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ABSTRACT

Commercial buildings and ingtitutions are generally
cooling-dominated and thereforereject more heat to aground-
loop heat exchanger than they extract over the annual cycle.
This paper describes the devel opment, validation, and use of
a design and simulation tool for modeling the performance of
a shallow pond as a supplemental heat rejecter in ground-
source heat pump systems. The model has been developed in
the TRNSYS modeling environment and can therefore be
coupled to other GSHP system component models for short
timestep (hourly or less) systemanalyses. Themodel hasbeen
validated by comparing simulation results to experimental
data collected from two test ponds. The solution scheme
involves a lumped-capacitance approach, and the resulting
first-order differential equation describing the overall energy
balance on the pond is solved numerically. An example appli-
cation is presented to demonstrate the use of the model aswell
as the viability of the use of shallow ponds as supplemental
heat rejecters in GSHP systems. Through this example, it is
shown that ground-loop heat exchanger size can be signifi-
cantly decreased by incorporating a shallow pond into a
GSHP system.

INTRODUCTION

Ground-source heat pump (GSHP) systems have become
increasingly popular for both residential and commercial heat-
ing and cooling applications because of their higher energy
efficiency compared to conventional systems. In closed-loop
GSHPs, heat rejection/extraction is accomplished by circul at-
ing a heat exchange fluid (water or antifreeze) through high-
density polyethylene pipe buried in horizontal trenches or
vertical boreholes. In large-scale commercia applications,
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vertical borehole systems are preferred over horizontal trench
systems because less ground areais required.

Commercial buildingsand institutionsare generally cool-
ing-dominated and thereforereject more heat than they extract
over the annual cycle. In order to adequately dissipate the
imbalanced annual loads, the required ground-loop heat
exchanger lengths are significantly greater than the required
lengthif theannual loads were balanced. Consequently, under
these circumstances, ground-source heat pump systems may
be eliminated from consideration during the feasibility study
phase of the HVAC design process because of excessive first
cost.

To effectively balance the ground loads and reduce the
necessary size of the ground-loop heat exchanger, supplemen-
tal components can be integrated into the ground-loop heat
exchanger design. GSHP systems that incorporate some type
of supplemental heat rejecter are commonly referred to as
hybrid GSHP systems. In applications where the excess heat
that would otherwisebuild upinthegroundisuseful, domestic
hot water heaters, car washes, and pavement heating systems
can be used. In cases where the excess heat cannot be used
beneficially, shallow ponds can provide a cost-effective
meansto balance thethermal loading to the ground and reduce
heat exchanger length.

The objective of this work has been to develop a design
and simulationtool for modeling the performance of ashallow
pond that can be usefully and cost-effectively integrated into
a ground-source heat pump system as a supplemental heat
rejecter. The pond model has been developed inthe TRNSY S
modeling environment (SEL 1997) and can be coupled to
other GSHP system component models for short time step
(hourly or less) system analyses. The model has been vali-
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dated by comparing simulation results to experimenta data. inflow rates. The relevant heat transfer mechanisms occurring
As an example of the model's applicability, GSHP systenwithin shallow ponds are illustrated in Figure 1.

simulation results are presented for a commercial building

located in Tulsa, Oklahoma, with a hypothetical closed-loofExisting Pond and Lake Models

GSHP system with and without a shallow pond supplemental

. Several mathematical and computer models have been
heat rejecter.

developed for simulation of lakes used as heat sinks/sources

HEAT TRANSFER IN PONDS and for solar ponds. _
Raphael (1962) developed a numerical model for deter-
General Overview mining the temperature of surface water bodies as heat sinks

Pertinent concepts of heat transfer in ponds and lakd@r Power plants. Thermal stratification of the water body was

have been summarized by many sources. Dake and Harlena c_onsidered. Input data to the model included weather data
(1969) conducted studies of thermal stratification in lakes anﬂnd inflow and outflow data for the Wgter body. Raphael
addressed the overall thermal energy distribution in Iakeé.eporteOI t_hatthe modelsuccessfully_ predicted the temperature
ASHRAE (1995a, 1995b) and Kavanaugh and Raffertfhanges in a river used as a heat sink for.a power plant.
(1997) describe heat transfer in lakes in relation to their use as J0bson (1973) developed a mathematical model for water
heat sources and sinks. bodies used as heat sinks for power plants. Thermal stratifi-
Solar energy is identified as the main heating mechanisf@tion of the water body was not considered. The r.e§ults of thgt
for ponds and lakes. The main cooling mechanism is evapd‘-{ork showed that the heat transfer at the water/air interface is
ration. Thermal radiation can also account for a significanfighly dependent on the natural water temperature and the
amount of cooling during night hours. Convective heating olVind speed.
cooling to the atmosphere is less significant. Natural convec- ~ Cantrelland Wepfer (1984) developed a numerical model
tion of water due to buoyancy effects is the primary mechdor evaluating the potential of shallow ponds for dissipating
nism for heat transfer within a surface water body. ConductivBeat from buildings. The model takes weather data and build-
heat transfer to the ground is generally a relatively insignifiing cooling load data as inputs and computes the steady-state
cant process, except in cases where the water surface is froze@nd temperature using an energy balance method. Thermal
Shallow ponds are generally thermally unstratified. Natustratification of the pond was not considered. The model
ral stratification of deeper ponds and lakes is due to buoyan@jiowed that a 3 acre (12,14%)m10 ft (3.048 m) deep pond
forces and to the fact that water is at its greatest density #tCleveland, Ohio, could reject 1000 tons (3516 kW) of ther-
39.2°F (4°C). Therefore, over the annual cycle, water in deepg#al energy with a maximum increase in pond temperature of
ponds will completely overturn. Thermal stratification in about 5°F (2.78°C) over a daily cycle.
ponds is also dictated by inflow and outflow rates or ground-  Rubin et al. (1984) developed a model for solar ponds.
water seepage rates. If inflow and outflow rates are higiithe purpose of a solar pond is to concentrate heat energy from
enough, the pond will not stratify. Consequently, thermathe sun at the pond bottom. This is accomplished by suppress-
stratification occurs only in ponds and lakes that are relativeling natural convection within the pond induced by bottom
deep, generally greater than 20-30 ft (6.1-9.1 m), with lovheating, usually by adding a brine layer at the pond bottom. As
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Figurel Heat transfer mechanismsin shallow ponds.
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aresult, solar ponds have three distinct zones as described by
Newell (1984):

1. atop layer that is stagnated by some method and actsas a
transparent layer of insulation,

2. amiddlelayer thatisusudly allowed to bemixed by natural
convection, and

3. alower layer where solar energy is collected.

