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ABSTRACT

Operation of the rock bed in the University of Wisconsin Solar

Energy Laboratory's Arlington House is compared to the performance as
modelled by the TRNSYS transient system gimulation program. The model

ture profile during short-term

is tested for simulation of tempera
(3-8 hr) experiments and energy flow over a longer period (2 weeks) .

Temperature profile simulation 1is accurate within 5% based on

internal energy change. Energy flows predicted by gimulation are

within 5% of measured flows over the long—term test period.
The causes and effects of non-uniform £low distribution in rock
eakage and uniform

beds and suggestions for designing beds with low 1

flow are also discussed.
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SUMMARY

The thermal performance of the Arlington House rock bed storage
unit has been studied through several short-term experiments of three
to eight hours duratiom, detailed analysié of two weeks of system
data, and statistical analysis of inlet and outlet temperatures over
a heating season. The bed stratifies well although a well-defined
temperature wave, OT thermocline, is not always apparent in the tem=
perature profile. Energy is always available from the top of the Eed
at temperatures near those received from the collectors and the
furnace, while the temperature at the bottom of the bed rarely exceeds
35°C (95°F). Leakage to or from the bed is practically .zero. The
storage efficiency of the bed is about 90%.!

The Infinite Ntu rock bed model used in TRNSYS has been tested

for accuracy in simulating changes in the Sed remperzture—prefite for

the short-term experiments and storage and discharge energy flows

over the two-week period. Air flow through the bed is substantially
non-uniform, thus it does not satisfy the one-dimensional flow
assumption of the Infinite Ntu (and almost any other) rock bed model.
In spite of this fact, TRNSYS simulations modelled temperature profile
change within 5% accuracy based on internal energy change. The
Infinite Ntu model also simulated performance of the rock bed over

the two-week period with am accuracy of five per cent with respect

lgtorage efficiency = (Energy discharged) / (Energy stored). Note that

storage‘efficiencygde?eadS—en7cantrﬂlst:§ngy and weather.



to the energy flows measured over the same period. A modified
simulation was used to show that it would be worthwhile to include
convection losses from the rock bed plenum chambers in the model if an
accurate accounting of losses is considered important.

Additional simulations have shown that uniformity of air flow does
affect the accuracy of rock bed simulation, and that non—uniform air
flow in real rock beds may be detrimental to system ferformance if
the thermocline reaches the bottom of higthlow areas of the bed.

The relationship between inlet air velocity pressure and pressure
drop through the rock bed has been shown iﬁportant in insuring uniform
air flow through beds. A construction method for minimizing air

jeakage to and from the rock bed has also been described.




INTRODUCTION

Air-based systems with rock bed storage are appropriate for
solar residential space heating. In an air-based system, air is used
for both collection and delivery of heat. This integrity makes
possiﬁle simple system designs without the need for antifreeze or
drain-down provisions in locations where hydronic systems might
freeze, and without the losses associated with étorage and delivery
heat exchangers. Rock beds exhibit temperature stratification,
storing energy at the high outlet temperatures of collecto;s while
simultaneously réturning cool air to maximize collector efficiency.
Rock beds are easy to design and build, and the necessary materials
are widely available. The use of rock beds in solar systems has mnot

been studied in sufficient detail to compare their performance to

predictions by mathematical models.
The goals of this study are:

1) to evaluate the accuracy of the TRNSYS transient system
simulation program in modelling rock bed performance, and

2) to relate some observations on rock bed design.

The model evaluation is performed by comparing the predictions
of the TRNSYS Infinite Ntu rock bed model to the performance during
short- and long-term experiments of a real solar space and water
heating system. The short-term tests entail comparison of simulated
and measured temperature profiles. The long-term test checks the

accuracy of TRNSYS in simulating the storage and discharging energy

flows to and from the bed. The real system used for comparison is



the Solar'Energy Laboratory's Arlington House. It is a single

family residence heated by Owens-Illinois evacuated tubular collec-
tors and an off-peak electric furnace. A schematic diagram of the
system is shown in fig. 2.1.1. The collector-to-storage, collector-—
to-load, and storage-to-load modes of the system are like those for
most other air-based space heating systems. The auxiliary-to-storage
mode is unique, storing energy during utility off-peak periods for
later use.

The design observations included in this study are based on
experience with the Arlington House rock bed and other rock beds.
They include observations omn the significance and achievement of
uniform air flow distribution through_the rock bed and means of pre-

venting air leakage.

Five chept irst is a brief review

of the analytical and numerical solutions of the packed bed heat
exchanger problem and prior and current experimental work. Next is
a description of the Arlington House rock bed and its thermal per-
formance. Then short-term and long-term simulation accuracies are
evaluated in separate chapters. Finally, design observations are

reported.
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1.0 LITERATURE REVIEW

Published research on packed bed thermal storage and its
application to solar heating includes an analytical gsolution, several

numerical adaptations, and some experimental investigations.

1.1 Development of the Analytical Solution

The original theoretical work in packed bed heat transfer was
done by Schumann [24]l and extended by Furnas [8]. Schumann was
motivated by the industrial uses of packed beds, but his golutions
apply as well to solar thermal storage- In order to state the problem
symbolically, Schumann implicitly assumes 2 1oss-free bed with one-

dimensional flow and zero net mass transfer, and makes these explicit

asgumptions:

1) The temperatuir® within—each bed particle 1s uniform.

2) The convection heat transfer between the fluid and the bed
is much greater than the conduction heat transfer within
the fluid or between the bed particles.

3) The heat +ransfer rate between the fluid and the bed is in
proportion to the temperature difference between them.

4) Material properties are constant with respect O temperature.

gchumann states the equations governing bed and f£luid temperatures

2

as:
BTb
pbcb(l—e) 50 = hv(Tf—Tb), and (1:1:13
BTf GTf
pfcfE: 35 + Gcf = = <h (Tf—Tb) g (1.1.2)

X v

e —

1 References are listed in Appendix D.
2 Nomenclature is defined in Appendix C.
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Next, presuming boundary conditions of uniform initial bed temper—
ature and step inlet fluid temperature, he solves the equations and
presents solutions for bed and fluid temperatures graphically as
temperature difference ratios in terms of dimensionless time and
distance.

Furnas [8] uses & graphical integration method toO extend

gchumann's solutions beyond the range allowed by the Bessel functions

which had been tabulated by the time of their work. He also demon-
strates the graphical method by which the solutions can be used to
calculate, from experimental data, the volumetric heat transfer

coefficient for a bed.

1.2 Numerical Adaptatlons

e A AT intermittent heat exchangeT —~ it cannot store

and discharge energy simultaneously. Thus its performance necessarily

involves transients and it is rarely at the uniform temperature pPre-~
sumed as an jpitial condition by Schumanmn. Most theoretical work on
rock beds has been aimed at the numerical simulation of their per—
formance during multiple storage-discharge cycles, and evaluating the
effects of relaxing some of Schumann's assumptions.

Numerous authors (e.g. reis. 2, 7, 23) have written the Schumant
equations in finite difference form. Such models produce very
accurate results, hut reguire tooO much computation for use in long-

term system simulations.

Klein [18] discusses the prob1ems*inherentgin4developing a
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gimple, accurate rock bed model for use in simulations. Hughes [11]
and Kuhn et al. [1 ] describe early attempts to develop such a model.

