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ABSTRACT

Article history:

Thermal energy storage cooling system has been used to reduce peak power
consumption of air conditioning system in buildings. Low energy cost during night time
is utilized to power water chiller to chill water and stores in tank rather than running
the chiller directly during daytime at higher tariff rate. This study embarks on
Computational Fluid Dynamics (CFD) approach to analyse heat distribution and fluid
flow behaviour within a chilled water storage system. Three cases are simulated which
are; tank without diffuser, diffuser without tank and tank with diffuser. The results are
compared with designer's design calculation for validation purposes. Simulated
thermocline thickness is approximately 1.3m and 0.22m/s for nozzle outlet velocity.
This study provides better understanding of velocity vectors, magnitudes, and
temperature distribution across the tank compared to analytical data. Conclusively,
our results show good agreement with analytical data. This study will become
validation basis for our future tank and diffuser design optimization.
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1. Introduction
Thermal energy storage (TES) systems is used to reduce electricity consumption in air
conditioning (AC) system. Instead of continuously turn on the chiller during the day with high priced
electricity cost, the TES system cools water in tank during nighttime with lower tariff. In a CWS
system, water from storage tank acts as the cooling fluid for the air conditioning system. During peak
hours, building's chiller system is turned off or is run at part-load whilst the cooling load is satisfied
by circulating the chilled water from TES tank. TES system's chiller is operated during nighttime with
cheaper electricity rate compared to peak hour rate (daytime). In addition, lower night time ambient
temperature provides more efficient cooling tower operating conditions. During that period, warm
water in the tank, resulting from daytime usage, is chilled using chiller for an estimated 8 hours
charging process. The chilled water is slowly diffused from lower part of the tank through bottom
diffuser with nozzle facing downward to minimize temperature mixing of warm and chilled water. A
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water layer of temperature difference known as thermocline occurs during both charging and
discharging processes. A good CWS system diffuser design is to minimize mixing of the thermocline
as much as possible. Chiller is then turned off upon completion of charging (when the chilled water
has filled-up uniformly in the tank). During the discharging process, chilled tank water from the tank
is pumped out and flows through the air conditioning piping system inside the buildings.
Simultaneously, warm water from the air conditioning systems fills the tank through the top diffuser
with nozzle facing upward. The thermocline will slowly moves downward as warm water fills the tank.
Figure 1 shows the schematic and flowchart of a CWS TES system.
In general, TES systems are categorized as; heat storage material type, storage cycle frequency,
delivery scheme, heat storage mechanism and operating temperature range-based TES systems.
Common TES systems include chilled water, coil pipe, packed bed cold, ice slurry and gas hydrate
cool storage systems, are categorized depending on operating temperature type TES system [1]. In
this study, a chilled water (CWS) based TES system is analyzed using Computational Fluid Dynamics
(CFD).

(a)

(b)

(c)

