving out from the water was close to that of
‘water in the storage tank. Therefore the lumped model could be conducted to analyze the thermal
cha;acteristic of the water in the storage tank.

The energy balance at the direct contact evaporator could be written as
d drT, .
E(mwhw)'*-mrcpr—d}‘i:mr(hrf _hra)+(UAXTa _Tw)' {1}

The left-hand terms are the rate of enthalpy changes of the water and the container
respectively. The first right-hand term is the rate of enthalpy change of the refrigerant and the
‘final term is the external heat gain from the swrounding ambient. When the unit is well
insulated, the heat gain could be neglected.

During the sensible heat process and the tank temperature is assumed to be the same as

that of the water inside, equation [1] could be rewritten in numerical form as

rhr (hn' - hro )At
mrcpt + mwcpw

T4 =T, +

[2]

During the ice formation, the temperature of water is constant around the freezing point.

Consequently, equation [1] could be written as

h .
m, ddrw =mr(hﬂ—hm)m [3]



or

h::-dl _ h:v — m};A{ (hrf _ hm) . | [4]
t My, [hf B h:v ) .
Mice = i |5]

With the initial condition and the properties of the refrigerant entering, the temperature
decrease during the sensible heat process and the amount of ice formation during the latent heat

process could be evaluated.

RESULTS AND DISCUSSION

Thermal Analysis of the Direct Contact Evaporator

Figures 3 and 4 show the water temperature in the storage tank compared with that
evaluated from the lump model. Since adiabatic storage tank is assumed the temperature from
the model drops slightly quicker than that of the experiment. Figure 3 also shows the effect of the
refrigerant mass flow rate on the water temperature in the storage tank. When the mass flow rate
increases higher heat transfer rate is obtained which results in quicker drop of the water
femperature.

Figure 4 shows the effect of thé water volume on the rate of temperature drop. It is found
that higher amount of the water results in higher the total heat capacity and the temperature drops
with a lower rate.

Figure 5 shows the comparison between the amounts of ice formed in the experiment
with those from the model. The model gives higher amount of ice than the experimental results

-approximately 20-30% because of quicker temperature drop.
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Figure 3 Comparison of water temperatures in the storage tank between the experiment and the
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lump model at various amounts of water; mass flowrate of refrigerant = 0.033 kg/s.
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Figure 5 Comparison of amount of ice in the storage tank from the experiment with the model.

Figure 6 shows the volumetric heat transfer coefficient (U,) of the heat exchange in the

storage tank which can be calculated from

U, =" 2 [6]

where ¥ is the volume of water in a storage tank.
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Figure 6 Volumetnic heat transfer coefficient of the direct contact evaporator at various

conditions.

From Figure 6 it is found that the volumetric heat transfer coefficient increases when the
temperature of water decreases. As the temperature of water nearly freezing point, the volumetric
heat transfer coefficient increases drastically. It is found that the range of the volumetric heat
transfer coefficient is around 2-16 kW/m? in case of R12 and around 2-52 kW/m? in case of R22.
These values are low compared to the results of Blair et al. (3] (122 kW/rn3K; R113-water),
Sideman and Gat [4] (180 kW/m’K; pentane-water) and slightly high compared to that of
Goodwin et al. [5] (3-8 kW/m’K; pentane-water). The differences possibly arise from many
reasons, Firstly is the method of testing, Blaire et al.[3], Sideman and Gat [4] and Goodwin et al.
[5], inject the refigerant into the continuous flow of water (Figure 7) while the present

experiment uses the stagnant water (no flow). In the previous studies, the water temperature is
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neatly constant while the water temperature in our experiment continually decreases. Moreover,
in the previous works, there are no data on the temperature difference of the dispersed and

continuous phases. From Equation 6, if this temperature difference is smaller, higher volumetric

heat transfer coefficient is obtained.
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I

Yatas in
{Contnuous phame)

Aafrigerenl out

=

Raelrigemnt in
{Disparped phasa)

=

Figure 7 The direct contact heat exchange technique with dispersed and continuous phase.

The second reason is the effect of the size of the storage tank. Table 2 shows the
comparison of the testing conditions from our study with the other researchers. The storage tank
diameters (or the tank capacities) of Blair et al. [3] and Sideman and Gat [4] are smaller
compared to the present study and that of Goodwin et al. [5]. From Equation 6, the value of
water in a storage tank plays an important role to the volumetric heat transfer coefficient. Lower
amount of water in the tank will get higher volumetric heat transfer coefficient. This is the reason
why the volumetric heat transfer coefficient of our study and Goodwin et al. [5] are lower than

those of Blair et al. [3] and Sideman and Gat [4].
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Table 2 Comparison of working conditions of direct contact heat transfer systems.

