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a b s t r a c t

The hot water storage tank (for stratified thermal storage) with a heat pump draws a lot of attention now-
adays due to its high performance. In Japan, reheating of the bath is commonly used, and as this mode,
the jet injects horizontally at the middle of the tank, so the temperature distribution of the tank changes
complexly with time. Hence a model is needed to simulate this phenomenon, precisely. Additionally, in
the process of designing a hot water storage system, it is necessary to simulate temperature distribution
quickly, since a test run itself is a time consuming process.

In this study, visualization experiments were performed using tracer particles and thermo-sensitive
liquid crystals. Experiments were also carried out to find the unsteady temperature distribution in a tank
when the positively or negatively buoyant jet was injected horizontally in the middle of the tank whose
size is limited and has an influence from the opposite wall.

If the momentum effect of the buoyant jet is stronger than that of buoyancy, the buoyant jet impinge
against the opposite wall of the tank, and a vortex was observed near the opposite wall. Empirical formu-
las were proposed to predict the height of the vortex ‘‘Zb’’ under various conditions, such as the momen-
tum and the buoyancy of the buoyant jet, and the Prandtl number of the tank water. Furthermore, the
3D-CFD was carried out to supplement the 3D behavior of the inner tank fluid.

A one dimensional model, ‘‘uniformly distributed injection model’’, for simulating temperature distri-
bution was proposed. The performance of the model was verified by comparing the results with the
unsteady temperature distribution obtained experimentally. The model was also compared with the
measurements obtained using a commercially available hot water storage system. Both results showed
good agreements. Hence adequacy of the model was clarified.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

In Japan, CO2 heat pump water heaters (a hot water storage sys-
tem with a heat pump using CO2 as refrigerant) for residential use
have become widespread (Saikawa et al., 2001). For standard
households (4 family members), the heat pump water heater con-
sists of the tank of 370 L and the heat pump of 4.5 kW (rated out-
put). The ‘‘heating water by heat pump mode’’ operates mainly
from midnight till morning. In this mode, the water is withdrawn
from the bottom of the tank, heated by the heat pump up to 65–
90 �C, and returned to the top of the tank, where it is stored as
stratified in a thermal storage tank. The tank will be of full capacity
in terms of heat storage by the next morning. And from the morn-
ing till the night, the hot water is used for hot water supply for
taps, showers, filling the bath, or it is used for a heat source to
reheat the bath. In Japan, the following pattern of using hot water

(e.g. the test mode of JIS C9220 (2011)) is common, which is filling
the bath to about 180 L, and keeping it at a hot temperature for
about 3 h (automatic heat-retention). In ‘‘automatic heat-reten-
tion’’, the hot water in the tank is used for a heat source to reheat
the bath water through the heat exchange.

The heat pump is used as the heat source of the heat pump
water heaters. The heat pump COP (Coefficient of Performance) is
influenced by the time-history of the inlet water temperature to
the gas cooler (the CO2–water heat exchanger in the heat pump).
Therefore, the heat pump COP strongly influences the system per-
formance of the heat pump water heaters. The water at the bottom
of the tank flows into the gas cooler of the heat pump, so the pre-
diction of the temperature distribution of the tank is important. For
the demand of cyclostationarity in the testing of the system perfor-
mance, several days or more is needed for the test by applying the
load sequentially. The sequential load amounts depend on hot
water supply and bath heating demand. To promote the develop-
ment of the estimation efficiently, a high-speed 1-dimensional
simulation model (1D model) for predicting the temperature

0142-727X/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ijheatfluidflow.2013.07.009

⇑ Corresponding author. Tel.: +81 276 52 1141; fax: +81 276 52 2224.
E-mail address: Toyoshima.Masaki@dn.MitsubishiElectric.co.jp (M. Toyoshima).

International Journal of Heat and Fluid Flow 44 (2013) 403–413

Contents lists available at ScienceDirect

International Journal of Heat and Fluid Flow

journal homepage: www.elsevier .com/ locate/ i jhf f

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatfluidflow.2013.07.009&domain=pdf
http://dx.doi.org/10.1016/j.ijheatfluidflow.2013.07.009
mailto:Toyoshima.Masaki@dn.MitsubishiElectric.co.jp
http://dx.doi.org/10.1016/j.ijheatfluidflow.2013.07.009
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


distribution of the tank is necessary (Toyoshima et al., 2008). And,
with reheating bath mode, the jet injects water horizontally at the
middle of the tank, so the temperature distribution of the tank
changes complexly with time. Hence the model is needed to simu-
late this phenomenon, precisely.