Themodel of Rubinet al. (1984) applied animplicit finite
difference scheme to solve a one-dimensional heat balance
equation on a solar pond. Large-scale convective currentsin
the pond were assumed to be negligible while small-scale
convective currents were handled by allowing the coefficient
of heat diffusion to vary through the pond depth. Solar radia-
tion was modeled as an exponentially decaying function
through the pond depth. The model successfully predicted
seasonal variationsin solar pond temperatures.

Srinivasan and Guha (1987) devel oped amodel similar to
the model of Rubin et al. (1984) for solar ponds. The Srini-
vasan and Guha (1987) model consisted of three coupled
differential equations, each describing a thermal zone within
the solar pond. Solar radiation in each zone is computed as a
function of depth. The model also successfully predicted
seasonal variations in solar pond temperatures with various
heat extraction rates.

Pezent and Kavanaugh (1990) developed a model for
lakes used as heat sources or sinks with water-source heat
pumps. The model essentially combined the models of Srini-
vasan and Guha (1987) to handle stratified cases and of
Raphael (1962) to handle unstratified cases. As such, thermal
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stratification of alake could be handled in the summer months

when lakes are generally most stratified and neglected in the
winter months when lakes are generaly unstratified. The

model is driven by monthly average bin weather data and
handles both heat extraction and heat rejection. With no heat
extraction or rejection, the model favorably predicted a lake
temperature profile in Alabama. The temperatures within the

upper zone of the lake (the epilimnion) and the lower zone of

the lake (the hypolimnion) were predicted to within 4°F
(2.22°C) and approximately 1°F (0.55°C), respectively.
However, the model had some difficulty in matching the inter-
mediate zone (the thermocline), perhaps due to the fact that
this zone possesses moving boundaries (unlike the boundaries
of a solar pond, which are more distinct). As concluded by
Pezent and Kavanaugh (1990), a numerical method is neces-
sary to more accurately predict the thermocline profile.

The model presented in this paper is based on the assump-
tion that thermal gradients in shallow ponds are small, espe-
cially during times of heat rejection. This model is developed
in the TRNSYS modeling environment and can be coupled to
other component models for larger system simulations.
Furthermore, this model allows the pond performance to be
simulated on hourly or less time scales.

EXPERIMENTAL METHODS

Pond Description and Data Collection

Two ponds were constructed for this study on a test site
at an Oklahoma university. The layout of the experimental
ponds is shown in Figure 2. The ponds are rectangular with a

reinforced concrete

HDPE slinky
(500 ft long, 3/4in. nom. dia.,
10-in. pitch)

Plan View
3ft(0.91m)
8in. (20.3 cm) water level —>)
21t § 10in. (0.254 m)
(0.61 m)
Front View Profile

40ft(12.19m) reinforced concrete
3ft HDPE dlinky
(0.91m) (500 ft long, 3/4 in. nom. dia.,
10-in. pitch)

Plan View

8in. (20.3 cm)

3ft(0.91m)
water level

351t
(1.07 m)

| )

Front View

31t (0.91m)

Profile

Figure2 Layout of the shallow experimental ponds showing (a) the horizontally positioned slinky and (b) the vertically

positioned dlinky.
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plan area of 40 ft (12.19 m) by 3 ft (0.91 m). Eachpondwas  MODEL DEVELOPMENT

constructed with vertical sidewalls, with one of the ponds

being 2 ft (0.61 m) deep and the other being 3.5 ft (1.07 m) ~ Governing Equations

deep. Thewallsand the bottom of each pond were constructed The governing equation of the model is an overall energy

of reinforced concrete, approximately 8 in. (20.3 cm) thick. balance on the pond using the lumped capacitance (or lumped
Heat was rejected to each pond by circulating heated ~ parameter) approach,

water through a “slinky” heat exchanger (a pipe coiled in a dqT

circular fashion such that each loop overlaps the adjacent Qin—Yout = Vpcpa, 1)

loop) installed in each pond. Each slinky pipe was made of

high-density polyethylene plastic and is 500 ft (152.40 myhereq;, is the heat transfer to the pong is the heat trans-

long with a nominal diameter of 3/4 in. (0.019 m). The pipefer from the pondy is the pond volume is the density of the

was coiled so that the resulting slinky heat exchanger wand waterg, is the specific heat capacity of the pond water,

40 ft (12.19 m) long with a diameter of 3 ft (0.91 m) and aanda is the rate of change of temperature of the pond water.

10 in. (0.254 m) pitch (the separation distance between thEhis approach assumes that temperature gradients within the

apex of each successive loop). In the 2 ft (0.61 m) deeater body can be neglected. Considering the heat transfer

pond, the slinky heat exchanger was positioned horizormechanisms shown in Figure 1, Equation 1 can be expressed

tally within the pond at a depth of approximately 10 in.to describe the rate of change in average pond temperature as

(0.254 m). In the 3.5 ft (1.07 m) deep pond, the slinky heat

exchanger was positioned vertically within the pond along at (Asotar * Gthermal * Gconvection * Aground

the centerline of the long axis of the pond. @)
+ qgroundwater + qevaporation + qfluid)/VpCp'
The temperature of the pond water was measured by ther-
mistors positioned at four locations within the pond: (1) neawhere
th.e pond. surface at the center of the slinky, (2) below thg_,, = solar radiant heat gain to the pond,
slinky at its center, (3) near the pond surface at the end opp@- = thermal radiant heat transfer at the pond surface,
site from the supp!y end, and (4) below the s]mky at the en | ecion = CONVective heat transfer at the pond surface,
of the pond opposite from the supply end. Slinky supply an