[ | Presentstudy | Sidemanand Gat | Blairetal. | Goodwin et al.
(U, (kW/m’K) 2-16, 2-52 180 122 3-8
Dispersed phase R12,R22 pentane R113 pentane
Mass flow rate of dispersed 0.02-0.08 0.022 0.023 1.90
phase (kg/s)
Mass flow rate of continuous - 0.042 0.101 17.1
phase (kg/min),
Diameter of storage tank (m) 0.30 0.07 0.095 0.61

‘ Heat Transfer Correlation of the Direct Contact Evaporator

| The parameters affecting the heat transfer of the direct contact evaporator could be
grouped into the dimensionless parameters which could be listed in terms of Stanton number,
Stephan number and Prandtl number, where

uy

St = m, [7]

Ste =pr (Tw _Tn'),
A

(8]

St is Stanton number, Ste is Stephan number and Pr is Prandtl number. The dimensionless

group could be expressed as

St =f [Ste pro® [}%}-[J- [10]
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Note that P/Pa 1s the pressure ratio of the pressure in the storage tank and that of the surrounding

ambient.

| Figure 8 shows the relation of the dimensionless parameters when using R12 and R22. 8¢

; increases when StePr®(P/Pa)! is decreased. Lower Ste means the temperature difference (7~
!

‘ 7,9 is reduced which results in higher values of U, and Sr. The values of U, and St are very high
- when the water temperature is close to the freezing point. Lower the value of P results in lower
| the refrigerant temperature then there is a bigger difference between the water and the refrigerant

:‘ temperatures thus higher heat transfer is obtained.

25
(8}
| m]
20 o R12
o R22
1s L
”n
10 |
s
PXBEOR a0 0 00 o
0
0 0.01 0.02 0.03 0.04 0.05
StttzPro'zs(Pszat)'l

Figure 8 The relation of the dimensionless parameters.

By fitting all the experimental data the dimensionless group could be expressed as

08445
st =0.1967[Ste pro® [;‘f’_] ] . [11]

a
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Figure 9 also shows the comparison of the Stanton number calculated from Equation (11) and the

~ experimental data. It is found that the model can predict the experimental data within + 30%

ErTor.

15

” St=0.1967[StePr’ **(P/Pay 'O : +30°/W
[

25 ¢ o]

Slcllcuhtlon
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0 5 10 135 20 25 30

Sttxpcrim:nl

Figure 9 Comparison of St calculated from Equation 11 with the experimental data.
CONCLUSION

The direct contact heat transfer technique with injection of refrigerant gives high heat
transfer rate. The lump model can be modified to predict the temperature of the water during the
sensible heat period and the amount of ice during latent heat period. The relation of the
dimensionless parameters is expressed and it can be used to predict the experimental value quite

well.
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Nomenclature

A area (m%)

Cp  specific heat (kJ/kgK)

h enthalpy (kJ/kg)

k thermal conductivity (kW/mK)
m mass (kg)

m  mass flowrate (kg/s)

P pressure (Pa)

Pa  ambient pressure (Pa)

Pr Prandtl number

T temperature (°C)

t time (s)

U, volumetric heat transfer coefficient kW/m’K)
St Stanton number

Ste  Stephan number

vV volume (m?)
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Greek symbols

A latent heat of formation (kJ/kg)

7 dynamic viscosity (Pa.s)
Subscripts
i inlet
l liquid
.0 exit
s refrigerant

it storage tank

w water



Feasibility of Using Ice Thermal Energy Storage with Direct Contact
Evaporator in an Office Building

T. Kiatsiriroat
Department of Mechanical Engineering
Chiang Mai University, Chiang Mai 50200, Thailand
N. Vorayos
Joint Graduate School of Energy and Environment
King Mongkut’s University of Technology Thonburi
Bangkok 10140, Thailand
A. Nuntaphan
South East Asia Center for Training in Energy for Development
Electricity Generating Authority of Thailand
Mae Moh, Lampang 52220, Thailand