As the buoyant jet under the influence of the positive or nega-
tive buoyancy, the trajectory of the jet changes due to the influence
of the momentum of the jet and the passive buoyancy from the
tank water (Fischer et al., 1979). To simulate the thermal diffusion
phenomenon of the inner tank by using the 1D model, a special
method is needed to consider the influence of the buoyant jet
and the turbulence. According to the past studies, the following
models are proposed. If the temperature of the lower node is high-
er than the higher node (temperature inversion), then the temper-
ature of the nodes involved in the inversion are interchanged,
‘‘Multinode with inversion’’ (Franke, 1997). A weighted mean tem-
perature is applied between the two nodes involved in the temper-
ature inversion, ‘‘Multinode with mean’’ (Kleinbach et al., 1993). In
the case of injecting from the top or the bottom of the tank, the
thermal diffusivity and the shape of the baffle plate are considered
by using the empirical effective diffusivity factor to have the effect
of magnification (Zurigat et al., 1988; Al-Najem and El-Refaee,
1997). Assuming that the influence of buoyancy has to do with
the change of the thermal resistance (thermal diffusivity), the ther-
mal resistance is considered to be small when the buoyancy force
is large (Toyoshima et al., 2008). The summary and the comparison
of these models are described in the papers (Han et al., 2009; Oliv-
eski et al., 2003; Zurigat et al., 1989). But even in the above inves-
tigations, the phenomena of the mass transfer and the thermal
diffusion under the condition of the buoyant jet injecting horizon-
tally at the middle of the tank and the jet impinging to the wall are
not considered.

In this study, the buoyant jet’s influence on the opposite wall
was examined in experiments by using tracer particles and ther-
mo-sensitive liquid crystals for visualization of the buoyant jet
impinging to the wall and the subsequent thermal diffusion in
the 2D cross-sectional area. It was confirmed that, out of this
impingement, a vortex is generated steadily near the opposite wall
in the buoyant backward direction, and this vortex with height
‘‘Zb’’ has a relation to the momentum and buoyancy of the buoyant
jet. Furthermore, a 3D-CFD was carried out to supplement the 3D
behavior of the inner tank fluid. The 1D temperature distribution
model, ‘‘uniformly distributed injection model’’, which considered
the jet impingement to the wall, was proposed, and the unsteady
temperature distributions were verified after comparing them
with the experimental results.

2. Buoyant jets

2.1. Parameters of buoyant jets

There are two parameters lM and lQ derived by dimensional
analysis of buoyant jet characteristics (Fischer et al., 1979). lM
[m] is a characteristic length which has a strong relation to the tra-
jectory of buoyant jets. lQ [m] is a characteristic length which has a
strong relation to the nozzle diameter. lM is derived by the dimen-
sional analysis using a specific momentum flux and a specific
buoyancy flux, and is dependent on the initial value of jet from
the nozzle. lM represents the length of the jet moving horizontally
against the buoyancy. If lM is small, it means the buoyancy force to
the fluid is large. lM can be expressed in the Eq. (1).

lM ¼
M3=4

J

B1=2
J

ð1Þ

where MJ [m4/s2] is a specific momentum flux, BJ [m4/s3] is a specific
buoyancy flux, and they are defined as:

MJ ¼ uJQ J ð2Þ

BJ ¼ g
DqJ;TJ

qTJ
Q J ð3Þ

Q J ¼
p
4

D2uJ ð4Þ

where QJ [m3/s] is the volume flow from the nozzle, D is the diam-
eter of the nozzle, anduJ [m/s], g [m/s2], qTJ [kg/m3], DqJ,TJ [kg/m3]
denote the velocity defined by the nozzle’s cross-sectional area,
the gravitational acceleration, the density of water in the tank at
the height of the nozzle, the difference in density between the
water in the tank at the height of the nozzle and the water being
discharged from the nozzle, respectively.

Buoyancy is considered in equations that deal with buoyancy,
and in other equations the density is assumed to be a constant.
lQ is represented in Eq. (5) for a round nozzle. It represents the
square root of the nozzle’s cross-sectional area.

lQ ¼
Q J

M1=2
J

¼
ffiffiffiffiffiffiffiffiffiffi
p
4

D2

r
¼

ffiffiffiffiffiffiffiffi
p
4

D

r
ð5Þ

And the internal Froude number Fr (=uJ/(DqJ,TJ/qTJ gD)0.5) is
defined as below by using lM and lQ.

Fr ¼ p
4

� �1=4 lM

lQ
¼ p

4

� ��1=4 lM
D

ð6Þ

Therefore it can be said that Fr has a relation with the dimen-
sionless number lM divided by the characteristic length D.

Fr / lM

D
/ l�M ð7Þ

In this paper, the normalized value l�M (=lM/WT) is introduced. l�M
is recognized to have a relation with Fr.

2.2. Characteristics of buoyant jet and the vortex height Zb

Fig. 1 shows a schematic drawing of the characteristics of a
buoyant jet and a vortex height Zb, dealt with in this paper. It is
the case of a hot (and a high lM condition) jet discharging into
the cold tank water, and impinging on the opposite wall. The tra-
jectory of the buoyant jet is curved upwardly because of a buoyant
force. And it impinges on the opposite wall with the horizontal dis-
tance from the nozzle equal to the tank width WT. The buoyant jet
is a free jet initially, and changes to an impinging jet, and then to a
wall jet. A part of the wall jet makes a vortex near the wall against
the buoyancy direction. The height of the vortex’s outer edge from
the nozzle’s central axis is defined as the vortex height Zb. Let the
direction opposite the buoyancy be positive. Zb means the distance
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Fig. 1. Schematic of a buoyant jet mode l (influences of an opposite wall on the
wall).
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