Fig.1. (a) Water tank and diffuser (b) system flowchart during charging
(c) discharging
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In a CWS system, fundamental tank design optimum ratio has been studied extensively.
Parametric study on stratified chilled water storage system justified that tank height to diameter ratio
up to a value of 3 improves performance of the system. In contrast, thermoclines degrades due to
ambient heat transfer, thermal diffusion, axial wall conduction as well as thermal mixing [2]. Design
of a TES system should facilitate normal operating temperature of -40°C to 600°C and chosen
materials should be thermally, chemically and mechanically stable within the temperature range. In
addition, sliding coil around the tank wall also affects the thermal stratification of thermal storage
especially in seasonal TES systems. Low temperature zone will appear in the middle of the tank during
winter season [4].
One of the methods to optimize TES systems is Unit Commitment (UC) model. In the model, heat
load, electricity price, outdoor temperature and heat generation unit characteristics are analyzed to
yield minimum system operating cost, heat generation reduction and storage utilisation strategy [5].
For an ice storage system, enhancing heat transfer in phase change material (PCM) maximizes the
energy stored. It can be accomplished using parametric study to obtain ideal configuration of tubein-tank latent heat (LHTES) system [6]. Besides, heat transfer performance enhancement of PCM can
also be achieved using nanoparticles [14]. Design of TES remains challenging as good TES systems are
sensitive to fluctuating economics and environmental boundary conditions [7]. Nelson et al., [2]
experimentally tested effects of aspect ratio, flow rates, initial temperature difference and thickness
insulation on mixing coefficient of stratified chilled-water tanks. The height to diameter ratios of
more than 3 show insignificant performance improvement. Larger height to wall thickness ratio
results in good thermal stratification and does not improve much for ratios higher than 200 for any
tank. Besides, the percent cold recoverable (PCR) during discharge increases with increasing initial
temperature difference, aspect ratio and flow rate. Charge and discharge efficiencies increase with
increasing flow rate and initial temperature difference [8].
Apart from diffuser optimization, another important factor to ensure efficient energy storage is
heat transfer control. During operation, poor heat transfer between storage medium and ambient
coolant such as air, significantly affects charging and discharging rate of TES systems. Uncontrollable
energy losses severely affect performance of TES systems. A study [9] reported an annual heat loss
of 421 MWh from Friedrichshafen district heating system (3017 MWh annual capacity) caused by
high operating temperature, poor insulation, lengthy piping network, cyclic phase separation, tank
container corrosion and vapor pressure leakage. Meanwhile during relaxation period (without
external flow), walls of the container have a strong effect in destroying thermocline. Experiments
show that better thermal stratification can be maintained using horizontal porous baffles [3]. In
addition, flow separation at T-junctions on top and bottom diffuser can also been improved using
vortex generator for a more uniform diffusing process [13]. Moreover, detailed investigation of flow
pattern through mitre bend on a few joints of the diffusers are also worthwhile during diffuser design
process [15].
Thermal energy storage system using CFD simulation such as dual medium thermocline TES
systems has been studied [10]. For such medium, they justified that charging and discharging
efficiencies decrease with time. However, inlet fluid temperature does not significantly affects
performance. Recently, better medium for TES system with higher storage capacity per unit is studied
which is paraffin wax-water nano emulsion [11]. William et al., [12] did a comparative study using
CFD on slotted pipe diffusers during charging process. They found clear relationship between inlet
Richardson number based on slot hydraulic radius and thermal performance of both field data and
simulations. In prior studies, turbulence has less effect than Richardson number. Instead, turbulence
show significant effect at low Richardson number (on the order of 100) for slotted pipe diffuser.
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This study provides a comparative study using CFD on a CWS storage system that is lacking in the
literature. For this purpose, detailed analysis on heat and flow behavior at bottom diffuser of specific
octagonal diffuser design is conducted.
2. Methodology
CFD simulations have been conducted to investigate flow characteristics within a thermal energy
storage tank. Our results are compared with calculated flow velocities and temperature from
analytical data and yield satisfactory agreement. For turbulence cases, the fluid is governed by:
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Here, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1, 𝜎𝜀 = 1.3, 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92
Three types of CFD simulation cases are investigated which are; 2D tank without diffuser (Case
A), 3D diffuser without tank (Case B) and 3D tank and diffuser (Case C). This study commenced with
some simplifications from suppliers design schematics to compensate relatively small nozzle
compared to tank size which are total number of nozzles reduction and symmetrical assumption of
the tank as shown in Figure 2. All results presented here are for charging process. Tank details and
diffuser details are shown on Table 1 (a) and Table 1 (b) respectively.
Table 1
Simulation parameters
(a) 2D tank without diffuser (Case A)
Width
Height
Inlet temperature, T1
Outlet temperature, T2
Inlet velocity, V1

24.50 m
25.42 m
5 ⁰C
12 ⁰C
6.12993x10-4 m/s
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(b) 3D diffuser without tank (1/4) (Case B)
Nozzle diameter
Number of nozzles/sets
Angle between both nozzles
Ring 1, R1 (inner)
R2
R3
R4
Total number of nozzles
Inlet velocity (header pipe)

0.032 m
2 nozzles
120°
10 x 4 sets
12 x 4 sets
12 x 4 sets
12 x 4 sets
368
1.82 m/s

(c) 3D tank and diffuser (1/4 and 1/8 height)
(Case C)
Nozzle velocity (as inlet into tank), Vn

0.2m/s

Schematics of each case are presented in Figure 2. For thermocline analysis, 2D simulation is
sufficient to yield thermal stratification. Thus, 3D simulations of Case B and Case C are conducted to
study flow behaviour with constant temperature. Flows in Case A and Case C are laminar. Meanwhile,
k-epsilon turbulence model is used for Case B. Main inlet pipe (header pipe) is simplified on Case B
for symmetrical purpose.