Abstract - In this research, an ice thermal energy storage with direct contact evaporator has
been studied by applying to an office located in Chiang Mai University, Chiang Mai, Thailand.
The system consists of two cycles, basic chilled water and ice storage. The mathematical models
for main components composing of compressor, condenser, expansion valve, water chiller-and
direct contact evaporator are developed and the system simulation is created. Evidently from the
results, the simulation agrees well with the experiments with 5% error. Different options of the
energy storage types, full storage, partial storage and demand-limited storage, have been
considered. The simulation also indicates that the demand-limited storage design system is the
most appropriate storage option for the selected office. Under this operating condition, the
system can shift 39.3% of peak electricity demand from on-peak period to off-peak period.
Therefore, 33.8% of electricity charge is saved comparing to those of the conventional system.
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L. INTRODUCTION

In tropical countries, electricity requirement is mainly caused by air conditioning system
due to high ambient temperature. In Thailand, the peak electricity demand increases 12%
annually and occurs during the day and in the evening [1]. Instead of constructing new power
plants to meet the increment, the Electricity Generating Authority of Thailand introduces
electricity tariff which charges the consumers with high premium rate for the energy consumed
during the on-peak period and low rate duning the off-peak period to achieve uniform load factor.
Ice thermal energy storage (ITES) is an energy management technique that is becoming an
attractive alternative for buildings to avoid the high electricity demand charge for space cooling.
The principle.of this technique is that the coolness is produced at night in form of ice stored in a
well-insulated storage. The coolness could be used to supply the cooling requirement during the
daytime. At present, the most common ITES systems used is the ice-on-coil storage system of
which ice is formed on the surface of the cooling coil submerged in the water. There are two
main problems, big space for handling the evaporator coil is needed and high thermal resistance
is obtained due to the low thermal conductivity of the ice forming on the coil [2,3]. To overcome
these problems, the application of direct contact heat transfer technique has been interested [4-6).
In this paper, the mathematical models of the main components and the system simulation of the
ITES unit with direct contact evaporator using R12 as working fluid have been developed. The
paper also investigates in the application of the system for an office in Chiang Mai, Thailand.

The concentrated storage options are full storage, partial storage and demand-limited storage.



2. COOLING LOAD AND ITES CATEGORIES

The ITES system with direct contact evaporator considered in this research work is

operated to support the cooling requirement of the selected office in Chiang Mai University. The

cooling area of the office is 178.75 m® of which the cooling load profile based on the data in

year1998 is shown in Fig. 1.

18000

1
Average cooling load (W)

16000 -
14000 1
12000 1

Feb. March  Agril

May June  July
Month

Fig. 1. The cooling load profile of the selected office during the year 1998.

The electricity consumption of the office during the year is 27163 kW-hr/year. In this

case, the air conditioning system consumes 45% of total energy. Due to the load profile shown in

Fig. 2, the maximum energy demand is 24.7 kW. It includes 9.7 kW of the electricity demand for

cooling system and 15 kW for other purposes. The electricity tariff used to calculate the

electricity charge of the office or TOU rate is given in Table 1]1].

Table 1. Electricity cost (TOU Rate)

Demand Charge Energy Charge Service Charge |
(Baht/kW) (Baht/kW-hr) (Baht/month)
1% 1% Dk 3*
102.80 1.5349 0.6671 0.6062 400




1* Monday — Saturday  09.00 - 22.00 (On-peak)
2% Monday — Saturday  22.00 — 09.00 (Off-peak)

3* Sunday 00.00 — 24.00 (Off-peak)
30
Peak demand (24.7 kW)
25 3
Load Factor 32.5%
z
= 20 1
=
H
E
2 15 1
E
) s 0 W Average (82kW)
=
5 1

Time (hr)

Fig. 2. The profile of electricity demand of the office during the design day.

To find out the appropriate storage option, different ITES designs have been investigated
which are as follows:

Category 1.  Conventional design (no ice storage). The entire cooling load requirement
of the office is supported by a chilled water system operating during the occupancy period.

Categories 2-5. Partial storage design. The cooling load is divided into two parts. The
first part called the base load which is supported by the chiller unit duriﬁg the occupancy time
and the excess is supported by the ice in storage tank produced by an ITES system operating
during the nighttime. The portion of the base load for the categories 2-5 are 75%, 60%, 40% and
20%, respectively. '

Categories 6. Demand-limited storage design. The peak electricity demand of the office
is limited at 15 kW, In this category, the chilled water system runs during the occupancy period
except the hours that the total electricity demand of the office reaches the limited value.