= heat transfer to/from the ground in contact with the

return water temperatures were measured by thermistofground pond

embedded in the slinky header. Each system also included a )
flow meter, a water heating element, and a watt transducer. Alrounawater = heat transfer due to groundwater inflow or

sensor information was recorded by the data acquisition outflow,

system at time intervals of six minutes. Oevaporation = heat/mass transfer due to evaporation at the pond
The tests were controlled to maintain a set supply water surface,

temperature by heating the supply water if the temperature fefid = total heat transfer to/from the heat exchange fluid

below a set point. Two set point temperatures were used in this flowing in all spools or cails in the pond.

study, 9°F (32.2°C) in the summer season and 75°F (23.9°C) in Each of the heat transfer terms used in the above equation

the winter season. is defined briefly below. Further details can be found in Chias-

son (1999).

Weather Instrumentation and Data Collection ) .
Solar Radiant Heat Gain

Weather data for this study were obtained from the Okla-  gq|5 radiant heat gaimg,,,) is the net solar radiation

homa Mesonetniesoscale network), which is a weather ,psorhed by the pond. Itis assumed that all solar radiation inci-

station network consisting of weather monitoring sites scatyent on the pond surface becomes heat gain except for the
tered throughout Oklahoma. Depending on the Weathedortion reflected at the surface.

parameter, data are recorded at time intervals ranging from 3 14 determine the reflected component of solar radiation,
to 30 seconds and averaged over five-minute observatiqRe angle of incidenceé) of the sun’s rays is first computed
intervals. at each time step from equations given by Spencer (1971),

Weather data at 15-minute intervals for the StillwaterDuffie and Beckman (1991), and ASHRAE (1997). The angle
monitoring station were acquired for the time periods of interof refraction of the sun’s rays at the pond surface is determined
est for this study. The Stillwater station is located approxiby Snell's law. The reflectanc@’] is then computed after
mately one mile from the test pond site. Data for the followindPuffie and Beckman (1991). The amount of solar radiation
parameters were obtained: wind speed, wind direction, a@bsorbed by the pondg;,,) is expressed as

temperature, relative humidity, and solar radiation. Further G = | (l—p')Ap 3)
details of the weather station network may be found in Elliott solar onc
et al. (1994). wherel is the solar radiant flux incident on the pond surface
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(here, the total reflectance is approximated by the beam
reflectance) and Apgng IS the area of the pond surface. The
model also accepts solar radiation in the form of beam (1,) and
diffuse (14 components, in which case | is computed from

|:|b00£+|d. (4)

Thermal Radiant Heat Transfer

Thisheat transfer mechanism accountsfor heat transfer at
the pond surface due to thermal or long-wave radiation. This
model uses a linearized radiation coefficient (h,) defined as

T +T
hl’ = 480W¥H3 (5)

where€ isthe emissivity coefficient of the pond water, o isthe
Stefan-Boltzmann constant, T,q i the pond temperature in
absolute units, and Ty, is the sky temperature in absolute
units. Ty, is computed from a relationship given by Bliss
(1961). The therma radiant heat transfer (Qinerma) 1S then
computed by

Othermal = hrApond (Tsky _Tpond)- (6)

Convective Heat Transfer at the Pond Surface

1996). Therefore, two empirical relations for the Nusselt
number are used in the model as described by Incropera and
DeWitt (1996) for forced convection over a flat plate:

Nu = 0.664R&?PrY®  (laminar flow regime) (9a)

Nu = 0.037R&PrY®  (mixed and turbulent flow)  (9b)

The convection coefficienhf) for forced convection can
then be determined by Equation 8 with the characteristic
length value described as the ratio of the length (parallel to the
wind direction) to the perimeter.

Finally, the convective heat transfer at the pond surface
(Gconvection) IS computed by

Uconvection = hcApond (Tair _Tpond)

whereT,;, is the ambient air temperature dnds taken as the
maximum of the free convection coefficient and the forced
convection coefficient. This practice of choosing the larger of
the free and forced convection coefficients is recommended
by Duffie and Beckman (1991) and McAdams (1954) and is
used in the absence of additional experimental evidence
regarding combined free and forced convection.

(10)

Heat Transfer to the Ground

This mechanism accounts for heat transfer at the pond - Thjs heat transfer mechanism accounts for heat conduc-
surface due to free and forced convection. Several empiricghn, to/from the soil or rock in contact with the sides and the
formulations exist for determining the convection coefficientyottom of the pond. This mechanism of heat transfer is highly
for different geometries. For a pond surface, correlations forﬁte-specific and complex and depends on many factors, such

horizontal flat plate are the most applicable.

as soil/rock thermal properties, climatic factors, pond geom-

In free convection heat transfer, the Nusselt number (NWtry, and thermal loading history. In this model, we chose to

is often correlated to the Rayleigh number (Ra). In externalse a semi-empirical approach developed by Hull et al. (1984)
free convection flows over a horizontal flat plate, the criticato determine heat losses/gains from the bottom and sides of the
Rayleigh Number is about 10Therefor§, two empirical rela- pond. Hull et al. (1984) used a three-dimensional numerical
tions for the Nusselt number are used in the model as describgshie to compute steady-state ground heat losses from solar

by Incropera and DeWitt (1996) for free convection from theyonds of varying sizes, geometries, and sidewall insulation
upper surface of a heated plate or the lower surface of a coolgghes.

plate: Hull et al. (1984) express ground heat losses from any

NU = 0 54R&* (10" < Ra < 18— laminar flow) (7a) pond as a function of the pond area, pond perimeter, the
' ground thermal conductivitykf.qng), @nd the distance from