An obvious simplification of the Schumann model for use with air-

based systems 1is the assumption of zero fluid thermal capacitance,

allowing omission of the first term in eq. 1.1.2.

Hughes et al. [13] describe the development of the model which

is the basis for the TRNSYS rock bed component, and which is tested
in the present work. Equations 1.1.1 and 2 (without air capacitance)

are expressed in terms of Ntu, the number of heat transfer units

comprising the rock bed.

it
5 (x/L) New(Ty=T) (1.2.1)
3T,
SGhT " ~Neu(T, ~T;) (1.2.2)

The number of transfer units is a dimensionless expression of the

size of a heat exchanger, defined as:

Ntu = ther/mcf.
called Ntuc, is subsituted for

Next the modified Ntu of Jeffreson [14]1,

1 and 1.2.2 to allow relaxation of assumptions 1 and

Ntu in egs. 1.2.

2 of section Lols Ntuc is defined as:

d
_ S (l+Bi/5) -1
Hew, = { L(Pe) * THtu Yo

and is omly slightly 1ess than Ntu for typical residential and

larger solar storage uynits. OSystem gsimulations using the resulting

g-term system

ifferent1§i*equatiensfreuealgthat lon

pair of coupled d
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performance becomes insensitive to NtuC for values greater than

about ten. The modified Ntu for the Arlington House rock bed is 21,
and most realistically sized rock beds are expected to satisfy the
assumption that Ntuc is greater than ten. Hughes et al. [13] observed
that if Ntuc is assumed infinite, the pair of coupled equations

reduce to a single equation since Tb=Tf throughout the bed. Thus,

e 8T, ULy
a(e/1) Lax * ﬁcf(Tenv T (1:2:3)

if a term is included to account for losses to the environment. This
simplification results ip an "Infinite Ntu'" model which is economical
enough for use in system simulations and accurate for rock beds with
Ntuc greater than ten. As discussed in the introduction, the

following chapters test the Infinite Ntu model against the measured

thermal performance of the Arlington House TOCK bed

1.3 Experimental Work

Most prior experimental work on rock bed thermal storage at the
low temperatures and flowrates of solar applications has been aimed
at deriving correlations for pressure drop (Ap) and volumetric heat
transfer coefficient (hv)' Table 1.3.1 is a comparison of the wvalues
o£ these parameters measured for the Arlington House rock bed with
the values predicted by the correlations of various authors. The
"measured" value of h reported in the table is calculated by

comparison of experimental data with the analytical solution of

Schumann. (See Appendix A)
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Table 1.3.1 Comparison of Pressure Drop and Volumetric Heat Transfer
Coefficient Measurement with Correlations

Peghwd o 3, My 3
Pa in HZQ kJ/hr-m~=°C "Btu/hr-ft -°F

Current rock bed 11.2  (0.045) 2700 (40.3)
Alanis et al. [1] - - 5530 (82.5)
Close [3] : 5.73 (0.023) - =

Furnas [8] - - 6670 (99.6)
Hollands and Pott [10] 10.2 . (0.041) 4900 - (73.1)

Kays and London [17] 3.24 (0.013) 3930 (58.7)

Lof and Hawley [21] - - 3800 (56.7)

The pressure drop correlation of Hollands and Pott compares well with

the current experiment. Their correlation is expressed as:

£A G2
-5

i‘lP" »
2pfgcAc

where the friction factor takes the form of the Ergun correlation
with new coefficients:

£ = 1.27 + 210/Re .
The wide range of values shown for hv is mainly of academic interest
gsince any value greater than

10ﬁcf

B crftical ™ AL
r

will result in an Ntu greater than ten. Thus, as discussed in the

preceding section, long-term system performance will be independent

of h . For the Arlington House rock bed, h G is
v v,critical
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1200 kJ/hr-m>-°C (17.9 Btu/hr-ft>-°F) and less than half of the
measured coefficient. Most rock beds iarge enough for practical
application in solar systems are eﬁpected to have hV greater than
hv,critical'

Pfannkuch and Edens [22] have compiled data on rock heat capacity
~and find

¢, = 0.0413 0315

(T in °K)
applicable to average polymineral aggregate rocks. This corresponds
to a heat capacity of 0.82 kJ/kg-°C (0.20 Btu/lbm-°F) at 60°C with
variation of *6% over the range of 20 to 100°C. Simulations executed
for the current work use a constant heat capacity of 0.82 kJ/kg-°C.

Karaki et al. [16] have observed the performance of the rock bed

storage unit in Solar House II at Colorado State University. Their

—Fcport Includes a detailed description and T1IUSTrarions of The
construction of the rock bed, and time sequences of temperature
profiles for the central stack in the .bed.

Jones [15] has instrumented a rock bed for trial application of
the ASHRAE Thermal Storage Testing Procedure. He has mentioned
problems with air leakage and accurate measurement of humidity of the

inlet and outlet air streams.
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2.0 PHYSICAL DESCRIPTION AND THERMAL PERFORMANCE

2.1 The Arlington House System

The rock bed under study is part of an air-based space and
domestic water heating system located in a residence at the University
of Wisconsin's Arlington Experimental Farm. A schematic diagram of
the system and a list of its modes of opgration is shown in fig.
2.1.1. For a detailed description of the system see Hughes et al.
[12], Erdmann [5], and Erdmann and Persons [6]. The house is a
detached single family dwelling of 210 m2 (2250 ftz) floor space
including the heated basement. The collectors are 380 Owens-Illinois
evacuated tubes, manifolded with series pairs in parallel. The
modified Solaron air handler circulates 1400 to 2200 m3/hr (860 to

1280 cfm) through the rock bed depending on system mode. The

auxiliary space heating furnace is a 45 kW electric resistance duct

unit which operates in five stages of 9 kW each.

2.2 Rock Bed Structure, Instrumentation, and Controls

‘Detailed physical specifications for the rock bed are listed in
Appendix B, and its structure is shown in fig. 2.2.1. The bed con=
sists of a mass of rocks with dimensions of approximately 3.4 x 3.6
x 1.6 m (11 x 12 x 5 £t), enclosed in an insulated wood frame box
and supported on steel mesh and cﬁncrete blocks. The south wall of
the bed adjoins the house foundation. The north, east, and west walls

are exposed to the basement space to aig return of storage heat loss

to the load.
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Instrumentation used in the rock bed consists of 82 thermo-
éouples‘ Two thermocouples placed near the plenum ports measure
inlet and outlet air temperatures., Eighty thermocouples are placed
in five horizontal four-by-four arrays within the bed as shown in
fig. 2.2.1. This arrangement allows modelling of the rock bed as
elghty equal volumes, each with a thermocouple at its geometric
center. The bed can thus be represented as five horizontal nodes or
as a four-by-four array of vertical stacks. These visualizations,
illustrated in fig. 2.2.2, are used below in analyzing temperature
profiles and flow distributions. The eighty internal thermocouples
are crimped and epoxied into three—inch lengths of 1/4 inch diameter
copper tubing to insure good thermal contact with rock and represent

the average rock temperature at each location. All eighty thermo-

coupiTs—are-moTitored—during SO TSTET EXPETIMEN TS, Ut oAly ohe

thermocouple at each node can be monitored as part of the long-term
system performance data. The five constantly-monitored thermocouples
are in the same stack as the control sensors, shown in fig. 2.2.1.