Category 7. Full storage design. The entire cooling load requirement is supported by

the ice storage system. The chiller unit is not provided in this case.
3. THE ICE THERMAL ENERGY STORAGE CYCLES

The space cooling of the office is normally supported by a conventional chiller unit of
about 5 TR (18 kW). To modify the unit with the ITES system, another 2 TR (7 kW)
refrigeration unit is used for the ice storage unit. The schematic diagram of the air conditioning

system with the ITES unit is shown in Fig. 3.
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Fig. 3. Schematic diagram of the ice thermal energy storage.



The system consists of two main cycles, the ITES cycle and the chilled water cycle.
During the ice formation process, the ITES cycle normally runs during the off-peak period. R12
refrigerant is injected through the expansion valve then the pressure and the temperature of R12
decrease. The low temperature R12 exchanges heat with water in the storage tank directly and it
leaves the tank as vapor and tumns back to the condensing unit. During the on-peak period, for
partial and demand-limited storages, the base-cooling load is supported by the chilled water
cycle and the excess is supported by the coolness stored in the storage tank. In case of full
storage, all cooling load requirement is supported by the stored coolness.

The mathematical model of each system is separately investigated as follows:

3.1 Ice Thermal Energy Storage (ITES) System
] A standard 2 TR (7 kW) open-type reciprocating compressor is used in the ice storage
cycle with a direct contact evaporator. To formulate the mathematical models of the system, the
refrigerant (R12) mass flow rate is varied from 0.02 — 0.09 kg/s and the compressor speed is
controlled at 7.1, 9.5 and 11.8 ps. The characteristic models of main components in the system
are created from the experimental data as followings:

Compressor Model

Kiatsiriroat et al. [7] generates a mathematical model of a reciprocating compressor,
which is modified from Stoecker [8] as

0.5
Pcp,i =f|:mrTcp,o ,le’ (1)
Pcp,a })r.:p,o

where N is the compressor speed in 1ps, m, is the refrigerant mass flow rate in kg/s, 7,0,
P, and P, are outlet temperature and pressures at the inlet and outlet of the compressor in K
and MPa, repectively.

The correlation can be deduced from the experimental results as

TU.S
(- 0.0015N* - 0.0087N + 0.3003{_’"' p.0 }

p.o

(2)
+(0.0022¥7 —0.0581N + 0.5824)



The pressure ratio of the compressor can be additionally calculated from

1)
e | e 3)
‘nq-_a T

cpo

where k is the polytropic index depending on the refrigerant mass flow rate. The relation

between the flow rate and the index can be expressed as

k=1.9584m, +1.1503 . (4)

Condenser Modcl

The mathematical modeling of air-cool condenscr could be modified from

(r.-7) |, )
(TJJ—T]— m,C

[ a

.
where T, is ambicnt temperature in °C, T, , 1s the outlet air temperature in °C, T4 is inlet
refrigerant temperature in °C, (Ud).s is overall heat transfer coefficient of condenser in KW/K,
m, is air mass flow rate in kg/s and C, is specific heat of air in k/kg. K.
Dcduced from the experiment, the characteristic equation of the condenser can be
cxpressed as

7,.-T, 0.2723(U4)
7, -T, mC,

of +0.0107. (6)

Expansion Valve Model
The expansion valve is operated manually to control the refrigerant mass flow rate and
the pressure of the system. The relation between the pressure ratio at the valve and the refrigerant

mass flow rate can be modificd from



Pe.xo
p,, ~ /) )

where the characteristic equation can be experimentally expressed as

(1.5134N7 —32.0125N +148.8285 )
=|+(~0.1020N? +2.0160N - 5.8320)m, |.  ®
+{0.0032N% ~0.0824N +0.7113)

X0

ex.!