Nu = 0.15R43 (107 > Ra > 18! — turbulent flow)(7b)  the pond bottom to a constant temperature sink. For practical

purposes, the constant temperature sink can be taken as the
groundwater table (Kishore and Joshi 1984). For a rectangular
pond with vertical side walls, a heat transfer coefficient for
ground heat transfetgq,,q) can computed from

The convection coefficienty) for free convection can
then be determined from

Nu k
he = 7L ® 5
u =0 999ﬂ I(ground D+ 13 roundP ond[]
wherek is the thermal conductivity of air evaluated at the film "™ [y, oundwater ~ Gpond O Agna U

temperature (as with the other thermal properties of airl.and (11)
is the characteristic length described for horizontal flat plateﬁ/here

X ) , Kground 1S the thermal conductivity of the ground,
i\;gg)e ratio of the area to the perimeter (Incropera and DeWHEJroundwater is the depth to the water table or the constant

] ] ) source/sink from the ground surfadg,,q is the pond depth,
In forced convection heat transfer, Nu is a function of theandppond is the pond perimeter. The conductive heat transfer

Reynolds (Re) and Prandtl (Pr) numbers. For external forceghiween the ground and the pongng is then given by
convection over a flat plate (i.e., the pond surface), the critical
(12)

Reynolds number is approximately’{fhcropera and DeWitt Aground = Yground Apond (Tgroundwater — Tpond)-
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It is recognized that the above conductive heat transfer The heat transfer due to evaporatiog, o ation) iS then
model isarelatively ssimplerepresentation of thetruetransient  computed by
behavior of heat transfer in the ground. However, ground heat .
conduction is arelatively minor process affecting the overall Qevaporation = Nig Agond Mw (18)

heat transfer within the pond as compared to other processes. . o .
P P P wherehy, is the latent heat of vaporization and is computed at

each time step from the relationship given by Irvine and Liley

Heat Transfer Due to Ground Water Seepage
Pag (1984).

This heat transfer mechanism accounts for inflows and
outflows of groundwater to the pond. Although groundwater Heat Transfer Due to the Heat Exchange Fluid
contributions may not be expected in shallow heat rejecter

. ) Heat transfer due to the heat exchange fluid represents the
ponds, this heat transfer mechani sm can be used to account for

. ) pond thermal load. This model has been developed to account
other inflows and outflows, such s makeup waler or rain for water or antifreeze as the heat exchange fluid. The thermal
water. ] . properties of the fluid are computed at each time step from
Thevolumetric groundwater flow rate(Q) iscomputedby  correlations given in thilandbook of Chemistry and Physics
Darcy's Law: (CRC 1980) for water and from correlations given by Wadi-
—Ki _ vkar (1997) for an antifreeze solution. The thermal properties
Q =K1 (Poona [pona = dgraunauate] * Apon) (13) are computed at the average fluid temperatlifgf. This
where K is the hydraulic conductivity of the soil/rock temperature is computed as the average of the inlet and outlet
surrounding the pond amds the hydraulic gradient. The heat temperatures at the given time step. Since the outlet tempera-
transfer contribution from ground wat€fylnawater) is then  ture at any current time step is not known, the previous

given by converged value is used as an initial guess and calculation of
Thuig IS iterative. Solution of the pond temperature is also an
Agroundwater = QPCp (Tgroundwater ~ Tpond) (14) jterative procedure as discussed below.
The heat transfer due to the heat exchange ftyig) is

wherep andc, represent the density and specific heat capacitg
of groundwater. These properties of groundwater ar
computed from relationships given in tHandbook of Chem- g = UApipe (Tﬂuid_Tpond)(Ncircuit) (19)
istry and Physics (CRC 1980).

omputed by

whereUA; . is the overall heat transfer coefficient for the

Heat Transfer Due to Evaporation pipe expressed in terms of inside pipe areaNapg;; refers
to the number of flow circuits (i.e., the number of spools)

This heat transfer mechanism is the most importa%sta”ed in the pond. Thus, Equation 19 is based on the

contributing to pond cooling. This model uses the,J'faCtorassumption that one spool is one flow circuit and that the flow
analogy to compute the mass transfer of evaporating wat

h d surface: Fite is divided evenly between the circuits in a parallel
(m) at the pond surface: arrangement. The tertdAg . is expressed in terms of the
inside pipe area as

My = hd(wair _Wsurf) ' (15)

UA — 2T[ri I-s;gool (20)

whereh, is the mass transfer coefficient,, is the humidity pipe
ratio of the ambient air, amd, ; represents the humidity ratio 2R
o_f saturat.ed air at the .pond surfa}ce. The mass transfer Coev\'/hereri is the inner pipe radiug.q,, is the length of one
cient f1y) is defined using the Chilton-Colburn analogy s spool or circuit, andER, represents the composite thermal
h resistance that is defined by the following resistance network:

hy = — 16

47 o e (16) SR= R+ Rype + Ry +1f (21)
whereh, is the convection coefficient defined previously, whereR is the thermal resistance due to fluid flow through the
C ’

is the specific heat capacity of the air evaluated at the pond-&#P€: Reipe IS the pipe thermal resistandg, is the thermal

film temperature, and Le is the Lewis number. Le is computeffSistance at external pipe surface, imelpresents a fouling
factor at both the inner and outer pipe walls. The resistance

as
terms are defined as follows (in terms of inner pipe radius):
[of
Le = — a7) 1
Dag R = e (22)
I
whereq is the thermal diffusivity of the air aiidg represents
the binary diffusion coefficient, each evaluated at the pond-air R = |nEL0D’ (23)
film temperature. PIPE " Kpipe oy
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and
Mol
R, = —H=H, 24
° OD-IOD ( )

where h; is the convection coefficient due to fluid flow
through the pipe, Ky is the thermal conductivity of the pipe
material, h, is the convection coefficient at the outer surface
of the pipe, and r; and r, are the inner and outer radii of the
pipe, respectively.