Other system instrumentation used to measure the energy entering
and leaving the rock bed includes a furnace power transducer, three
air flow meters, and a barometric pressure transducer. The air flow
meters each consist of a pneumatically averaging array of Pitot tubes
downstream from a honeycomb flow straightener.

Control sensors are placed at intervals of one foot starting

one half foot below the rock surface on a vertical line located as

shown in fig. 2.2.1. These sensors, with other sensors located in
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the collectors and living space, control fan operation and damper
positions to produce the four éystem modes shown in fig. 2.1.1 and
described below.

The air handler circulates air downward through the bed for
charging and upward for discharging. This flow routing results in
thermal stratification, an essential advantage of rock bed storage
as discussed by Klein [18]. The temperature difference between the
lower rock bed control semsor and a sensor in a tubular collector
annulus is used to control the collector-to-storage (CS) and
collector—-to-load modes. The averége temperature of the five rock bed
sensors controls the auxiliary-to-storage (AS) mode, which operates
during the utility off-peak hours (10 pm to 8 am). The system has no

provision for a direct auxiliary-to-load mode. The storage-to-load

(SL) mode is controlled by the load thermostat, and has priority
over the AS and CS modes. During summer operation the rock bed is

bypassed in a collector-to-water mode.

2.3 Idiosysncracies in the System and the Data

Measurement of the performance of the Arlington House rock bed
" and comparison of that performance to simulation results require
consideration of three peculiarities of the rock bed and system
and two limitations on the use of experimental data.

The system peculiarities are non-uniform flow distribution

through the rock bed, thermosyphon loss from the rock bed through

system ducts, and the absence of a transducer positiomed to measure
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exaétly the air flow rate through the bed. The evidence, causes,

and effects of non-uniform air flow distribution in the rock bed are
discussed in Section 2.4.1 and Chapter 5. Substantial energy losses
due to thermosyphoning from the bed were discovered in January of
1978. Energy was escaping to the outdoors by air circulation between
the rock bed and one of the collector manifolds via the manifold
supply and return ducts, which pass through the upper plenum of the
rock bed as shown in fig. 2.2.1. The problem was discovered when
temperature differences of up to 39°C (70°F) between the manifold
and ambient air were recorded on cold winter nights, in spite of the
thick insulation on the portions of the ducts inside the bed. The
problem was virtually eliminated before the data used in this report

were collected by the addition of gravity-operated backdraft dampers

to the thermosyphoﬁiﬁg ducts. Spécial-éonsideréfions are nece§§a&y
with regard to the measurement of air flow through the rock bed in the
AS and CS modes. There is no space for a flow transducer in the AS
air flow circuit. Therefore AS air flow has been measured by doing

a duct traverse with Pitot tuﬁe and micromanometer. Data thus
measured. are less exact than the constantly-monitored velocity
pressures available for SL mode operation. Air flow rate in the

€S mode is measured both going to and coming from the collectors. Due
to air infiltration at the collectors and exfiitration in the ducts
and air handler, there is 15 to 20% more air returning from the

collectors than is delivered to them. Thus the air flow rate through

the rock bed in the CS mode is only known to be less than the return
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air flow from the collectors and more than the collector supply air
flow, and cannot be measured exactly.

The limitations on the use of data involve the inlet air tem-—
perature in the AS mode and the five constantly-monitored rock bed
internal temperatures. The upper plenum port thermocouple, which
measures Tin in the AS mode, is about two feet from the auxiliary
furnace coils. Although it is radiation shielded, it indicates an air
temperature in the AS mode substantially in excess of the true temper=
ature. Use of a five—thermocouple array at the upper plenum port
reveals that the single thermocouple measurement is as much as 17°C
(31°F) above the mass average temperature, depending on the number

of active furnace stages. This indicates a lack of air mixing

between the furnace coil and the thermocouple location, and that the

thermocouple is in the streamline of onme of the heating coils. But
inlet air temperature data arelnecessary for simulations. Impedance
1imitations on the datalogger prohibit use of an averaging thermo-
couple array, so provisions for air mixing would be required for
correct measurement of inlet temperatﬁre in the AS mode. Fortunately,
integrated auxiliary furnace power is available as a redundant measure
of the energy flowing into the bed in the AS mode. Inlet temperatures
fof use in simulations can be estimated by balancing furnace power
with the rate of convection heat tramsfer to the bed.

Temperature data from the five constantly-monitored rock bed

internal thermocouples are useless without simultaneous data from the

other 75 internal thermocouples due to the non-uniform distribution
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of air flow through the bed. The five thermocouples are accurate,
but they do not approximate node-average temperatures. This pre- |
cludes their use in measuring intermal energy change in the bed and
conduction losses from the bed, and in checking the other means of
measuring the energy stored and discharged. Conduction losses can
be estimated. Internal energy change remains an unknowﬁ which
decreases in significance as the term of a performance analysis is
increased.

These system idiosyncracies and data limitations have some
bearing on the performance analyses and simulations which are used
in this study, so means of circumventing them are discussed in the

sections and chapters which follow.

2 4 Thermal Performance

Thermal performance of the Arlington House rock bed has been
analyzed on the basis of detailed data recorded during several brief
(3 to 8 hr) storage and discharge experiments and system data

recorded during December of 1977 through April of 1978.

2.4.1 Short-term Experiments

Descriptions and energy balances for four short-term experiments
are shown in Table 2.4.1. Energy flow is measured by furmace power
consumption,

AE = [pde

for the charging tests and by air heat flow,

AE, = [he (T, =T )48,
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for the discharging tests. Intermnal energy change,

B m 80
B = jzl (fcde)j

is based on temperature change at the intermal thermocouples, all

eighty of which are monitored during these short-term experiments.

Table 2.4.1 Summary of Short-term Experiments

Energy stored, GJ Lack of
Test Description AE AEf AU closure, %
I}
CHG2 8 hr 40 min AS from uniform 1.12 - 1.19 -6.
initial temperature ‘
AS3 3 hr AS 0.36 - 0.36 -0.
AS4 3 hr AS 0.35 0.37 -6.
SL2 4 hr SL - =0.28 -0.30 +.

— The energv balance laclk of closure waluess shown din Tahle 2 4 1 are
[=14

considered sufficiently small to allow evaluation of the accuracy
of simulated temperature profiles, but suggest closer scrutiny of
the methods used to perform the energy balances.

There are three ways of calculating energy f£lows to the rock
bed in the AS mode: integrated furnace power, internmal emnergy
change of the rock bed, and integrated air heat flow. Comparison of
the results of the three methods leads to observations important in
measurement of long-term therﬁal performance and in preparation of

data for simulations.

Integrated furnace power is the most accurate gauge of energy

supplied to the rock bed in the AS mode. Power transducer accuracy
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has been verified by comparison to Wisconsin Power and Light Co.
data. Thus it is used in 1ong—térm performance evaluation as the
definitive measure of energy stored in the AS mode. All of the AS
mode energy balances in Table 2.4.1 compare integrated furnace power
with internal energy change and show negative lack of closure,
indicating gains where losses should be expected. This implies
that heat capacity has been overestimated in the energy balance
calculations. Since no trend is apparent in the lack of closure
values, it is impossible to suggest an alternate specific heat.
The heat capacity function of temperature used in the emergy bal-
ances is that of Pfannkuch and Edens [22] discussed in Chapter 1.
A revision of their correlation for use with the current rock bed

would require a calorimetric analysis over a temperature range of

20 to 100°C of a raﬁdom sample of rocks frbm the bed. & Tevised
expression of heat capacity would enable better design and perfor-
mance analysis, but a gensitivity study indicates that variations
of +6% in heat capacity have a negligible effect on simulation
results.