Direct Contact Evaporator Model
The mathematical model for the direct contact evaporator is formulated by a lump model
|6]. Using the energy balance, the thermal characteristics of the water in the tank can be

expressed as

d

S M)+ M= (b, = ) (UANE, - T.). ©)

As shown in the equation, the first three terms relate to the enthalpy change rates of the
water, the container and the refrigerant, respectively. The last term relates to the external heat
gain from the surrounding ambient. In this study, the direct contact evaporator is well insulated,
the external heat gain then can be neglected. The water temperature of the water inside the tank
changes in two steps according to two related processes, which are sensible heat process and ice
formation process. The characteristic equations of the direct contact evaporator during the
sensible heat process and the ice formation process can be expressed in the following equations,

respectively as

T:+m =7+ n, (hev,i —hev‘o )AI (10)
v ¥ MC,+M.C,,
and M{ _ m, (hev.o - hev.! )At . I (11)
cg L

Due to the long length of the pipes between the evaporator unit, the compressor and the

condenser, the heat gain and loss ¢an not be ruled out, From the preliminary study, the heat gain



between the low temperature refrigerant flowing inside the pipes from the evaporator to the

compressor and the surrounding ambient can be characterized as

T, +T
mC, (T, -T.,. )= I{Ta —[113——*’—'} m,] (12)

The equation can be expressed from the experimental results as

~ 2.1
- 2 _ _ T:v,o + Tcp,f
0.4132m? +0.0409m, - 0.0012) T, e

pN—
Il

-T

ev.o

m r Cpr (Trp.i
/

T,,+T _
+ (6.0055m3 ~0.3648m_ + 0.0448{2, - [”—zﬂn o (13)
’ | +((=38.4022)m? +6.243m, —0.2699)

I |

As the high temperature refrigerant flows through the pipe between the compressor and

condenser, the heat loss occurs and can be characterized as

T,,+T
mrcpr (Tcp.a - Tod..r ) = [[[PTW] - Ta s 1, ] . (14)

The heat loss characteristic is experimentally observed. The empirical relation between

this loss and aforementioned relevant parameters is deduced as

[~ 2
T . +T
(- 0.0001{[—“""2—““] - TaJ

(1.607m* ~0.0298m, —0.0146) | 2o Tt | 7
erPr(TcP,o _TCO'J)= 1.607m; 0. P 2 e r (13)
+(-20.432m? +1.9399m, - 0.293)

i |

Observed from the results, there is a pressure drop across the condenser which can be

expressed as



PCd.O = Pcd.f _0.034 (16)
where P.4; and P4, are the pressure at the inlet and outlet of condenser in MPa,

3.2 Chilled Water System.

A standard 5 TR (18 kW) vapor-compressor refrigeration system is simulated under
steady-state conditions to produce the chilled water to support the cooling load requirement. The
compressor is usually worked at constant full speed. The modeling of each main component is
developed as the followings:

Compressor Model

The mathematical model of the compressor can be generated [7] as

0.5
Pcpr - frmrTcp.o ,N ) (1)
Pcp,o L Pcp,o
and P, [ m TS
cp i =f riep.f ,Nj! (17)
Pcp,o L Pcp.f

From eqs. 1 and 17, the characteristic equations of the compressor in the chilled water

systemn can be experimentally deduced as

P m T
—E = 0.0973[—’—“1] +0.0663, (18)
€p,o Pcp,i
and
P . m TO.S
LR 0.0873[—’i'1] +0.1088. (19)
P06 p,o

The relation between the refrigerant mass flow rate and the polytropic index of the

compressor can be expressed as

k=-2.1397m? +0.4896m, +1.1867. 20)



Condenser Model

A shell and tube heat exchanger having circulating water as a coolant is used as a

condenser to extract heat from the refrigeration system. The extracted heat is calculated from

Oy = mr(hcd.f _hcd.o)' (21)

Q.4 is the rate of heat extraction in kW, m, is refrigerant mass flow rate in kg/s and A.4;

and A, are the enthalpies at the inlet and the outlet of the condenser (kl/kg).

Expansion Valve Model

The mathematical modeling of the manual-controlled expansion valve can be modified

from eq. 7 and expressed as

P
—20 = 20.114m? +3.5432m, +0.1291, (22)

ex

Chiller Model
The water chiller used in this case is a shell-and-tube flow type of which the relevant heat

transfer rate is calculated from

O = m, {1y —hay,), (23)
Qr

Qch = mwccpv (TWJ . Tw.o)’ (24)

[ ]
(Tw.i - Tch,a ) - (Tw.o - Tc}:,i )

Tw! - Tch o ’
ln —_—
Tw,o = Tch,i J

where (UA). is overall heat transfer coefficient of chiller in kW/IK.

and

Oy =(UA),, (25)

It is observed that there is a pressure drop across the condenser and the chiller

which can be expressed in terms of the pressure ratio as



Pt _ 07733 Fexe 0.0
IR 0 s (26)

oe.a &4x.4

3.3 System Simulation

With the mathematical modeling of each component in the system, the simulation is
created to determine the energy consumption of the system at various possible combinations of
the conventional chilled water system and the ice thermal energy storage (ITES) system. The
computational steps are shown in Fig.4.

