@ Springer

KSME

Journal of Mechanical Science and Technology 29 (3) (2015) 1289~1295

www.springerlink.com/content/1738-494x
DOI 10.1007/s12206-015-0244-5

The effect of manifold in liquid storage tank applied to solar combisystem '

Hyo Seok Son', Chul Kim', Douglas Reindl* and Hiki Hong'"*

' Department of Mechanical Engineering, Kyung Hee University, Yongin, 446-701, Korea
*College of Engineering, University of Wisconsin-Madison, Madison, WI 53705, USA

(Manuscript Received July 24, 2014; Revised October 24, 2014; Accepted November 25, 2014)

Abstract

There exists a return piping in solar combi-system for heating and hot water supply. When the temperature of water returning from the
load is mixed with the lower side cold water of the storage tank, useful energy is reduced. This paper describes a diffuser and manifold
for preventing this mixing and maintaining temperature stratification. Results from experiments show that manifold holes are optimum at
8.5 mm in diameter with a total of 96 in number of holes at a flow rate of 0.3 Ipm.
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1. Introduction

Solar thermal systems converts incident solar irradiation in-
to thermal energy in the form of heated water, which are con-
sidered as one of the most competitive systems in the renew-
able energy field due to the high economic feasibility and
availability [1]. Scientific and engineering efforts have contin-
ued to identify refinements that can increase the total system
efficiency by improved collector performance, control system
enhancements, and increased thermal stratification in the hot
water storage tank. Previous experimental and theoretical
studies showed that stratification enhancement leverages
higher collection efficiency; thereby leading to higher overall
system efficiency with lower thermal exergy loss [2, 3]. Physi-
cally, several mechanisms work to erode stratification includ-
ing fluidic mixing in the inlet region, energy loss through the
tank wall due to the poor insulation, heat transfer in the metal-
lic wall itself and thermal diffusion inside the tank [4-7]. Out
of those effects, the inlet mixing is among the most influential
on establishing stratification; consequently, techniques to de-
velop and maintain stratification during operation are of inter-
est.

Two stratification enhancing mechanisms were previously
used in the solar water storage tank. The direct circulation
system, schematically shown in Fig. 1(a), usually adopts a
diffuser (horizontal spraying bar or disc in the upper side of
storage tank in Fig. 1(a)) or a manifold (long tube with many
holes on the surface, longitudinally centered inside the storage
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tank of Fig. 2) [8-12]. Remarkably, the manifold studied by
Hong and Kim [9] was shown to build up an almost perfect
stratification when the high temperature water returning from
the collector during charging is exactly distributed into the
same temperature region of storage tank, which already have a
stratified temperature profile. However, the simplicity of di-
rect circulation system and the advantage stemming from
stratification effect is no more applicable in the area such as
Korea due to freezing risks (freeze and burst) during the win-
ter season. Usually, an external heat exchanger system as
shown in Fig. 1(b), is used to prevent collector freezing risks.
In this system, an antifreeze solution is circulated in the closed
loop between the collector and heat exchanger. In order to
increase the total efficiency, a higher circulation rate is essen-
tial for the fluid flowing in the collector loop. High fluid ve-
locity on the tank-side of a solar thermal system can enable
high heat exchanger performance [13, 14] but intense mixing
caused by the high velocity does not admit the employment of
diffuser and manifold; especially, manifold is not almost used.

By utilizing forced fluid circulation, solar heating systems
have evolved from water-only heating to heating and air-
conditioning combined system for all-weather purposes. Fig.
1(c) illustrates a combined system which includes an addi-
tional heating source (auxiliary heater). In this system, it is
essential for higher collector efficiency and more useful en-
ergy that the water with moderately high temperature, return-
ing from the heating load is distributed into the region of the
storage with an equivalent temperature. As a drastic case, the
mixing of cold city water and hot water returning from the
load should be avoided when the city water is supplied to the
tank’s lower side. In this situation, the diffuser itself will not
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Fig. 1. Active solar thermal systems: (a) direct circulation system; (b)
external heat exchanger system; (c) combisystem.

be useful for maintaining stratification; rather, hot water re-
turning from the load should be delivered to the tank at ex-
actly same temperature region inside the storage tank for
higher stratification enhancement.