Integrated air heat flow in the AS mode grossly ovefpredicts
energy stored in comparison to the inteérated furnace power, due to
the inaccufacy of the upper plenum port thermocouple as discussed in
section 2.3. TFor the current work an inlet air pseudo-temperature
is calculated to provide data for use in simulatioms. This calcula-

is discussed in detail in Chapters 3 and 4.
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Figure 2.4.1 illustrates the histories of the node-average
temperature profiles in the rock bed for the storage and discharge
tests discussed above. The first graph in fig. 2.4.1, for instance,
represents the 8 hr 40 min charéing test labelled CHG2. The curves
shown are the initial (virtually uniform) temperature profile;
hourly profiles, and the final profile. Stratification is evident
as the 43°C (77°F) temperature‘difference between the top and bottom
nodes. The point of maximum temperature gradient on each curve is
called the thermocline, a term which is used below in discussing
rock bed performance.

Temperature profile histories for individual stacks of thermo-—
couples during experiment CHG2 are shown in fig. 2.4.2. The

differences in profile shape and bottom thermocouple temperature

increase reveal that more energy AT ETOTEd— T ome—sHeek—&han lo. the

other. Inlet air temperature in the AS mode is known to be virtually
constant across the top face of the rock bed. Therefore the differ-
ence between the stacks in energy stored indicates that the air flow
within the bed is not wmiform in the charging mode. (The stack in-
cluding the control sensors receives the least airflow of any of

the sixteen stacks.) Similar comparisons of discharging temperature
profiles show that discharging flow 1s more nearly uniform. The
modelling implications and other effects of non—uniform flow are

discussed in later chapters.
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2.4.2 Long-term Performance

Available data on long-term performance of the rock bed include
flowrate through the rock bed, inlet and outlet air temperatures,
integratéd auxiliary power, and five internal temperatures. A1l of
these data are scanned at ten minute inﬁervals and about 30 seconds
after each mode change. The remaining 75 internal temperatures

cannot be monitored constantly due to the limited capacity of the

datalogger.

Three limitations must be considered in evaluating long-term
rock bed performance data, for reasomns discussed in section 2.3.
First is the inaccuracy of the AS mode inlet air temperature data.
Fortunately furnace power data alloﬁ accurate measurement of AS

— __energy storage. ~Secondly, the five constantly-monitored rock bed

temperatures cannot be used for measuring internal energy Change im

the bed or conduction losses from the bed, or for checking the

other means of measuring the energy stored and discharged. Conduction
losses are estimated for the two-week period of analysis. Internal
energy change remaing an unknown, but is unlikely to be significant
relative to the energy stored and discharged over the trwo-week period.
Finally, due to the absence of a flowmeter immediately upstream OT
downstream of the bed, it can be said only that the flowrate through
the rock bed in the cS mode is bracketed by the collector supply and

return f£lowrates.

ﬁlstogrdmsfefgai£—temperatures entering and leaving the rock

bed in the CS and SL modes are shown in fig. 2.4.3. The CS histogram
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shows the bénefit of stratification. Collector efficiency is enhanced
as the hot air received from the collectors returns to them at‘a much
lower temperature. Likewise the SL histogram shows that the high
temperatures delivefed by the collectors and the furnace are pre~
served by stratification.

Further observations on long-term rock bed performance are based
on a detailed analysis of data recorded during two weeks of system
operation in March, referred to as interval A. This analysis is done
using a computer program called RBM, which is included in Appendix E.
A conceptual diagram of REM is shown in fig. 4.1.1. Results of the

analysis are shown in Table 2.4.2.

Table 2.4.2 Summary of Long-term Performance

Energy_quan;igiggngpgfed or discharged over rwo-week test period,
by mode, GJ: —

cs AS SL Losses " i =
1.98 to 2.36 1.48 3.34 0.69 ? -0.57 to =0.19

Notes: lUpper bound estimate
2Unknown —-— See text
3y=cs+AS~SL-Losses
A useful basis for evaluating the results shown in the table
ig the sum of energy stored in the CS and AS modes. Storage effi-
ciency (SL/ (CS+AS)) is then between 87 and 97%, subject toO the un-
certainties in AU and the energy stored in the CS mode. If the

normally monitored temperature profiles were meaningful, they would

show an internal energy increase oOVer Interval A of 0.17 GJ. That

is about tiVE‘pergceﬂt—gffrhe energy stored over the interval, and

would imply am increase in storage efficiency.
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Two mechanisms contribute to losses from the rock bed: conduction

losses to 1ts surroundings and air leakage at joints. Losses for
Interval A were about 10% of the energy which entered the bed during
that pericd. The upper bound estimate of conduction loss shqwn in
Table 2.4.2 would account for twice that amount. Thus conduction
is beliéved responsible for most heat loss from the rock bed.
About 60% of the convection loss is to the ground and outside air,
the remaining 40% is to the basement. Air leakage is estimated to
be less than two per cent of the energy entering the bed. Severe
leakage was noticed and rvepaired during preliminatry operation of

the system. Methods of preventing leakage are discussed in Chapter 5.
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3.0 SHORT-TERM SIMULATION TESTING

It should be possible to use 2 rock bed model to simulate

temperature profile variation over several hours of system operatiom,
~and to simulate energy flows over weeks andrmonths. The accuracy

of the TRNSYS rock bed model in simulating long-term performance is
discussed in Chapter 4. The goal of this chapter is to determine
‘whether the TRNSYS model is also useful in short—term temperature
profile simulation. Short-—term accuracy would, for instance, enable
one to observe the offect on stratification of varying the gimulation
parameters, OT observe thermocline position in order to aid bed

sizing and choice of control criteria.

3.1 Method of Short—term Testing

Fre—Fnfinite Nty model was tested using the parameters for the

* Arlington House bed, for which Ntuc is 21. The finite difference
algorithm used to implement the infinite Ntu method, as expressed by
eq. 1.2.1, 1is illustrated in fig. 3.1.1. The program used for
short—-term gimulation is called FDTIN, and is 1isted in Appendix E.
FDTIN is like the TRNSYS rock bed model, but has gimplified input,
output, and executive sections to minimize computing costs. The
executive section uses & gimple Euler scheme to integrate the energy
rate at each node. The Euler scheme 1is less sophisticated than the
predictor—corrector integration scheme used in the executive sub—

routine of TRNSYS. Justification for use of the Euler scheme is as

follows. The timestep in the test data 1s muéh‘iesSAthanAthegeriLieal
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timestep for the bed model. The critical timestep is

_ ™%

c Nﬁcf *

AB

Five nodes (N = 5) are generally used to simulate the bed, and the

TAxImum air T1OW Tate

bm/hr), 80 Aee is

two hours. Data for storage and discharging tests are taken at 20
minute intervals. Thus a simulation using Euler integration should
produce the same results as a simulation using a predictor-corrector
integration method. In fact, simulation of a three hour discharging
test using FDTIN does predict the same final temperature profile as

a TRNSYS simulation using the same data and 20 minute timestep to
within 0.1°C at all five points on thertemperature profile. For
either type of simulation, halving the timestep has a similarly small

offect on the results.