As shown in Fig.4, the simulation consists of two parts, chilled water system and ITES
system, The input parameters of the simulation are the total cooling load, Qrsa; the cbmpressor
speed of the ice storage system, Ng; the mass flow rate of the refrigerant for the ice storage
system, m, 4. the initial temperature of water in the storage tank, 7.,; the ambient temperature,
Toms and the properties of the working fluid.

The cooling load is divided to be Qluaaqc for the chilled water system and Ojgeaq. for the
ice storage system. For the chilled water system, the trial and error technique has been carried
out to find the suitable mass flow rate of the refrigerant at a given cooling load and the power
input of the compressor is also the output result. The equations used to calculate the properties of
R12 refrigerant are [9]:

For the saturated conditions,

T  +273.15 T  +273.15}
0)=—15.6+8.06] 22— =777 || p3g) e =700
tn(F,,, x10) [ 100 ] ( 100 ]

(27)

T +273.15

=-239.8 +100.6| “4L————
hy [ 100 ] @8)
h, =187.28 +0.4722 (T..,) (29)

The suffixes “f” and “g” refer to saturated liquid and saturated gas conditions,

respectively and the suffix “saf” refers to saturated condition.



For superheat conditions,

h=173.52 +13.01(In(P x 10)}+ (0.57 + 0.0826 In(P x 10}}T - T,,,) (30)

P and T are pressure and temperature in MPa and K, respectively and 4 is the specific
enthalpy in kJ/kg.

For the ice storage part, the calculation method of each component is similar to that of the
chilled water system. Note that, the refrigerant temperature leaving the ice storage tank is close
to the water temperature in the tank because of high turbulence due to the refrigerant injection.
When the temperature of water is higher than the freezing point, the calculation is in sensible
heat mode. As the water temperature is the same as the freezing point, the latent heat mode is
applied. The outputs of this part are the power consumption at the compressor, the heat transfer

rate of the direct contact evaporator and the time consumed for producing ice.
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Fig. 4. Information flow diagram of the system simulation.



3.4 Simulation Results .

Chilled Water System

With a given cooling load, and ambient temperature, the compressor work of the chilled-

water system could be evaluated. The results from the simulation are compared to those of the

experiments as illustrated in Fig. 5.

It is noted that the values from the simulation program are close to the experimental
results within 5% error.
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Fig. 5. Compression work and cooling load of the chilled-water system.

ITES System
(a) Ice formation process
For the ice storage simulation, the compressor work, the heat transfer rate at the
direct contact evaporator the time used to produce ice and the amount of ice are evaluated. Fig. 6
shows the results of the compression work and the cooling capacity in the direct contact

evaporator. The simulated results are in good agreement with those of the experiments within

5 % error.
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Fig. 6. Compression work and evaporator cooling load of the ITES system.

Table 2 shows the time used to generate ice and the amount of ice formed in the

evaporator-storage tank. The results agree quite well with those of the experiments.

Table 2.The amount of ice formed and time used.

Mass of m, N | Initial | T,ms | Produced | Time Produced | Time
water in | (kg/s) | (rps) | water | (°C) | ice (kg) (hr) ice (kg) (hr)

storage temp.

tank (kg) (°C) (sim.) | (sim.) (exp.) | (exp)
250 | 0.077 | 11.8 | 180 | 292 | 250 3.66 212 3.59
250 | 0.100 | 11.8 | 16.5 | 302 | 250 3.11 209 3.23
300 | 0066 | 11.8 | 150 | 285 | 300 5.01 272 4.98

300 0.100 | 11.8 | 154 | 26.8 300 3.67 269 3.62




(b) Use of ice storage for cooling

To verify the system performance when the coolness stored in the form of ice is
used for space cooling, 200 kg of ice is generated and kept in the storage tank. The ITES unit is
now working with the main chilled water cycle. The base load is supported by the chilled-water
cycle and the excess is supported by the ITES. Fig. 7 shows the simulated results and those from

the experiments. Both agree quite well.
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Fig. 7. Use of ice storage for cooling.