In research related to the manifold, heated working fluid
from the collector is injected to the upper part of storage tank
through the manifold to enhance the stratification [8-11]. In
the present work, however, lower temperature water returning
from the load is supplied to lower part of storage to maintain
the stratification by preventing from mixing with cold water.
In this study, a manifold that provides higher stratification
performance than diffuser for the combisystem as shown in
Fig. 1(c) is proposed. Furthermore, a statistical experimental
design technique is used to optimize the manifold diameter
and number of holes. Results for studied how the performance
of proposed manifold varies according to the flow rate are
presented.

2. Experiment

2.1 Experiment setup

Fig. 2 shows the experimental setup which is comprised of

Storage
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Constant
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Fig. 2. Schematic of experiment system.
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Fig. 3. Manifold (a); and diffuser (b) used in experiment.

a water reservoir (b), where the temperature is maintained
constant and a storage tank with a manifold (a). This simpli-
fied system represents the auxiliary heater loop used in the
combisystem (see Fig. 1(c)) while allowing a quantitative
evaluation of the manifold’s contribution to tank stratification
performance. The flow rate is adjusted using the ball valve
and measured by the flow meter installed downstream. The
reservoir is maintained at 55°C by controlling the electric
heater immersed in the reservoir. The reservoir temperature
selected corresponds to the temperature generally used in
commercial hot water mattress systems. The storage tank itself
is 300 mm in diameter and 1500 mm in height. The tank is
made of transparent acrylic (thickness 5 mm) so that the inter-
nal flow can be visualized using a black dye. The inside water
temperature of the storage tank is measured using K-type
thermocouples installed at elevation intervals of 15 mm. The
diffuser shown in the right of Fig. 3 is 80 mm in diameter and
10 mm high. The manifold shown in the left-side of Fig. 3 is
made of urethane pipe with an overall height of 1500 mm. The
inner diameter (D) of the manifold and the number (n) of sur-
face holes (diameter 3 mm) are parameters in the design for
experiments analysis conducted.

2.2 Experiment method

At first, the lower 60% of tank volume (y = 0 to 0.9 m, y:
distance from the bottom) is filled with the cold water at a
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Table 1. Degree of thermal stratification Rzs by mean square deviation
method.

. Number of holes 7 (ratio of hole area)
Inner diameter,
D [mm] 30 90 160
(0.59%) (1.76%) (3.13%)

6 0.33 0.38 0.33
0.31 0.36 0.35
g 0.39 0.41 0.42
0.40 041 0.34
12 0.32 0.31 0.26
0.26 0.26 0.31

temperature of 16°C while the upper 40% of the tank volume
(»=10.9 to 1.5 m) is filled with hot water at a temperature of
60°C. Then water at a temperature of 55°C is supplied through
diffuser or manifold at the flow rate of 0.3 lpm to simulate
typical flow rates associated with commercial hot water mat-
tress systems. Water temperatures inside the tank are meas-
ured at 10 sec intervals for a period of 60 minutes. The above
procedure is repeated two times for nine conditions (three
manifold diameters: 6, 8, 12 mm, three alternative number-of-
holes in the manifold: 30, 90, 160) as summarized in Table 1.
The results from this set of experiments are used to identify
the optimal manifold configuration. Next, the water flow rate
was changed to identify a flow rate range that allows stable
stratification.