The above convection coefficients are determined using
correlationsfor the Nusselt number in flow through ahorizon-
tal cylinder since no specific correlations exist for a slinky
coil. A constant heat flux at the pipe surface is assumed. For
laminar, fully developed flow in the pipe (Re < 2000), the
Nusselt number is a constant equal to 4.36 (Incropera and
DeWwitt 1996, Equation 8-53). For turbulent flow, the Dittus-
Bodlter relation is used to compute the Nusselt number:

Nu; = 0.023Re™>Pr*, (25)

The value of the exponent x in Equation 25 is depen-
dent upon whether the entering fluid is being heated or
cooled; x = 0.3 if the entering fluid is greater than the pond
temperature and x = 0.4 if the entering fluid is less than the
pond temperature. The convection coefficient for flow
inside the pipe (h;) is given by Equation 8 where Nu is equal
to Nu;, k is the thermal conductivity of the heat transfer
fluid, and the characteristic length (L) is the inner diameter
of the pipe.

Convection at theexternal pipesurfaceisconsideredtobe
free convection and is most similar to the case of a horizontal
cylinder. The correlation used inthemodel for free convection
from a horizontal cylinder is defined as (Churchill and Chu
1975)

0.387Ral’® ? 26
(1+(0.559/ pr)9/16)8/27|:| :

Nu, = H0.60+

The convection coefficient at the external pipe surface
(hy) isgiven by Equation 8 where Nu is equal to Nu,, kisthe
thermal conductivity of the pond water, and the characteristic
length (L) isthe outer diameter of the pipe.

The outlet fluid temperature (T,,;) is computed from an
overall energy balance on the pipe:

_ qc'rc it
Tout = Tfluid__zlrhcul 27

P
where m is the mass flow rate of the heat exchange fluid per
flow circuit, c, is the specific heat capacity of the heat
exchange fluid, and qg,¢it IS the heat rejected/extracted by
one flow circuit. This outlet temperature is used to compute
the average fluid temperature at the next iteration as described
above.

ASHRAE Transactions: Research

Solving the Overall Energy Balance Equation

The differential equation describing the overall energy
balance on the pond (Equation 2) isrearranged in the follow-
ing form:

%—I = X T+X, (28)

where T represents the pond temperature, x; containsall terms
of Equation 2 that multiply T, and x, contains al terms of
Equation 2 that are independent of T. Equation 28 is a linear
first-order ordinary differential equation that is solved at each
time step using the exponential function as an integrating
factor.

Many of the quantities in the heat transfer equations
described above require that the average pond temperature at
the current time step be known. Thus, the actual pond temper-
atureisfounditeratively. A convergencecriterion for the pond
temperature of 1.8 x 10°°F (1 x 10°°C) is used.

Computer Implementation

The component configuration for the pond model is
shown in Figure 3. A companion model was also developed
that manipul ates any weather data needed for the pond model.
The weather component model makes use of the TRNSY S
psychrometric subroutine to compute moist air properties
given two known state properties. The two state propertiesare
dry-bulb temperature and either wet-bulb temperature, rela-
tive humidity, or dew point temperature. The weather compo-
nent model also computes the sky temperature, the solar
radiation on a horizontal surface, and the solar incidence
angle. A computer algorithmisshownin Figure4 intheform
of aflow chart.

air sky wind
temperature temperature direction

solar angle inlet mass

of incidence . flow rate
inlet

humidity wind solar fluid
ratio speed radiation temperature

POND MODEL PARAMETERS:

1. initial pond temperature 2. pond orientation from north

3. pond length 4. pond width

5. pond depth 6. emissivity coefficient

7. extinction coefficient for water 8. number of spools or coils
9. spool length 10. pipe outer diameter

11. pipe thermal conductivity

13. fluid type (water or antifreeze)

15. ground thermal conductivity

17. ground water or far field temperature
19. hydraulic gradient

l Lol

pond outlet fluid mass flow heat
temperature temperature rate rejected/absorbed

12. pipe wall thickness

14. antifreeze concentration if used
16. fouling factor

18. soil hydraulic conductivity

20. depth to water table

Figure3 Pond model component configuration.
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Weather data from
component model

Get model
parameters

Get model inputs
for the TRNSYS time step

Fluid temperature
and flow rate from
upstream component

No

1% call in time step?

Set pond temperature
equal to final value
at previous time step

l

Compute the average temperature of the
heat exchange fluid

I

Compute heat transfer quantities

v

Call TRNSYS differential equation solver
to compute the average pond temperature

Compute new outlet fluid temperature

Compute heat transfer
by heat exchange fluid

!

Set the outputs

Figure4 Pond model computer algorithm.

RESULTS AND DISCUSSION

Model Comparison to Experimental Results
with No Heat Rejection

The first step in the model verification process was to
compare the model pond temperatures to measured pond
temperatures during times when no heat was being rejected to
the ponds. This comparison allowed a validity check of the
simulation of the several environmental heat transfer mecha-

Figure5for an eight-day period in July 1998 when no heat was
rejected to the ponds. Therefore, in these cases, the model is
driven by weather datainput only. Shallow groundwater was
not encountered at the site, and, therefore, groundwater contri-
butions were not considered.

A review of the plotsin Figure 5 shows that the temper-
ature variation within the pondsisrelatively small; hence, the
lumped parameter approach is appropriate. The temperature
variation between the top surface and the bottom of the 2 ft

deep pond averaged 1.2°F (0.65°C) for the test period duration,
with a maximum difference of 5.6°F (3.1°C) occurring on one
occasion. The temperature variation between the top surface

nisms occurring within the ponds, as well as an assessment of
the validity of the lumped capacitance approach. Simulated
and actual pond average hourly temperatures are shown in
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exchangefluid return temperaturesfor the (a) 2 ft
(0.61 m) deep pond and (b) 3.5 ft (1.07 m) deep

