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Nomenclature
English Letter Symbols

A : total heat transfer area (m?

a:hA/(pC,V)f (1/sec)

b hA/(eC,V)s (1/sec)

¢, - specific heat at const®nt pressure (J/kmK)

D,d : outer and inner diameter of the heat storage
medium (m)

h : heat transfer coefficient (J/m2sec K)

k : thermal conductivity (J/m sec K)

L : length of heat storage medium (m)

@ : quantity of stored heat (J)

S : cross sectiona area (m?)

T . temperature

¢ : time (sec)

u : flow velocity of the fluid (m/sec)

*Presented at the KSME Conference, Taeku,
May, 1977.
**Member, Seoul National University
***Member, Ulsan Institute of Technology
Discussions on this paper should be addressed
to the Editorial Department, KSME, and will
be accepted until Februbry 15, 1978.

V : volume (m3)

x : distance measured for inlet (m)

z : dummy variables used in Egs. (16) and (17)
Greek Letter Symbols

a : thermal diffusivity (m?/sec)

B a-ji‘:z-:-l—é-, dimensionless thermal diffusivity

e : void fraction of the packing

p . efficiency

6: ;’_T" , dimentsionless solid temperature
iTT4p
C T~To 4 . .
Rl dimensionless fluid temperature
s 4o

& L"‘ﬁ, dimensionless distance from fluid-entry

p - density (kg/m?)
T (t——a:-)-b. dimensionless time
“
Subscripts

f : working fluid

. inlet

.,

: location node
: time node
¢ initial
: solid (heat storage meidum)
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1. INTRODUCTION

In connection with the lack of fuel reso-
urces, many investigations have been made
to develope new energy resources or to
utilize the conventional thermal energy
more efficiently. Among the studies, heat
storage probem becomes one of the important
subjects to be solved.

For example, in solar heating system,
the storage of solar energy is required to
provide heat for the night and cloudy days.
And heat storage is also needed to utilize
electric power during its off-peaktime.
there
has been a considerable growth of interest

Practically, in the last some years,

in the possibility of providing some of the
energy requirement of buildings by direct
collection of solar energy.

There have been a number of heat trans-
fer studies for the heat storage system by
Nusselt, and Schumann.? How-
ever, most of the previous work did not
consider the effect of heat conduction along
axial direction. most of the
experimental investigations of this problem
did not include the effect of axial conduc-
tion by using spheres or ganulate particles
as heat storage medium? 9.

In this work, the transient temperature
distributions in fluid-to-solid heat exch-
anger system with axial conduction are
studied, so that the results may be applied

to direct contact, specific-heat type storage
unit,

Hausen,

In addition,

This type unit accumulates the heat ener-
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gy obtained from working fluid in the
heat storage medium of large heat capacity.
When the medium is continuous along the
longitudinal direction and/or has relatively
high thermal conductivity, the effect of
axial conduction in the solid phase can not
be neglected anymore.

2. ANALYSIS

2.1. Governing Equation

Fig. 1. Idealized heat stcrage system
solid element (dvg =sgdx)

insulated wall
i
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fluid element (dvf =5 dx)

0

temperaiure  distribution  ( assumed )
Fig. 2. Dimensionless fluid temperature for =0
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The physical system discussed in this
paper is shown in Fig. 1. The hot fluid
at temperature, 7;, flows through the fluid
passage of the system which was initially
at temperature, To.

The heat transfer process in the system
consists of forced convection between the
fulid and the solid, and axial conduction in
the solid phase.

The partial differential equations for the
performance of the svstem can be given
with the following assumptions.

(1) Heat conduction in the solid medium
and fluid flow are one dimensional in a
direction normal to the bounding surface.

(2) The system has constant therme-
physical properties.

(3) Heat conduction within the fluid is
negligible.

(4) No heat losses to the environment
occur.

Then heat balance may be described on
the fluid contained in elemental clice of
the system, dV,, in Fig. 1 as,

T,

P po(r -y =0 )
where
o heA
(Pcpv)f ’

A similar heat balance on the sclid ele-
ment, dV,, can be given as,

0T  yp _py_ 0T

ot FO(T ~T,)—a Py =0 (2)
where

b kA k

TGV, YT )
The appropriate initial and boundary con-
ditions for the Eqs. (1) and (2) are

Ty (x,0) =T(x,0) =T, (3
T (x,0) =1, (4)
oT,

o =0« x0, 1. (3)

2.2. Non-dimensionalizaticn

For further application to general situa-
tions, Egs. (1) and (2) are normalized and
nondimensionalized.