The simulations of short-term storage and discharge experiments

are initialized with the initial node-average temperature profile
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from the experiments, and driven with inlet temperature data from
the experiments. The storage experiments were performed in the AS
mode. As discussed in section 2.3, the true average inlet air tem—
perature in the AS mode is considerably less than the value detected
at the inlet port thermocouple. The inlet temperatures for all
timesteps are thus corrected by a term TFIX based on one comparison
of integrated air heat flow to integrated furnace power over each
experiment.

AE, = e, J(r, -TFIX-T_ . )d@
The thermocouple requiring correctionlin the AS mode accurately
measures the inlet temperature in the CS mode and outlet tempera-
ture in the SL mode.

The final temperature profiles predicted by FDTIN, using Euler

integration an ared

to the final node—average profiles measured during the short—term

experiments.

3.2 Comparison of Predictionms with Measurements

Figure 3.2.1 illustrates the accuracy of the infinite Ntu
model in simulating the temperature profiles for the short-term
experiments described in Chapter 2. Each graph shows rock (and
fluid) temperature as a function of position in the rock bed. The
three curves shown in each graph are the initial and final measured
temperature profiles, and the predicted final profile (dashed line).

FGr*the*Sghr*4Gﬂmin—ehargiﬁggtestuCHszftheffour hour measured and

predicted temperature profiles are also shown.
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Qualitatively, the simulated profiles closely approximate the
measured profiles. Comparison of the areas between thé initial
temperature profile and the two final profiles, i.e. of the measured
and predicted internal energy changes, is useful as a measure of
success in simulation. The areas between the initial and the final
profiles must be approximated by rectangular integration since the
temperatures at the upstream and downstream faces of the rock bed
are unknown. The accuracy of each simulation is represented as

AU/Um = (Us-Um)/Um .

The values of AU/Um for the four tests illustrated in fig. 3.2.1 are

shown in Table 3.2.1.

Table 3.2.1 Accuracy of Short-term Simulations

 Test  Mode  AU/U , %
PAUTA
CHG2 AS +7%
AS3 AS +17%
AS4 AS -11%
SL2 - -2%

An interpretation of the results shown in Table 3.2.1 must
consider the precision levels of the simulation parameters and that
the one-dimensional flow assumption of the model is not satisfied
during charging of the real rock bed.. These considerations are in
addition to the implication of the actual finite Ntu discussed above.

Flowrates for the AS tests were measured by performing duct

traverses with a Pitot tube and micromanometer. Thus the flowrates
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used és inputs to the simulations have a precision of 5%« Rock
specific heat varies with mineral ﬁype and temperature as discussed
in Chapter 1, so the precision of the , parameter in the simula-
tions is about 2%. The other parameters are less difficult to
measure and probably have a combined precision of less than one

per cent. The overall precision of measurement is thus about 8%.
This precision level is comparable to the simulation accuracies
listed in Table 3.2.1.

The effect of flow uniformity om short-term simulation warrants
further discussion. The non-uniformity of flow through the bed in
the charging modes has been discussed in Chapter 2 and is considered
in more detail in Chapter 5. Using the method described in Chapter

5 it is possible to estimate the distribution of flow among the

sixteen stacks 1n the Dbe e=dimen—="-

sional flow within each stack, it is possible to pfedict a final
temperature profile for each stack based on its initial profile and
flowrate. The effect of non-uniform flow on simulation results

may then be assessed by comparing the average of these sixteen final
profiles to a profile generated using the node-average initial pro-
file and total flowrate. Such profiles have been generated for
experiment CHG2 and are shown in fig. 3.2.2. The average of the
sixteen simulated stack final profiles does not match the node-
average simulated final profile. The two simulated final profiles

do, over most of their lengths, bracket the node—average measured

final profile. For the stack-average profile, AU/UI11 is -10%.
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Non-uniform flow may account for the failure of such a linear
combination of stack solutioms to yield the whole-bed single solution.
There are cross flows between stacks and locally low heat transfer
coefficients. Airflow which is non-uniform near the upstream face
of the rock bed will tend to become more uniform by horizontal
dispersion as it travels through the bed. The energy which is thus
transferred by convection through the imaginary boundaries of the
sixteen stacks in the rock bed is not accounted for by the ome-
dimensional model.

Thus there is a relationship between flow uniformity within a
rock bed and short-term accuracy of the infinite Ntu model. As will
be further discussed in Chapter 5, test AS3 exhibits the most nearly

uniform flow of any of the charging tests, and discharging flow is

ey e —"t - T S— i imulations

of experiments AS3 and SL2 show the best agreement with measurement.
In spite of substantial departure from the one-dimensional

flow assumption and uncertainty in some of the parameters, the

Infinite Ntu model simulates overall rock bed behavior with about Sﬁ

accuracy, sufficient for solar system design applications.
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4.0 LONG-TERM STMULATION TESTING

The most important function of an energy SLOTage component
model is the correct representation of the quantities of energy
stored and discharged over time periods typical of system gimulations,
such as weeks or moﬁths. This chapter describes a test of that
ability in the TRNSYS rock bed model using data from the rock bed

at the Arlington House.

4.1 Method of Long-term Testing

A conceptual diagram of the method used for long-term simu-
lation testing is shown in fig. &4.1.1. The test requires comparison
of measured and simulated energy flows in each mode over 2 two-week

test period. The measured and simulated energy flows are computed

from system data for the saﬁE‘rwvﬁweek—?eﬁied_fn:;which thermal

performance was discussed in Chapter 9. Selection of that interval
and reduction of system data are discussed in the next section.
Measured energy flows are computed with a program called RBM,

listed in Appendix E. gimulated energy flows are computed with a
gimilar program called RBS, also 1isted in Appendix E. The differ—
ence between RBM and RBS is that the latter ignores rock bed internal
temperature data, using the TRNSYS rock bed model to simulate them.
RBS also ignores rock bed outlet temperature, substituting the
gimulated downstream node rock temperature. As discussed in Chapter

1, that downstream rock temperature should represent the exit air

temperature since NtuC for the test bed exceeds ten. Thus 2 comparison
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of the energy flow outputs of RBM and RBS should indicate the validity

of the Infinite Ntu model.

4.2 Interval Salection and Data Reduction

The period chosen for long-term simulatiom testing is the longest
uninterrupted interval with significant heating load after instal-
lation of backdraft dampers. The latter consideration is important
in minimizing the effects of unknown thermosyphon losses as dis-
cussed in section 2.3. The selected interval is referred to as
WInterval A". It is 322.4 hours long, and is bounded by tape runoffs,
i.e. failure of personnel to change magnetic tapes om schedule.