Figure5 Comparison of observed and simulated average pond

pond temperatures with no heat rgjection in the
(a) 2ft (0.61 m) deep pond and (b) 3.5ft (1.07 m)

deep pond. the model consisted of weather data as described previously in

and the bottom of the 3.5 ft deep pond averaged 1.4°F (0_770§d|t|0n tto meazt;lred slltnky the_at gxcf;aq_ger .SLthplyl W?fr
for the test period duration, with a maximum difference of mdp(Tra ufres andflowra esla sn(;-tr)’nlnu etmein j(-arv;’:ls.. €
6.0°F (3.3°C) occurring on one 0ccasion. model performance was evaluated by comparing (1) the simu-
lated to the observed return temperature of the heat exchange
The model temperatures also compare favorably to th@ig and (2) the simulated cumulative heat rejected to the
overall average measured pond temperatures. The simulatgghgs to the measured water heating element and pump power
temperatures are within 3°F (1.67°C) of the observed averagg, ;i These comparisons are shown in Figures 6 and 7
pond temperatures throughout the test period. The differengggnectively. As with the previous comparisons, groundwater

between the average simulated pond temperature and th(_a aV&ntributions and fouling of the heat exchanger pipe were not
age observed pond temperature for the entire test period Bnsidered

1.93°F (1.07°C) for the 2 ft deep pond and 1.55°F (0.86°C) for
the 3.5 ft deep pond. A review of the temperature plots in Figure 6 shows that

modeled fluid return temperatures compare favorably to the
observed fluid return temperatures. The average observed
and modeled fluid return temperatures over the test period in
the 2 ft (0.61 m) deep pond were 70.5°F (21.4°C) and 70.2°F

Heat rejection to the ponds was simulated over a 25-d&gi21.2°C), respectively, and in the 3.5 ft (1.07 m) deep pond
period from November 12 to December 7, 1998. Input data taere 69.2°F (20.7°C) and 70.4°F (21.3°C), respectively. The

Model Comparison to Experimental Results
with Heat Rejection
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Figure7 Comparison of observed and simulated heat
rejected to the (a) 2 ft (0.61 m) deep pond and
(b) 3.5 ft (1.07 m) deep pond.

Heat

\ 4

Pumps

Pond Loop
Heat Exchanger

Ground Loop
Heat Exchanger

Figure8 System schematic for the example model of a GSHP system with a
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shallow pond supplemental heat rejector.
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deeper pond has slightly larger differences between modeled

and observed fluid return temperatures. The error is small, 1400 410
however, and is probably acceptable for purposes of simulat- 1200 o |m Cosing Load -+ 352
ing hybrid GSHP systems; even a 2°F (1.11°C) error in retur g 1000 4 [mHedting Load 131 g
fluid temperature from the pond will cause only a slight £ =
difference in modeled heat pump performance. f 500 7 <34 E
A review of the plots in Figure 7 shows that the modelec & 500 1 7176 2
cumulative heat rejected compares well to the measured he. 2 4y | a7 £
ing element and pump power input. At the end of the 25-da g S0 - | E
test period, the percent difference between the cumulativ &
simulated heat rejected and the cumulative measured he I B e B I s s e
rejected is —2.95% for the 2 ft deep (0.61 m) pond and —=5.20' 59
for the 3.5 ft (1.07 m) deep pond. These discrepancies may § B g 3 ¥ S = 5 = z 3 é
due partly to heat losses from the pond’s supply/return pipe LT 2E 22 L =
to the ground and to the atmosphere in the equipment buildin Time

Figure9 Building thermal loads for the example building

Model Application : X
in Tulsa, Oklahoma. Cooling loads are shown as

To illustrate the applicability of the model as well as the positive values, indicating heat to be rejected to
viability of using shallow ponds as supplemental heat rejecters the GSHP system; heating loads are shown as
in GSHP systems, a model of a hypothetical GSHP system was negative values, indicating heat to be extracted
constructed in the TRNSYS modeling environment. A simpli- from the GSHP system.

fied system schematic is shown in Figure 8. Each of the
component models is described briefly below.

The building is not modeled explicitly in this application. aranged ina 1810 square pattern. The total system flow rate
The hourly building thermal loads are precomputed using ¥as 270 gpm (61.36 ). Representative thermal properties
proprietary building energy analysis program and are rea@f Sedimentary rock were chosen.
from a file and passed to the heat pump subroutines. The build- Models for ancillary components, such as pumps, t-
ing is an actual four-story, 45,008 (4181 n?) office building ~ pieces, flow diverters, and the differential controller, are
located in Tulsa, Oklahoma, and is highly cooling-dominateddescribed by SEL (1997). The control strategy used to acti-
The building thermal loads are shown in Figure 9. vate the circulating pump to the pond was chosen somewhat

A simple water-to-air heat pump model was developedrbitrarily by using the temperature difference between the
for this and other GSHP system simulations. Inputs to thBond and the exiting fluid temperature from the heat pumps.
model include sensible and latent building loads, enteringvhen this temperature difference exceeds 9°F (5°C), the
fluid temperature, and fluid mass flow rate. The model use§irculating pump to the pond is energized and heat will be
quadratic curve-fit equations to manufacturer’s catalog data tgjected to the pond. During these times of heat rejection to
compute the heat of rejection in cooling mode, heat of absorghe pond, flow is diverted to the pond so that each heat
tion in heating mode, and the heat pump power consumptiofixchanger coil in the pond receives 4 gpm (0.9Gth)rof
Outputs provided by the model include exiting fluid temper-Water. The properties of each heat exchanger coil in the exam-
ature, power consumption, and fluid mass flow rate. In thigle model are the same as those described in the experimental
application, one heat pump component model handles thgocedure. Hourly input weather data for the pond model
heating load and a second heat pump component mod&gre taken from a typical meteorological year (TMY) record
handles the cooling load. for Tulsa, Oklahoma.