4.5 System Performance

In this section, the system performance is simulated to find out the appropriate
working conditions. The results are illustrated in Figs. 8 and 9. As the refrigerant mass flow rate
is varied for both cycles, the coefficient of performance (COP) of the chilled water system
increases with the refrigerant mass flow rates. The highest value of COP is about 3.1 which is
obtained when the refrigerant mass flow rate is about 0.08 kg/s and after that the COP slightly
decreases. For the ice storage cycle, the cycle COP also depends on the compressor speed.
Lower the compressor speed results in higher the COP. However, However, there is a limitation.
The low compressor speed will shift the condensing temperature down. In the case of 7.1 rps

compressor speed, the condensing temperature is approximately 21°C which is lower than the



average ambient temperature in Thailand, thus, 7.1 1ps of the compressor speed is not acceptable.
The refrigerant mass flow rate affects only slightly in the COP for higher compressor speed. The
results are shown in Fig. 9.

To operate the appropnate conditions of chilled water cycle and the ice storage cycle,
the recommended refrigerant mass flow rates are 0.07 — 0.09 kg/s for chilled water system and
0.08 — 0.09 kg/s which causes a short period of time to produce ice in the ITES. The compressor
speed for the ITES system should be 9.5 rps due to the high value of COP.
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Fig. 8. COP of the chilled water system.
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4. APPROPRIATE DESIGN OF THE ITES

In this section, the peak electrical energy demand (kW), energy consumption (kW-hr)
and the electricity charge (Baht) for air conditioning system of each category are considered
under the assumptions that

(1) The ice storage system is operated at 0.088 kg/s of refrigerant mass flow rate and 9.5

rps of compressor speed.

(2) The sufficient amount of the ice is produced and completely used in each day.

(3) The chilled water cycle is operated at full compressor speed. The refrigerant mass

flow rate of the cycle is varied from 0.03 — 0.09 kg/s to support the base cooling load

in each case.

The peak energy demand of the air conditioning system during on-peak period as shown
in Table 3 is decreased when using the ITES unit assisted with the chilled-water cycle. As the
cooling load is more supported by the ITES cycle, the peak energy demand is more reduced.

For categories 5 and 7, the time required for generating ice is longer than that of the off-
peak period, therefore there is a load due to the compression mode of ITES cycle added up in the
on-peak period. Higher energy consumptions are obtained compared with the conventional
system(category 1).

Table 4 shows the electrical energy consumption of the air conditioning system in each
category. Comparing to the conventional system (category: no storage), even the total energy
consumed is nearly the same or higher, the energy consumed in the chilied-water system
operating during the daytime is reduced by shifting the cooling load to the ITES system

operating in the nighttime. The load factor will be more uniform.



Table 3. The peak energy demand at various categories on the design day.

] Peak energy demand caused by cooling and non-cooling system Total peak
Category Chilled water ITES Non-cooling | demand of the
system system system office
&W) W) &W) &W)
Off-peak | On-peak | Off-peak | On-peak On-peak On-peak
(8 am. — (8am.- | (10p.m. - (1 p.m. ~ (1 pm. -
Gam.) 5pm.) g a.m.) 4 p.m.) 4 pm.)
1 9.7 9.7 0 0 IS5 24.7
L2 7.0 7.0 3.7 0 15 22.0
3 5.3 53 3.7 0 15 20.3
4 3.8 3.8 3.7 0 15 18.8
5 2.2 22 3.7 3.7 15 17.2
(8 am. -
9am.)
6 3.3 33 3.7 0 15 15.0
(9 am.-
1 p.m.)
7 0 0 3.7 3.7 15 15.0
(8 am. -
10 am.)




Table 4. Energy consumed in air conditioning system during the year in each category.

Category Energy consumption (kW-hr)
Chilled water system ITES system Total

1 (no storage) 13044.17 0 13044.17

2 (partial design, 25%) 12469.53 610.17 13079.71
3 (partial design, 40%) 10695.55 2965.58 13661.13
4 (partial design, 60%) 7838.09 7157.28 14995.37
5 (partial design, 80%) 4625.70 12152.30 16778.00
6 (demand-limited) 7046.39 6322.71 13369.10

7 (full storage) 0 16371.63 16371.63

The electricity charges of the office in both of the cooling system and non-cooling system
are shown in Table 5. They includes the charge counted on the average maximum electricity
used in kW over 15 minutes in each month (demand charge), the charge counted on the total
amount of power consumed in kW-hr during each month (energy charge) and the service charge
as shown in Table 1. As the peak demand reduced and the cooling load is more supported by the
ITES system during the off-peak period, the demand charge and the energy charge of the office
are reduced. However, due to the overlapped compressor load of the ITES in the on-peak period
in the case of categories 5 and 7, the energy charge of the office is slightly increased. The load

does not occur at the same time as the peak demand of the office, therefore, there is no effect on

the demand charge.