It is natural to intyz:cduce dimensioniess

, T,—T,

temperatures v -2—5 and 0=, - ior
P O T,—

fluid and s=olid témperature rcspectivo'e}y.
In order to nondimensionzlize the indepen-
dent varizbles, some characteristic and
reference quentities are determined. First,

the quantity, te——, is congidered az a kind

-

it describes the affecied time of fiuid due
to the system (i.e. the time duration of
the fluid flow from inlet to lscation, x.).

On the oiher harnd, simpler substitutes, «a

Fig. 3. Dimersionless fluid temperature for f—=1

Fig. 4. Dimensionless solid temperature for g-=0
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Fig. ¢. Effect of 8 on gas temperature.

and b, are examined as important para-
meters because they have the dimension of
a reciprocal of time. We define the dimen-
sionless time variable as T:<t—%)-b and
dimensionless location variable as §=-2-%,

By using these variables, the governting
equations with initial and boundary condi-

tions can be ultimately written as

2+ —0)=0 (6)
2 20 _

e (0—v)—p =0 (7)
6, 0)=0 (8)
v(0, 7)=1 (9)
? )

ag =0 at &=0, "uL (10)
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Fig. 7. Effect of § on solid temperature.
where
_ aa®
T obeu?

Here, the dimensionless parameter, g, is
recognized as the dimensionless thermal
diffusivity.
2.3. The solution of the Governing
Equation

The solution of the governing equations
described in the previous section is obtained
by means of standard finite difference tec-
hnique®”. The final results are given by
the solution of simultaneous equations
which can be obtained easily by the stan-
dard Gauss-Jordan method.

The results
which nondimensional temperatures » and
6 are given as a function of distance § for

are shown in Figs. 2—5 in

vaious time. Effects of thermal conduction
g on the temperature distributions are pre-
sented in Figs. 6 and 7. It is evident from
the figures that the conduction effect of
the storage medium decreases the tempera-
tures of fluid and solid in the entrance
region. The opposite phenomena are shown

in the downstream.

2.4. Energy Storage Efficiency
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The following quantities are defined ip
relation to energy storage.
Q.=S,-L-(pC,) - (T:—Ty) 11)
Qi=u-S;t: (Pcp)f° (T:—Ty) (12)

Q‘:j.:’s,-dx-(pC,),-(T,—To) (13)

where

@.: the maximum heat capacity of storage
medium

@.: the heat supplied to the system durin-
time ¢

@.: the stored energy in storage zvsts.:
during time ¢.

Using these quantities, two kinds of effi

ciencies, 54 and 75, are defined, that iz,

na=gr and 7=gr

Here the efficiency, 74 represents the ratic
of the quantity of the energy stored at time
f to the possible maximum of heat as t—oo.
Another efficiency, 7z, means the ratio of
the energy stored in the system to the
quantity of the heat supplied at the inlet.

Then, by substituting @., €. and @, into
defined efficiencies, we have,

e s -1y ax
TGS LT Th)
Se‘ 6dé

0
R
$06C,) 8, (1= To)ax
8= u-Sy+t-(pC,) s+ (T;—T)

"t ouz
0 .
T

And these may be calculated by using the
temperature distribution obtained in pre-

(14)

(15)

vious section.

The results of these and effects of z, &,
and g on these efficiencies are presented in
Figs. 8—11.

3. EXPERIMENT

58 A4E
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#ig. 8. Efficiency :.: vs, dimensionless time for
eiESy]
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Fig. 9. Efficiency 5p vs. dimensionless time for
B=1

As discussed in introduction, one of the
purpose of this work is to find the effects
of the axial conduction. Therefore, the
storage medium was taken to have high
thermal conductivity, while air is used as
transfer fluid. For the convenience of
calculation and experiment, a hollow cyl-
inder was chosen to be a geometry of the
storage medium so that hot fluid may flow
inside the cylinder.

The procedure to obtain the temperature
distribution is described as follows.

The system initially at a uniform tem-
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Fig. 11. Effect of 8 on 7s

perature, T,, is heated by a fluid (air in
the present case) which enters at a con-
stant, higher temperature, 7. The temper-
ature-time history of the several point is
recorded during heating precess.