Three special pro%isions are required to permit use of Interval
A data. Flow resistance through the rock bed was changed by the

_adirion of a fiberglass screen on the upper rock surface about

half-way through the Interval. Thus the RBS program is supplie& ﬁitﬂ-
two AS mode flowrates, and coded to use the lower value after the

time corresponding to screen installation. (REM uses furnace pOwer

to determine AS energy flows, so it does mnot need flowrate data.)
Secondly, the SL mode velocity pressure transducer was accidentally
left disconnected for the second half of Interval A. Thus RBM and

RB3 include-goding to calculate SL mode veloclty pressure based on a
correlation with barometric pressure and air temperature, i.e.
assuming constant average ST, volume flowrate. Finally, as discussed

in section 2.3, AS inlet alr temperature must be corrected by bal-

ancing integrated air heat flow with integrated furnace power OvVer
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each ten minute data interval. The programs for calculating
measured and simulated energy flows both include simple Euler
integration of energy flowrates over time. Since data is

available at ten minute intervals, the simple Euler method will yield
the same results as the predictor—corrector integration scheme

used in TRNSYS, as discussed earlier.

4.3 Analysis of Long-term Simulation Results

A summary of the outputs of programs RBM and RBS is shown in

Table 4.3.1.

Table 4,3.1 Accuracy of Long—term Simulations

Energy quantities stored or discharged over two-week test period,
by mode, GJ:

CsS AS SL Losses AU 5o

Measurement  1.98 to 2.36 1.48 3.3 0.69¢ 7% =0.57 to -0.10

avg=2.17 avg=-0.38
Simulation 1} 2.07 1.48 3.37 0.20 =0.03 0.01
Sano e lion 1  1.15 t0 0.92 1.00 1.01

easurement

avg=0.92
Simulation 2 2.09 1.48 3.23 0.50 -0.04 0.12
Simulation 2
Measurement 1.06 to 0.89 1.00 0.97

avg=0.96

Notes: '"A" is without plenum losses, "B" includes them.
2Upper bound estimate
*Unknown -- see sec. 2.4.2
*AUZFinal internal energy - initial internal energy
5I=CS + AS - SL - Losses - AU

The measured energy flows were discussed in sec. 2.4.2. The

results shown for Simulation 1 are the energy flows entering and
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leaving the rock bed which would be predicted by a TRNSYS model of
the Arlington House, using weather data for Interval A. An energy
balance on Simulation 1 closes within

z/(CS + AS) = 0.1% ,
indicating that the simulation is probably valid. Comparison of
Simulation with measurement indicates that the simulated energy
flows are within 5% of the measured energy flows. Since temperature
profile information is available during the simulation, boundary
losses and internal energy change can be estimated for Interval A.
The internal energy decrease of 0.03 GJ corresponds to a decrease in
bed temperature of 1.2°C (2.2°F) over the two-week test period.
Boﬁndary losses for Simulation 1 are calculated in the manner used

in TRNSYS, considering losses only for wall surfaces in contact

with rock. The U.ZU LJ_16s3;EhUwn—is-tuusiﬁere&—a—éeweEJbc:ﬁﬂ on

the true losses, since the upper plenum is often at the same tem-
perature as the top node of the rock bed and includes a substantial
wall area.

A second simulation, Simulation 2, has been performed to deter-
mine the effects of adding plenum losses to the rock bed losses
normally considered by TRNSYS. The results of Simulation 2 are also
shown in Table 4.3.1. The energy balance for Simulation 2 closes to
within 3.1%. That is not a very good balance, but the reason for its
magnitude remains unclear. The energy flows predicted by Simulation 2

are again within 5% of the measured flows. The loss value for

Simulation 2 is 0.50 GJ, less than the upper bound estimate provided
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by program RBM, and 2.5 times the loss predicted by TRNSYS. The
difference between the losses predicted by Simulations 1 and 2 is
0.3 GJ, or 8% of the energy stored during Interval A.

The TRNSYS rock bed model simulates energy flows over long-term

simulations with an accuracy of 5%. It may be desirable.to extend

the current loss calculation in the model to include the rock bed

plenum chambers.
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5.0 DESIGN OBSERVATIONS

Uniform air flow distribution is assumed as a basis for rock
bed models, and intuitively seems desirable for optimum performance.
of storage and system. In areas of'a rock bed receiving relatively
high air flow, the thermocline will move dowusfream more rapidly
than in the average and low-flow areas. If the flow in any area
is so high that the thermocline often progresses to the end of the
bed, that area will become saturated and will begin dumping energy
into the exit air stream. The resulting increase in exit air tem—
perature will then decrease the efficiency of the system's collectors.
Non—uniform flow distribution in the downward (charging) direc-

tion has been observed for the Arlington House rock bed, as described

tribution, the causes and effects of non-uniform flow distribution,

and ways to avoid non-uniform flow distribution and leakage are dis-

cussed in this chapter.

5.1 Analysis of Flow Distribution

A technique for approximating flow distribution at the upstream
face of a rock bed makes use of the infinite Ntu rock bed model.
Given the initial temperature and physical parameters for a volume
of rock at the upstream node, a finite difference method can be
used iteratively to determine the flowrate through the volume

required to produce the known final temperature in the volume.

Such a method has been used to picture the flow distribution in the
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current rock hed, and the results are illustrated in £ig. 5.1l
Note that this method is only an approximation, since Nfuc is

about four for any of the 80 equal volumes in the bed. TFigure
5.1.1A is a bar graph showing the rel;tive distribution of air

flow to the sixteen stacks of the rock bed at the upper face and in
a charging mode. Figure 5.1.1B shows the effect of spreading a
screen of tightly-woven fiberglass fabric across the upper face in
attempt to make the flow more uniform. Figure 5.1.1C indicates that
somewhat less flow uniformity improvement was achieved by placing

a set of diffuser vanes in front.of the upper plenum inlet. Figure
5.1.1D illustrates flow distribution across the lower face of the
bed in tﬁe discharging mode. It is considerably more uniform than the

charging flow patterns shown in A and C, and comparable to the

3.2 =31 P — o
Fsrribothonshewe—tanfig 5.1 1R

5.2 Causes and Effects of Non-uniform Flow

Maldistribution of flow through a rock bed may reduce system
efficiency through several mechanisms: short circuiting, control
"]ead" or "lag", and energy dumping.

Short circuiting of air flow in either direction through a rock
bed may occu? if flow within a plenum is obstructed, the plenum is
of insufficient height, or pressure drop through the rock bed is
too low.

The Arlington House bed had a severe discharging short circuit

before its lower plenum was modified during the summer of 1977.

Alr was flowing directly between the lower and upper plenum ports,
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along the west wall. This left most of the large quantity of energy
stored in the bed inaccessible. This probably decreased the effec-
tive size of the bed in the discharging mode and required more
parasitic power (fan operating time) in the SL mode than the ideal
case. The problem ﬁas solved by removing the rocks,_adding 4 in
to the original 7 in height of the blocks supporting the wire mesh,
and shifting the blocks from a rectangular array to a fan-shaped
array centered on the inlet port. Thus the suppbrt blocks are used
as a diffuser. As shown earlier, the discharging flow is now nearly
uniform.