(a)

(b)

(c)

Fig. 2. (a) 2D tank without diffuser (b) 3D diffuser without tank (1/4) (c) 3D tank and diffuser (1/4 and 1/8
height)

Brief descriptions of diffuser are as follow; inlet water flows from header pipe (0.45m dia.) at tank
center into 8 allocating pipes. For each allocating pipe, 2 allocating-distributing connector pipes link
R1/R2 and R3/R4 diffusing pipes. Lastly, 4 octagonal diffusing pipes (R1, R2, R3 and R4) contains
nozzle configuration as shown in Figure 2 (b).
3. Results
3.1 Case A - 2D Tank Without Diffuser
During charging, chilled water from bottom diffuser slowly pushes the warm water upwards
through top diffuser out of the tank. Here, thermocline thickness is constantly moving upwards and
the temperature for thermocline calculation is taken from 280K to 285K. From Figure 3 (a), the
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thermocline thickness is approximately 1.3m compared to 1.1m obtained by analytical data. This is
caused by diffuser simplifications, initial temperature domain patch, and slight variation in upwards
velocity, V1, as well as effective tank width and height. Figure 3 (b) shows temperature history of
tank water at tank wall (thermocline). Temperature values are stored on hourly basis which result in
uneven thermocline lines.

(a)

(b)
Fig. 3. (a) Temperature distribution 3 hours during charging (b) temperature vs time for each 0.5m tank
height (thermocline)
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Based on the figure, time taken for temperature drop is slightly longer as charging process
approaches completion compared to earlier charging process. This is due to diffused heat in time
that causes slightly thicker thermoclines as the warm water leaves the tank.
3.2 Case B - 3D Diffuser Without Tank
Based on Figure 4 (a), the velocity magnitude distribution is high near the centre of diffuser
(header pipe). Header pipe velocity is approximately 0.8m/s compared to 0.6m/s from analytical
data. This is due to inlet simplification that forces faster flow downwards inside the header pipe.
However, result shows higher velocity at the allocating-diffusing connector pipe compared to
allocating and diffusing pipe due to smaller diameter. Allocating pipe velocity is approximately
1.25m/s compared to 1.1m/s from analytical data. In Figure 4 (b), the velocity is higher near the
allocating-diffusing connector pipe and velocity reduces further away from it in the diffusing pipe.
Besides, the velocity at outer diffusing pipe is also slightly higher than inner diffusing pipe. Diffusing
pipe velocity is approximately 0.25m/s compared to 1.4m/s from analytical data. Water momentum
distributed further in allocating pipe as water reaches pipe end wall compared to momentum at the
middle of allocating pipe. Asymmetrical meshes are the reason for less symmetrical velocity contours
obtained here.

(a)

(b)

Fig. 4. (a) Velocity magnitude contour of symmetry plane (b) plane with nozzles

Conclusively, the maximum nozzle velocity obtained is approximately 0.22 m/s located at nozzles
near allocating-diffusing connector pipe compared to 0.26m/s from analytical data. Further away,
the nozzle velocity magnitudes are around 0.01m/s.
3.3 Case C - 3D Tank and Diffuser
In previous section, non-uniform velocities are obtained for each nozzle. In this section, uniform
nozzle outlet velocity is assumed (Vn=0.2m/s) to eliminate nozzle-tank interface setup. The purpose
of this simulation case is to identify flow circulation that potentially contribute to mixing of
thermoclines. Swirling parameter is used to measure mixing tendancy as in Figure 5 and Figure 6.
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(a)

(b)

Fig. 5. Velocity magnitude contour (a) and swirling contour (b) at tank bottom surface

(a)

(b)

Fig. 6. Streamlines of particles released from tank bottom surface (a) and swirling contour of symmetry
plane (b)

Figure 5 (a) shows higher velocity magnitudes at inner distributing pipe, R1. It is important to note
that, as previously discussed in Figure 4 (b), velocities in R1 should be slightly slower due to water
momentum variations across allocating pipe, instead, constant and uniform nozzle velocities is used
in this simulation case. Figure 5 (b) also shows higher swirling values near R1 pipe region. However,
that critical region does not generate intense mixing or circulation as shown in Figure 6 (a).
Streamlines of particles show smooth (almost straight) fluid movements upward in upper region of
bottom diffuser. In addition, swirling contour on symmetry plane also shows low mixing tendency as
in Figure 6 (b).
4. Conclusions
Present results show good agreement with analytical data. Besides, this study provides a more
comprehensive understanding on flow and thermal behaviours of a TES diffuser system. In
conclusion, present results can be summarized as below:
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a)
b)
c)

Thermocline thickness is approximately 1.3m compared to 1.1m obtained by
analytical data.
Maximum nozzle velocity obtained is approximately 0.22 m/s located at nozzles near
allocating-diffusing connector pipe compared to 0.26m/s from analytical data.
The TES system design have good thermal stratification.

Present CFD results provide thorough analysis that complement limited calculated values in
analytical data. This study provides validation basis for future TES diffuser system optimization study.
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