The experimental apparatus and its di-
mensions are shown schematically in Fig.
12 and Table 1, respectively.

(1) The hollow cylinder made of carbon
steel is used for heat storage medium and
outer wall is insula'ged by glasswool and
styroform.

(2) The air is supplied by a small sirocco
fan capable of providing 0.2m3/min at 10
mmAq. Inlet power of 100 V-200 W electric

161

Table 1. Dimension of Heat Storage Medium

d(m) €

L(m)'

Thermo-

Type  D(m) couple

L(m)

A 13.06X107%1. 06><10‘2(0. 12/ 1
B [1.73X107%0.93X107%0.29 1

0. 25|Fe-Const.
0. 25[Cu-Const.

Table 2. Thermal Properties Used in Calculation

Substance (j/fr'i“K) (W/an) (m?/s) | (m?/s) | Pr
Tar soc) | L103x100 | 0028 — | 180l 7
steel 1.48%

0 20 C) | 3642100 | 5 o = |-

heating coil is controlled by thermostat
and voltage controller for the purpose of
The
temperature of the supplied air is maintai-

obtaining the required temperature.

ned at 90°C while room temperature (10°C-
20°C) is regarded as initial temperature T,.

(3) The temperature in the system are
measured by 13 thermocouples which were
constantan and copper-
installed in fluid
passage and inner wall of storage medium

made of iron

constantan. These are
with equidistance as shown in Fig. 1. On
the other hand,
radial direction conduction,

to examine the effect of
three thermo-
couples are butted on the outer surface of
the storage medium.

The thermocouple output (emf) is record-
ed by a 10-pen electric recorder and a
digital thermometer. These instrument can
read potentials within 0.01mV. The exp-
erimental error of the temperature measur-
ing system determined by precise poten-
tiometer is presumed to be within 1°C.

(4) The air velocity is measured by a
portable hot wire anemometer at twelve
points and its arithmetic average was used.

Some comparisions of experimental re-
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verning equations are shown in Figs. 13
. . Fig. 15. Comparision of exact solution with
. f air and steel
and 14. Thermal properties of air a the result of F.D. M.

which were used in calculation of experi-

mental results are presented in Table 2. governing equations were compared with
The temperature correction due to the the results of experiment in Figs. 13 and
radial direction was applied and the effect 14. Here, the experimentally measured tem-
was small enough to sce the general trend peratures are converted into the dimension-

of the temperature history.
p y less ones. Acceptable agreements are obs-

4 VRESULTS AND DISCUSSION erved through the comparision. The maxi-
mum deviation is less than 2°C.

The solution of the nondimensionalized It should be mentioned here that, al-
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though the majority of practical problems
may require finite difference methods to

obtain detailed answer anal

iz2l methods
are still importsnt. In setting up a complex
problem using finite differences, limiting
cases are often have “analytical solutions
that can be used for compzarision to the
numerical results.

In this problem, the exact solution of
the simultaneous partial differentizl equa-
tions (6) and (7) can be obtained in special
case of =0 by mezns of Laplace transfor-
ma2ation technique.® The solutions are found
to be

u:e-f[e—r10<21/g;) +S;e"[0(2»"’/$é)dz_]
(16)
r .
=€) o 1,(2v §2)dz (17)
The integrated values of the medified Bessel
function of order zero are calculated by
means of numerical quardrature and com-
pared with the resultant values of finite
difference method (Fig. 15). Reasonably
good agreement was zlso found for §=0.5.

It is disclosed from the study that:

(1) For the higher value of 5, tempera-
ture-location diagram shows the tendency
of uniform distribution, i.e., temperature
of the inlet side of the system descends as
g has higher value whiic temperature of
the cutlet side shews ascending tendency.
(Figs. 6 and 7) Effects of g on efficiencies
may be also detected in Figs. 10 and 11.

(2) Higher efficiency 74 was found for a
System with higber value of = and/or lower
value of ¢ (Fig. 8).

(3) Conirary to (2), higher efficiency 75
was found for lower valee of « and/or high-

er value of ¢ (IFig. 9).
(4) The results of (2) and (3) suggest
that there weuld bz an optimum condition
for the storage system. These results can
ke applied to the heat siorage system which
has considerable conduction effect along
the axial direction, and they will give the
temperature distributions, quantity of sto-
red energy, and efficiencies if required.
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