The ground-loop heat exchanger model used in this appli-  The model was run for two cases for a duration of three
cation is that described by Yavuzturk and Spitler (1999)years with atime step of one hour. The first case was the GSHP
which is based partly on the work of Eskilson (1987), whosystem with no pond and the second case was the GSHP
developed “long time step” (monthly) response factors fosystem with the pond. Hourly heat pump entering water
vertical ground-coupled U-tube heat exchangers. The modémperatures are shown in Figure 10 for both cases.
of Yavuzturk and Spitler (1999) extends the work of Eskilson A review of the data presented in Figure 10 shows the
(1987) to hourly or less (short time step) time intervals. Thadvantages of using a pond supplemental heat rejecter.
development of the short-time step response factors are baskssuming that a maximum heat pump entering water temper-
on an analytically validated, transient two-dimensionalature of 100°F (37.78°C) is desirable, the system without the
implicit finite volume model (Yavuzturk et al. 1999) that pond would fail during the second year of operation. In fact,
simulates the heat transfer over a vertical U-tube ground hebased on the results of a ground-loop heat exchanger sizing
exchanger. In this application, the modeled borehole fielgorogram (Spitler et al. 1996), the boreholes of a10 square
consisted of one hundred 250 ft (76.2 m) deep boreholgsmttern would need to be approximately 400 ft (121.9 m) deep
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required borehole depth; second, is the cost of the pond heat
rejection system competitive with more traditional heat rejec-
tion equipment, such as a cooling tower?

First, the anticipated savings in the ground-loop heat

48.9

+ 433

378 &
‘% % exchanger cost may be determined on a cost per foot basis.
3 yT 322 5 The savings in total borehole length are 15,000 ft (4572 m).
e l 67 5 Drilling costs vary, but a typical number, reported by
3 ' 3 Kavanaugh (1998), which includes drilling, grouting, and
= F211 2 pipe, is $6.00/ft ($20/m). Thus, the total savings in ground
with 7. - v 456 loop heat exchanger cost is approximately $90,000.
:’z 1 pond , . 100 The cost of the pond may vary widely depending on site

conditions, whether or not a pond might be present for other
reasons, such as drainage retention, and whether or not real
estate has to be purchased in order to incorporate the pond into
the system. For purposes of our analysis, we assume that the
pond must be excavated on reasonably level ground but that
the excavated soil may be disposed of on site. Furthermore, we
assume the real estate is already available and does not repre-
sent an extra cost. Obviously, if this is not the case, the
economics may be significantly different. Excavation costs
are taken from Ogershok and Phillips (1999). The pond
requires approximately 444 $€B40 n7) of soil to be moved.
Using a 120 HP (90 kW) bulldozer with an excavation rate of
25 yd/h (19 ni/h) would require two days of bulldozer rental
excessivefirst cost. plus pickup and delivery charges at a total of $1250. Operator

Using the TRNSY Smodel asadesigntool, thesizeofthe  costs would be approximately $500. The HDPE pipe, in bulk,
pond’s supplemental heat rejecter was determined under thauld cost about $0.20/ft ($0.66/m) (Schoen 1999), and with
assumption that the 2010 borehole field could not be feasi- 50 slinkies, each 500 ft (152 m) long, the total cost for piping
bly deeper than 250 ft (76.2 m). The heat pump entering waterould be $5000. Each slinky will require about half an hour
temperatures for the GSHP system with the pond shown it fabricate and half an hour to install. At $15/h, the labor cost
Figure 10 were produced by simulating a 2 ft (0.61 m) deegor fabricating and installing the slinkies is about $750. Pond
6000 £ (557 nf) pond with 50 slinky heat exchanger coils. A liners, which may or may not be required, cost anywhere from
summary of pond performance is given in Table 1. By addin§0.55 to $1.12 per square foot ($5.92 to $12.05 per square
the pond’s supplemental heat rejecter in this example, thmeter). Taking an intermediate value of $0.75 per square foot
depth of the borehole field could be decreased by approx{$8.07 per square meter), the total cost for the pond liner, if
mately 35%. required, would be about $4500. Also, the additional cost of

Ultimately, the economics of using a pond for supplemenpiping and controls for the pond heat rejecter may be assumed
tal heat rejection will determine whether or not the technologyoughly equivalent to the cost of piping and controls for a
may be applied in practice. A detailed economic analysis isupplemental cooling tower. Extrapolating from the numbers
beyond the scope of this paper, but a simple economic analygjven by Kavanaugh (1998), the piping and controls cost
may be helpful in determining whether or not further researchpproximately $3600. The total cost for the pond would then
into the idea is warranted. Specifically, there are two questiorise $15,600. For this case, the $90,000 savings are well worth
that we will attempt to answer — first, is the cost of the pondhe $15,600 cost of the pond. Of course, as already noted, the
heat rejection system significantly less than the savings in treconomics will be highly site specific.

00 05 10 15 20 25 30

Time (years)

Figure 10 Entering heat pump water temperatures for
the example GSHP system simulation with
no pond and with a 2 ft (0.6096 m) deep,
6000 ft? (557.4 m?) pond.

to accommodate the cooling-dominated | oads of this building
for 20 years of operation. Such a system would be eliminated
from consideration early on in the design phase because of

TABLE 1
Summary of Pond Performance for Example GSHP System Simulation
Heat Pump Maximum
Average Pond Temperature | Entering Fluid Temperature Heat Regected
Year HoursON (°F) (°C) (°F) (°C) (kBtu) (MJ)
1 3937 74.79 23.77 99.95 37.75 1,618,224 1,706,903
2 4873 76.37 24.65 100.29 37.94 2,160,080 2,278,452
3 5324 77.52 25.29 100.18 37.88 2,498,961 2,635,904
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How does the cost of the pond compare to a cooling
tower? An approximate answer may be determined by esti-
mating the required cooling tower size. Looking at the third
year of operation, the pond has apeak summertime heat rejec-
tion rate of approximately 616,000 Btu/h (180.6 kW). This
would roughly correspond to a cooling tower appropriate for
41 ton (144 kW) air-conditioning capacity. In order to main-
tain the closed-loop nature of the ground-source heat pump, a
plate frame heat exchanger would also be required.
Kavanaugh (1998) reports on complete costs for three differ-
ent sizes of cooling tower and plate frame heat exchanger,
including the equipment, installation, controls, and piping.
Extrapolating downward to a 41 ton (144 kW) unit, the esti-
mated cost of the cooling tower, plate frame heat exchanger,
installation, controls, and piping is $16,367. Thus, the cost of
the pond may be very similar to the cost of the cooling tower,
assuming the real estate is not an extra cost. Of coursg, if a
retention pond is already available or no pond liner is needed,
the pond may be significantly lower in cost.