System efficiency may be decreased by non-optimal control due
to placement of sensors in areas of relatively low OF high air flow

rate. Figure 5.2.,1 illustrates a caseé of "control lag" observed

for the Arlmgtor'o-e-d.—ﬁheﬂi' in the figure are the node-average

temperature profiles initially and after four hours of charging,

and the temperature profile at the control sensors after four

hours. The control sensor temperatures lag behind the node—average
temperatures. Reference to figs. 2.2.1 and 5.1.1 indicates that this
is probably due to the relatively low air flow entering the stack
which includes the control sensors. In the Arlington System; the
average of the five control senéor temperatures is compared to a
manually set 'bed average'' temperature. The AS mode is activated

if the average sensor temperature 1is below the set point when off-

peak rates are in effect and there is no load. But the energy

content of the bed is higher than desired when the control acnscf
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average temperature reaches the set point temperature.' Thus losses
;hrough the bed enclosure may be increased and, if the bed were mnot
oversized, collector losses might also increase as the collectors
would receive unnecessarily warit supply air. In other beds,
"eontrol lead" might be a problem. Placement of a sensor in a high-
flow area in the lower node of a bed might result in premature
shutoff of the collector loop-. guch control problems are best
avoided by having uniform flow.

| Energy dumping causes & reduction. of system efficiency if a
bed is undersized or if there is a great difference between flow
distribution in the storage and discharging modes. Such a gituation
might occur in a rock bed with inadequate pressure drop and an

undersized lower plenum. Assuming that the upper and lower plenum

ports a

all, flow might then short circult

between them in the discharging mode and concentrate along the
opposite wall in charging. Collectors would receive excessively
hot air, and auxiliary heating would often be required in spite of
the presence of considerable emnergy in the bed.

A simulation model is useful in observing the effect of mon-—
uniform flow on energy dumping. Figure 5.2.2 1s a schematic
diagram of a system.which can be simulated to illuétrate this
effect. First a simple air-based space heating system with series
auxiliary is gimulated with average Madison weather data. This
indicates the ideal behavior of a system with uniform air flow in

the rock bed. Next the system 1s simulated with 2 partitioned rock
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bed. The bed has the same total volume, height, and surface area,
but is divided into two parts one-quarter and three—quarters of
the original volume. The distribution of flow to these two parts
may be varied independently for charging and discharging. Table
5.2.1 summarizes the results of several January simulations with
these systems. (Results for March are similar.)

Table 5.2.1 Effect of Rock Bed Flow Distribution on System
Performance: One-month Simulations

Small Bed Flow

Large Bed Flow System Fraction
System Charging Discharging Efficiency Solar
1 - - .46 42
11 «25/.73 .25/ +75 .46 42
4/ .6 25¢ .75 .46 A2
Hf.1 «1f9 .39 .35

_ Useful emergy collected

aalatrion

Systam sfficiency = —
IO TITOULEST=

Fraction solar = Useful ezii%y collected

The performance of System I can be matched with System II by
directing 25% of the air flow to the small bed in both directions.
This verifies the correct construction of the double-bed system model.
If discharging flow is left uniform and 407% of the charging flow 1is
directed to thé small bed, system performance shows no significant
change. This case is an approximation to the Arlington House rock

bed, and indicates that the thermocline in the small bed rarely

reaches the lower node. The final case is a severe maldistribution

intended to display the mechanisms at work. Ninety per cent of the
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-charging flow is directed to the small bed, and 907% of the discharging
flow is directed to the large bed. Table 5.2.1 shows the performance
penalties resulting from such a maldistribution. System efficiency

and solar fraction each decrease by seven percentage points.

5.3 Design for Uniform Flow

Tn section 5.2 it was shown that a rock bed with sufficiently
poor flow distribution can be detrimental to system performance.
Therefore achievement of uniform f£low should be a consideration
in rock bed design. Uniform flow through can be provided by choosing
a rock diameter €O optimize pressure drop (Ap) through the bed.

Optimization of pressure drop entails minimizing fan power by
choosing the lowest Ap compatible with uniform flow. Flow distri-

bution will probably be uniform if Ap is greater than the wvelocity

pressure of the air entering a plenum at its inlet pért.- For_instéﬁéé,
air enters the upper plenum of the Arlington House bed with a velocity
pressure of 22.4 Pa (0.090 in HZO) in the AS mode. In the same mode
the pressure drop through the bed is 11.2 Pa (0.045 in HZO) and, as
shown in fig. 5.1.1A, flow is very poorly distributed. The flow
distribution improvement resulting from the use of a fiberglass

screen on top of the bed, shown in fig. 5.1.1B,is accompanied by

an increase in pressure drop to 17.9 Pa (0.072 in H20)' In the 8L
mode, air enters the lower plenum through a port with fwice the area

of the upper plenum port, with a velocity pressure of 1.99 Pa (0.008

{ﬁﬁﬂicjfgg?féSSUIE‘&TﬁP‘EhEQEghAIhEAbEd in the SL mode is 2.49 Pa
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(0.010 in HZO)’ and air f£low through the rock bed is fairly well
distributed. These observations on the Arlington bed imply that
uniform flow through a rock bed can be achieved by providing 2
pressure drop through the bed greater than the inlet air veloclty
pressure. |

Pregsure drop through 2 rock bed is a function of rock diameter
and other.parameters. Until recently there Were no accurate corre-
lations between rock diameter and pressure drop at the low Reynolds
aumbers typical of solar storage units. The correlation of Hollands
and Pott [10], discussed inlChapfer 1, does provide a good correlatiom
between pressure drop and equivalent spherical rock diameter.

Leflar [20] has noted that typical commercial screen size ranges

(e.g. dmin_dmax) are app?oxlmately related to the equivalent spherical

rock diameter used in the ToTTE It Ton—B=

_ 1
ds ! (dein * dmax)'

Hollands and Pott describe a means of estimating the rock surface

area, AS, for crushed (i.e., VeIry angular) rock. For screened samples

of mostly rounded rocks, it is adequate to assume spherical particles
when calculating AS.

Clearly inlet/outlet POTLS and plenum chambers should be designed
to minimize velocit; pressures. Ports should be designed to cover the
maximum area over which inlet air can effectively be diffused, and
plenum chambers should be designed with sufficient height to maintain

low wvelocity pressure.
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5.4 Leak Prevention

Excessive leakage from rock beds has plagued experimenters (refs.
15 and 16 . including the puilders of the Arlington bed. Leakage to
and from the bed was reduced to a low level during the reconstruction
described in section 5.1, hence the materials énd methods used deserve
some mention.

The material used to seal the rock bed is sold as a high pressure
duct sealer. It adheres permanently to almost any gurface, cures to &
high strength, and maintains its elasticity through prolonged exposure
to high (e.g-. 100°C) temperatures. 1n the reconstruction of the
Arlington House rock bed, it was applied externally to all seams and
corners. In new construction, 2 bead should be applied to the con=

crete floor just before sill placement, and to the edges of the back

of each interiol prywood—P

.aet with the sill, studs,_and

top plate. Typical ceiling construction will permit gealing only on
seams. These measures should help in avoiding a potentially severe

problem.
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RECOMMENDATIONS

The Arlington House rock bed should be tested and operated with
two fiberglass screens on its toP face. The use of two sc?eens should
improve the uniformity of air flow through the bed, making the tem=
peratures at the control sensors and constantly monitored thermo—
couples more nearly representative of'the node-average temperatures.
The system pressure drop will be increased about 6.2 Pa (0.025 in H20)
ﬁy the addition of each screen, but littlé change in parasitic power
consumption will be detected since the overall system pressure drop
is about 500 Pa (2 in HZO)'

Some means for accurately measuring inlet air temperature in
the AS mode is required. fThe existing single thermocouple could be

used if a mixing box could be £itted between the furnace and rock bed,

but the resultin ressure dro increase-coula e T e
g P P 14

Otherwise, several channels on the datalogger could be used O monitor
an array of thermocouples.