The lowest total charge is obtained when the ITES system is designed as demand-limited

in category 6.




Table 5. Electricity charge during the year in each category

Category Electricity charge (Baht/year) Total
Demand charge | Energy charge | Service charge | (Baht/year)

1 (no storage) 30469.9 27301.1 4800 62571.0

2 (partial design, 25%) 27139.2 26878.4 4800 58817.6
3 (partial design, 40%) 250421 25579.0 4800 55421.1
4 (partial design, 60%) 23191.7 23750.9 4800 51742.6
5 (partial design, 80%) 21966.4 25782.2 4800 52548.6
6 (demand-limited) 18504.0 18099.1 4800 41403.1
7 (full storage) 18504.0 26297.88 4800 49703.4

The feasibility of using the ITES system with direct contact evaporator in this work is
based on an adequate economic return of each storage option (partial, demand-limited and full
storage) which has different investment and the maintenance costs. The profit of the ITES
system is the decreased electricity charge comparing to the conventional system (1% category).
The total electricity charges of all categories are also shown in Fig. 10. The payback periods of
the ITES system of all categories are shown in Table 7. The discount rate is assumed to be 8%
annually with 2.5% inflation. The most appropriate ITES in this study is the demand-limited
storage design of which the limited peak demand is equal to maximum non-cooling demand of
the office. In this case, the peak demand during the daytime from 24.7 kW in case of the
conventional system could be reduced to 15 kW (39.3% decreased). The electricity charge of the
office is reduced from 62,571 baht/year for conventional system to 41,403 baht/year resulting in
33.8% reduction. The payback period is 4.8 years which is the lowest in all categories.
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Fig. 10. Electricity charge during the year in each category.

Table 6. Incremental investment cost of the ITES system

Component Lists Cost (Baht)

Compressor 15,000
Condensing unit 10,000

Direct contact evaporator tank 35,000
Nozzle 3,000
Compressor control motor 5,000
Piping and accessories for full storage design 3,000
Piping and accessories for partial storage design 3,500
Piping and accessories for demand-limited design 6,500
Control circuit for full storage design 1,500
Control circuit for partial storage design 2,500
Control circuit for demand-limited storage design 5,000
Salvage value of the conventional system for full storage design -3,000
Total {full storage design) 69,500

Total (partial storage design) 74,000

Total (demand-limited storage design) 79,500




Table 7. Payback period of the ITES system at various categories.

Category Incremental Decreasing electricity cost Payback period
tnvestment cost including maintenance cost (years)
(Baht) (Baht/year)

1 0 0 0

2 74000 1753 More than 20 yrs.
3 74000 5150 More than 20 yrs.
4 74000 8828 11.4

3 74000 8022 13.1

6 79500 19168 4.8

7 69500 12970 6.0

CONCLUSION

The mathematical models of the main components in both of the chilled water system
and the ice thermal energy storage with direct contact evapcrator are formulated at various mass
flow rates and compressor speed and the system performance has been simulated. The estimated
values from the simulation program are in good agreement to the experimental results. The
results from the simulation shows that the appropriate storage option of the ITES system for the
selected office located in Chiang Mai University is the demand-limited design which could
reduce the peak electricity demand of the office from 24.7 kW to 15 kW. The electricity charge
of the office is also reduced from 62,571 baht/year for conventional system to 41,403 baht/year
with the payback period is less than 5 years.
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Subscripts

amb
cd
ch
cp

ev

NOMENCLATURES

specific heat capacity (ki/kgK)
specific enthalpy (kJ/kg)
polytropic index

latent heat (kJ/kgK)

mass flow rate (kg/s)

mass (kg)
compressor speed (rps)

pressure (MPa)

heat transfer rate (kW)
temperature (°C)
period of time (s)

overall heat transfer coefficient (kW/K)

air

ambient
condenser
chiller
COmMpressor
evaporator
expansion valve
inlet

outiet
refrigerant

water
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