S0, the answers to the questions raised above are that the
pond does appear to make sense, at least in this application,
and it appearsto be competitive with acooling tower and plate
frame heat exchanger used in the same application. Necessar-
ily, thisis a very rough economic analysis. There are a large
number of parameters fixed for this application that may be
significantly different in other applications. These include
location/climate, building load profile, ground thermal prop-
erties, ground loop design parameters, such as peak allowable
entering fluid temperature, etc. All of these parameters will
affect the economics. Also, maintenance costs, which may be
expected to be significantly higher for the cooling tower
(Kavanaugh 1998), have not beenincluded here. Furthermore,
no attempt has been made here at optimizing either the pond
design or itscontrol strategy. Limited attemptsto optimizethe
design and control strategiesfor acooling tower-based hybrid
ground-source heat pump system (Yavuzturk 1999) have
resulted in significant first cost and operating cost savings
over previoudly reported systems. It is one of the purposes of
the simulation tools presented in this paper to alow such an
investigation to be performed for hybrid ground-source heat
pump systems that utilize ponds for supplemental heat rejec-
tion.

CONCLUSIONS AND RECOMMENDATIONS

A design and simulation tool for modeling the perfor-
mance of a shallow pond as a supplemental heat rejecter in
ground-source heat pump systems has been developed. The
model has been developed inthe TRNSY Smodeling environ-
ment (SEL 1997) and can be coupled to other GSHP system
component models for short time step (hourly or less) system
analyses. The model has been validated by comparing simu-
lation results to experimental data.

The model accounts for several natural heat transfer
mechanisms within asurface water body plus convective heat
transfer due to a closed-loop heat exchanger coil. The heat

ASHRAE Transactions: Research

transfer fluid isassumed to be carried by aseriesof pipesinthe
form of bundled spools, or slinky coils. Environmenta heat
transfer mechanisms that are simulated by the model include
solar radiation heat gain, heat and mass transfer due to evap-
oration, convective heat transfer to the atmosphere, thermal or
long-waveradiant heat transfer, conductive heat transfer tothe
surrounding soil or fill material, and groundwater discharge
contributions. The solution scheme involves alumped-capac-
itance approach, and theresulting first-order differential equa-
tion describing the overall energy balance on the pond is
solved numerically. Some outputs provided by the model
include average pond temperature, exiting fluid temperature,
and heat rejected to the pond.

An example application has been presented to demon-
strate the use of the model aswell astheviability of the use of
shallow ponds as supplemental heat rejecters in GSHP
systems. Through this example, it is shown that the size of
ground-loop heat exchangers can be significantly decreased
by incorporating a shallow pond into the GSHP system.

The potential exists for significantly increasing the
performance of shallow ponds used as supplemental heat
rejecters in GSHP systems. Further research is suggested in
the following areas:

» Optimization of the design procedure and control strat-
egy. Hybrid ground-source heat pump systems have
many degrees of freedom; there are trade-offs between
the reduction in size of the ground-loop heat exchanger,
the size of the pond, and the control strategy. To more
fully understand this, additional research using the sim-
ulation techniques developed in this paper is needed.
This research would also take into account the economic
costs and benefits that we have not investigated.

» Additional validation of the model, using data from a
working system, would be useful.

» Extension of the model to cover deep ponds for situa-
tions where an existing pond or lake is available.

* The use of spray fountains and other aeration devices in
the pond to enhance pond cooling.

* The impact of pipe configuration within the pond on the
overall system performance.
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NOMENCLATURE

Symbols

a = thermal diffusivity, f/h (m/s)
€ = emissivity coefficient (-)
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6 = angle of incidence of sun’s rays (radians)
p = density, Ib/ft (kg/m?)
p’ = reflectance of pond surface (-)
o = Stephan-Boltzmann constant
= 0.1714x 108 Btu/h-fE°R  (5.67x 108 W/m?-K%)
A = area, ft(m?)
G = specific heat capacity, Btuf{’F (J/kg-°C)
D = binary diffusion coefficient, fh (m?/s)
d = depth, ft (m)
ff = fouling factor, fe-°F/h-Btu (m3-°C/W)
h = heat or mass transfer coefficient, BtufiPt
(W/m?-°C)
I = solar radiant flux on horizontal, Btu/H-t\/m?)
i = hydraulic gradient, ft/ft (m/m)
K = hydraulic conductivity, ft/s (m/s)
k = thermal conductivity, Btu/h-ft-°F (W/m-°C)
L = characteristic length, ft (m)
Le = Lewis number (-)
m' = mass flux, Iy/h-fe (kg/s-nf)
m = mass flow rate, |yh (kg/s)
N = quantity (-)
Nu = Nusselt number (-)
P = perimeter, ft (m)
Pr = Prandtl number (-)
Q = volumetric flow rate, ft's (m/s)
q = heat transfer rate, Btu/h (W)
R = thermal resistance 2feF/h-Btu (n3-°C/W)
Ra = Rayleigh number (-)
Re = Reynolds number (-)
T = temperature, °F (°C)
t = time (s)
U = overall heat transfer coefficient, Btu/R-fE
(W/m?.°C)
\Y; = volume, £ (m°)
w = humidity ratio, I, water/Ily, dry air
(kg water/kg dry air)

Subscripts and Superscripts

AB = transfer from material A (water) to material B (air)
b = beam radiation

c = convection

circuit = flow circuit or spool

d = diffuse radiation; diffusion

fg = latent heat of vaporization

fluid = heat exchange fluid

i = pipe inside

in = inlet

o] = pipe inside

out = outlet

r = thermal radiation; refraction
surf = surface

w = water
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