3. Results and analysis

3.1 Comparison between diffuser and manifold

Figs. 4(a) and (b) show temperature profile variations for
both the diffuser and manifold (configured with 30 holes 8
mm in diameter) at five time steps of t =0, 15, 30, 45, 60 min-
utes using a flow rate of 0.3 Ipm. In order to visually under-
stand the stratification phenomena, the photos of flow pro-
gress were simultaneously taken by adding a black dye to the
supplied water, and also the instantaneous temperature distri-
butions using an infrared thermal camera. For the diffuser
corresponding to Fig. 4(a), the left five photos of Fig. 5 illus-
trates how the dyed flow progresses as time passes, whereas
the right five photos correspondingly reveals the temperature
images. For the manifold corresponding to Fig. 4(b), Fig. 6
illustrates dyed flow progresses and temperature images, re-
spectively.

For the diffuser, the initial profile of Fig. 4(a) clearly shows
a temperature jump at y = 0.9 m. On the other hand, the 60
min profile manifests that the temperature increases by 10K
up to y = 0.9 m. This result can be explained using the left dye
photos of Fig. 5 as follows. Supplied hot water almost per-
fectly mixes with the cold inside water to increase the tem-
perature (this temperature rise can be reconfirmed by the right
thermal images), and the mixed region slowly proceeds up-
ward. Interestingly, the thermal images show that there is a
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Fig. 4. Temperature profile variations for diffuser (a); and manifold (b).

steep temperature jump (lower yellow lines in Fig. 5) on the
lower boundary of the hot water region (red colored region in
Fig. 5). These steep boundaries suggest that there is almost no
mixing on the boundary and the overall fluid dynamic situa-
tion can be characterized as “piston flow.” However, the flow
due to the manifold shows a quite different flow pattern. Al-
though manifold’s profile of 0 min (see Fig. 4(b)) shows the
same steep temperature gradient nearly identical to the dif-
fuser at y = 0.9 m, the ensuing pattern is quite different from
diffuser. The lower temperature profile maintained at 16°C
does not significantly rise (see 15 to 60 min profiles of Fig.
4(b) for y =0 to 0.9 m). This moderate temperature rise can be
reconfirmed by the thermal images shown on the right tem-
perature images presented in Fig. 6. However, the left dye
photos explain the physical stratifying process. Apparently, a
thin black dye cloud focused on y = 0.9 m (see dye photo of 0
min) slowly expands in an upward direction (see 0 through 60
min). This expansion is mainly due to the mass conservation;
a water supply into the tank at y = 0.9 is balanced by the same
amount removed through the upper pipe.

The fading black color on both lower and boundaries (left
five dye photos, Fig. 6) corresponds to the temperature gradi-
ents shown in Fig. 4(b) (y = 0.9 to 1.2 m), which are clarified
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Fig. 5. Visualized diffuser’s stratification performance: photos of flow progress (a); and instantaneous temperature distribution (b).
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Fig. 6. Visualized manifold’s stratification performance: photos of flow progress (a); and instantaneous temperature distribution (b).

by the smearing yellow regions in the right thermal images at
the later times. The comparatively lower temperature gradi-
ents provide evidence of turbulence from injected flow which
is disrupting stratification within the tank.

The degree of stratification can be expressed in various
ways. In this study, the manifold’s stratification performance
is quantified using following equations for the stratification
coefficient, ST, and stratification ratio, Ryg, originally pro-
posed by Wu and Bannerrot based on mean square deviation
method [15].

1 2
ST = m; (T}_Tavg) (1)
Myoal i=1
ST,
= 2
ST, 2)

where m,,,,;: total water mass inside the tank, N: number of
horizontally sliced sections, i: identifies each section, T,,:
mass averaged tank temperature. ST, and S7; are stratification
coefficient at time 0 and ¢, respectively. As the extreme cases,
Rz =1 and Ryy = 0 mean perfect stratification and perfect
mixing, respectively.

Fig. 7 shows how Ry degenerates during 60 minutes for no
stratification device(X), diffuser (m) and manifold (A). Dif-
fuser’s Ryg decreases faster than manifold’s Rzg which sug-
gests that manifold is more effective for stratification en-
hancement compared to the diffuser; 0.22 for diffuser, 0.38 for
manifold at the 60 min time period. It is notable that there is
almost no difference between operation without a stratification
device and the diffuser, which means the diffuser has little
effect to enhance the stratification in this particular experi-
mental setup.