A calorimetric determination of heat capacity as @ function of
temperature for the rocks in the bed would be useful.

It would also be of interest to place thermocouples in the top
node to measure the temperature profile there in one- 0T two-inch
depth increments, and the temperature€ gradients within rocks.
(Thermocoupleé for the latter purpose are already located at mid-
height in the bed, but the existence of significant gradients is

most likely inm the top node and in charging modes.)
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Consideration should be given to including plenum convection

' losses in the TRNSYS rock bed model.
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APPENDIX A: CALCULATION OF HEAT TRANSFER COEFFICIENT

Method

The calculation of hv uses the solutions of Schumann [24] and
the application technique of Furnas [8]. As explained by Lof and
Hawley [21]:

"If the conditions of 2 particular heat transfer test are
such that Schumann's assumptions are applicable, all of the data
necessary for calculation of the temperature history of the fluid
or solid are known or may be easily found, except the coefficient
of heat transfer. The coefficient can therefore be determined
by the ... method of Furnas. In the particular case where the
fluid is a gas, the ratio of distamnce from entering end of
the bed to fluid velocity through the bed, which is the term
x/vfs in the relation ;

EV
fs

h
B T P
2= o te b

is small in comparison with time and may be neglected. Time is
therefore y:uﬁdf*+ﬁﬂn1 +o 7. the relation between

Ty 0
Tt 07,0

and the time 6, may be determined experimentally for any given

test condition and location in the bed and the resulting curve

may be compared with the Schumann curves which are plotted with
7 as the abcissa. The value of Y for the curve which fits most
closely the experimental results is then used to calculate the

heat transfer coefficient, h. by using the relation

hv = chva/x vea oM

Procedure

1) Re-plot figs. 2, 4, and 6 of Furnas [8], Schumann curves for

temperature histoTy of gas, on & single semi-log plot. (See fig. A.1)

2) With the same logarithmic abcissa as used above, plot
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[(Tf— b,O)/(Tf,O-Tb,O)] vs. 6 for each of the five nodes, where
§ = time from start of test, hr (Use data from expt. CHG2) ,

Te = temperature of air at time 0, °C,

Il

Tb 0 initial uniform temperature of bed = 38°C, and
3

l

Tf 0 inlet air temperature = 8g8°C.
3

3) Slide plot (2) along plot (1) until the slope of the former most

closely matches the slope of the latter for all values of dimen—

gionless temperature difference. This implies a value for Y, by
interpolation. (See fig. A.1)
4) Calculate hv as hv = chvfslx where
cg = heat capacity of air = 1.012 kJ/kg-°C,

Veg T superficial £1uid velocity = 178 m/hr, and

x = distance tO node from top of bed, m
=10 ook o0—162—12072nd 1.07 for nodes 1 through 5.
Resultér
Node Y h
v

1 0.9 1020 kJ/hr-m*-°C

2 7. 2650

3 13. 2950

4 16. 2590

5 23. 2910

Ignoring the value of hv for node 1, since it seems to contradict the
trend of the downstream nodes (whose temperature histories allow more
= accurate curve fits -= see fig. A.1), the average hv is

9700 kJ/hr-m*-°C.
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APPENDIX B: . SPECIFICATIONS —— ARLINGTON HOUSE ROCK BED

Altitude

Length, N-5

Length, E-W

Flow Area

Flow length

Volume

Void fraction

S0lid volume

Specific gravity of solid
Effective density

Heat capacity of solid

Rock minimum diameter range
Rock geometric mean diameter
gurface area-to-volume ratio
Top plenum.height

~ Bottom plenum height

= e B
Flowrates: m /ar (It /L)

Collector—to-storage (cS, downward flow)
Auxiliary-to-storage (AS, downward flow)
Storage-to-load (SL, upward flow)*

Superficial velocity (AS)
Particle velocity (AS)
Particle dwell time (AS)

312.4%x1.5 m (10255 ft) above MSL
5.58.m (11'-8"

3.40 m (11'-1")

12.2 w2 (131 ££9)

1.57 m (5'-2")

19.2 w3 (677 ££°)

0.428

11.0 m3 (388 ££2)

2.73

1560 kg/m> (97.6 Tbm/Et2)
See Chapter 1

1.9-4.1 cm (0.75-1.63 in)
2.9 em (1.15 in)

117 w2/md (35.8 ££2/£67)
0.43 m (17 im)

0.28 m (11 in)

o or diffuser vanes

1410 (830)
2070 (1220)
1280 (755)

0.0473 m/sec (9.31 ft/min)
0.111 m/sec (21.8 ft/min)
14 sec

Pressure drop across rock bed, Pa (in HZO)

Mode without screen with screen
cSs 8.72 (0.035) not measured
AS 11.2 (0.045) 17.9 (0.072)
SL* 1.74 (0.007) 2.49 (0.010)

Support: 1.87 psf steel mesh with 0.8 x 3.5 in. openings on iintel
blocks, 22% of mesh area in contact with blocks

#Subject to yariation over time due to filter clogging.



APPENDIX C:

NOMENCLATURE

Letter Symbols SI units
A Area m2
AS Total surface area of rocks in bed m2
¢ Heat capacity kJ/kg-°C
1 Equivalent spherical diameter of bed particles m
=[(6/m) (net volume of particles/mnumber of particles)]
D Hydraulic diameter of bed =4LAC/AS m
E Energy GJ
£ Friction factor -
G Mass velocity of fluid through bed kg/hr—m2
h Convective heat transfer coefficient kJ/hr-m2—°C
hv thzm?;?ic heat transfer coefficient - kJ/hr—m3—°C
s b
k Conductivity kI/hr-m—°C
L Flow length of bed m
m Mass kg
@ Mass flow rate of fluid through bed kg/hr
N Number of nodes used in rock ﬁed model =
) Pressure (in HZO x 249=) Pa
P Perimeter m
and Power kJ/hr
U Convective loss coefficient for rock bed walls kJ/hr-m2—°C
and Internal Energy kJ
v Velocity n/hr
Veq Superficial fluid velocity =ﬁ/pfAfr) m/hr
Volume m3
Position in rock bed m
T Temperature °C
Greek Letters
A Change -
€ Void fraction of packed bed -
e Time hr
M Viscosity of fluid kg/m-hr



0 Density kg/mj
T Time constant for packed bed model =pbcb(l—€)AL/ﬁcf hr

Dimensionless Groups

Bi  Biot number =hdS/2kb

Ntu Number of heat transfer units =ther/icf
Pe Peclet number =RePPr =vfdspcf/kf

Reb Bed Reynolds number =Gth/U =4Gth/p

Rep Particle Reynolds number =vfdsp/u

St Stanton number =h/prCf

Subscripts
b Bed material

c Corrected; core, based on core area; critical
env Surrounding environment

£ Heat transfer fluid; final

fr Frontal, based on frontal area

i Initial

in Entering bed

- m Measured

out Leaving bed
P Furnace power

s Simulated
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