3.2 Effects of manifold’s inner diameter D and number of
surface holes n

In order to find the range of manifold diameters, D, where
the manifold functions properly, a series of preliminary ex-
periments were conducted at a constant flow rate of 0.3 lpm.
The left photo of Fig. 8(a) reveals the injected flow pattern for
too small D (4 mm); injecting holes widely ranges over and
under the expected injection point (y = 0.9 m) for too small D.
The static pressure inside the manifold is supposed to higher
than the outside. On the other hand, the right photo reveals the
injected pattern for too large D (28 mm); main injection occur-
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Fig. 8. Injected flow patterns for too small and large manifold’s diameter.

ring at y = 0.9 m and widely ranged injecting holes below y =
0.9 m. As the physical mechanism, it is supposed that cold
water (16°C) penetrates into the manifold, and consequently,
manifold’s inside temperature quickly decreases down to the
surrounding tank water to lose the buoyancy. Additional ex-
periments suggests the proper D to be about 8 mm. In this
context, we designed the previously mentioned experiments
based on statistical two-way layout (see Table 1).

Figs. 9(a)-(c) manifest how three number-of-hole » varia-
tions (30, 90, 160) changes the temperature profiles for three
D’s (6, 8, 12 mm) at the 60 min interval with initial state # = 0
min. The roughly overlapping graphs for varied range of n
values considered indicate that n does not substantially affect
the stratification. Higher temperatures at the 60 min period
below y = 0.9 m is attributable to the foregoing buoyancy loss.
The stratification ratio Rygis calculated in order to estimate the
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Fig. 9. Temperature profile variations according to D and n variations:
(a) D=6 mm; (b) D=8 mm; (c) D= 12 mm.

D and n’s quantitative effects on the stratification performance
(see Table 1). D = 8 mm shows higher average Ry of 0.40
compared to D = 6 mm (0.34) and D = 12 mm (0.29). How-
ever, n’s effect is not recognizable for all the nine cases. Sta-
tistical analysis of variance interprets the above results such as
D is significant and » is not significant (significance level =
0.05). The optimal condition is calculated to be hole diameter
of D = 8.6 mm and number-of-holes n = 96, which is very
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Fig. 10. Changes of RTS with flow rate variations.

close to the experimental D = 8 mm and n = 90. Of course,
extremely high and low n are supposed to affect the stratifica-
tion results.

3.3 Effect of flow rate

The flow rate was varied from 0.2 to 0.7 Ipm to identify the
best condition for the D = 8§ mm and » = 90 diffuser design.
Fig. 10 shows time-dependent Ry variations. Three Ry graphs
0f 0.2, 0.3, 0.4 Ipm shows a close agreement whereas 0.5, 0.6,
0.7 lpm show recognizable Ry degradations. Those degrada-
tions are attributable to the previously discussed widely rang-
ing injecting holes (see Fig. 8(a)).

4. Conclusions

A lab-scale experimental study was performed to under-
stand manifold’s stratification performance in the solar water
storage tank. The use of a manifold was shown to be more
effective than diffuser to maintain tank stratification. The
manifold’s three key parameters; inner diameter, number of
holes on the surface, and flow rate were evaluated to deter-
mine an optimal diffuser design. The optimal diffuser design
is based on a statistical approach and quantitative analyses
with the stratification coefficient as the response. The results
showed that inner diameter of manifold and flow rate are in-
fluential on the stratification ratio. The statistical analysis re-
sulted in the optimal condition of 8.6 mm of inner diameter
and 96 surface holes under the flow rate of 0.3 Ipm and tem-
perature range between 16°C and 60°C. The results demon-
strate that statistical experiments design can be a useful ap-
proach for the manifold design in an actual water storage tank.
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