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Project Background

The Elko Heat Company has been operating a geothermal district heating system in Elko, NV
since December 1982. An artesian production well supplies water to customers at approximately
178°F with an artesian flow rate of 425 gpm. Currently, an industrial park is under construction
to use return water from the Elko Heat Company’s district heating system. Figure 1 is a Google
Earth photo of the project site.
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Figure 1. Aerial photo of the project site.
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Development plans for the Geothermal Industrial Park first called for the construction of a pump
house, which will boost the pressure of the return flow from the existing Elko Heat Company
system from 10-15 psi up to 40-50 psi to circulate this water through the 20 acre industrial park.
The return water from the Elko Heat Company district heating system is typically at 120 to
130°F. The pump house will also have capacity to circulate water over a “water fall” serving a
cooling pond and fountain and be capable of providing irrigation flow to the park landscaping.

The first planned building is 33,600 ft* concrete tilt-up construction with 24 ft clear warehouse
space. The tenants were anticipated to require 15 to 20% of the occupied space as office and the
balance as warehouse use. The office space is to be heated by radiant floor methods and the
warehouse space with fan coils. It is also planned to cascade the space heat to a snow melt
system at the entrances to the building.

At the time of completion of this report, either all the space had been leased or final negotiations
were in progress. Names of lease holders were not available at this time due to confidentiality
reasons. Tenants will be required to share in the maintenance, insurance, taxes, and utility and
other building and site landscaping costs. As an incentive, free heat will be provided for the first
few years, during which time a Btu metering system will be developed.

Objectives and Scope

The objectives of this Task Ordering Agreement were to provide technical assistance to the
developers of the Geothermal Industrial Park of Elko. The technical assistance tasks included a
site visit, review of construction plans, suggestions for possible tenants, suggested uses of the
geothermal energy, possible avenues for obtaining renewable energy credits, and analysis of a
supplemental heat rejection system.

Much of the technical assistance was handled via email or telephone conversations. This report
summarizes the Geo-Heat Center’s review of the construction drawings and an analysis of the
supplemental heat rejection system.

Review of Construction Drawings

Canyon Engineering provided the Geo-Heat Center with the following Phase I construction
drawings (May 19, 2006):

e Pond/Pump Station (Sheets 1-4)

e Elko Industrial Park (Sheets (1-4)

e Elko Geothermal Industrial Park Site Plans (two sheets)

The following comments and suggestions were made regarding the proposed radiant slab heating
system. The drawings show a “single serpentine” arrangement for all radiant floor heating and
snow melting. There are optimal ways of laying out the tubing in rooms, depending on the
number of exterior walls. Snow melting tubing is laid out in yet a different arrangement. In
radiant floor heating of rooms, it is more desirable to place the hottest water near the exterior
walls. In snow melting, the goal is to get an even distribution of heat across the slab. Suggested
tubing arrangements are shown in the following sketches.
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The following suggestions were made regarding outdoor air handling. With radiant floor heating
systems, outdoor ventilation air must be brought in by a separate system. ASHRAE Standard 62-
1999 (updated since then) recommends 20 cfm outdoor air per person for office spaces, and the
net occupiable space for an office is 7 persons per 1000 ft*. So, in a 5,000 ft* office, you might
need to bring in 700 cfm outdoor air.

The roof top units on the drawings specify electric heat. As an energy-savings measure, you
might consider substituting these with roof-top heat recovery ventilators. These can be ordered
with DX cooling coils and hot water heating coils. The DX cooling coils will provide all cooling,
and the hot water heating coils (with the heat provided by the geothermal water) will just do
outdoor air pre-heating on the coldest days. Example manufacturers of these types of units are
Venmar or Semco. These systems typically have a payback of less than 5 years.

Analysis of Supplemental Heat Rejection System

This section describes our analysis of a “supplemental heat rejection system” planned for the
new Geothermal Industrial Park in Elko, NV. The purpose of the supplemental heat rejection
system is to reduce geothermal water temperature prior to discharging the water. The objective
of our analysis is to estimate how much the geothermal temperature can actually be decreased,
and to recommend improvements on the design for future construction.

Heat Rejection System Description: The supplemental heat rejection system is a buried
horizontal network of 2-inch nominal diameter HDPE pipe. The pipe is to be buried below an
asphalt parking lot with a plan area of 60 ft x 100 ft. The pipe burial depth is 12 in. below the
surface, with a pipe-to-pipe spacing of 4 ft. The asphalt will be 2% in. thick, and the pipe will be
laid in crushed aggregate type fill. Approximately 40 gpm of geothermal fluid at 100°F is
expected to be available to flow through the piping network.

Approach: To analyze the heat rejection system properly, we used a detailed computer model
developed for TRNSYS (acronym for transient systems simulation software). Model
documentation is described in a paper published in the Journal of Solar Energy Engineering,
which is attached as Appendix A.

In summary, the computer model performs an hourly energy balance on a horizontal earth cross-
section with embedded piping. The top surface heat fluxes are due to environmental heat transfer
processes, and are driven by hourly typical meteorological data. In this case, we obtained TMY
(typical meteorological year) data for ElIko, which is the same data file used for building loads
and energy calculations. Conduction heat transfer through the subsurface materials is calculated
with a finite difference method. Hourly fluid temperatures are then determined by an energy
balance on the fluid. Input data to the model, in addition to weather data, includes cross-section
geometry and thermal properties.

Results: The results are presented on a series of graphs below (labeled Figures 3-5), showing
hourly fluid temperatures exiting the supplemental heat rejection system. A sensitivity analysis
was done on the fluid flow rate, pipe burial depth, and pipe spacing. The heat rejection system
described above will be referred to as the base case. The results are summarized as follows:
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The base design (shown in blue on all graphs) will reduce the geothermal fluid
temperature to about 92°F to 95°F in the winter and late fall months. During spring and
early fall months, the geothermal fluid outlet temperature is above 95°F, and sometimes
creeps above 100°F, due to the hot pavement surface temperature, especially in mid
summer. However, the model made no allowance for shading from parked cars, but even
so, during summer months, it is likely that it will only be possible to reject heat during
cool nights.

As may be expected, the parameter having the greatest influence on the exiting fluid
temperature is the flow rate. As seen in Figure 3, decreasing the flow rate to 30 gpm
lowers the exiting geothermal fluid temperature a few degrees in winter, but increases it
slightly in summer. Obviously, decreasing the fluid flow rate means less water would be
processed through the supplemental heat rejection system.

A sensitivity on the pipe burial depth shows that 12 in. is a good choice. A pipe burial
depth of 6 in. has some benefit of lowering the exiting geothermal fluid temperature
during cold times, but these benefits are offset by higher geothermal exiting temperatures
more hours during the year.

A sensitivity on the pipe spacing shows that 4 ft is a good choice. There are some minor
improvements in a 6 ft spacing, but 2 ft spacing shows considerable thermal interference
and would not be recommended.

Figure 3. Sensitivity to Flow Rate
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Figure 4. Sensitivity to Pipe Depth
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Figure 5. Sensitivity to Pipe Spacing
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A Model for Simulating the
Performance of a Pavement
Heating System as a
Supplemental Heat Rejecter With
Closed-Loop Ground-Source Heat
Pump Systems

The thermal loads of commercial and insimfonal buildings are generally cooling-
dominated When such buildings use ground souwrce heat pump systems (GSHF) they
regject more heat to the ground-loop heat exchanger than they extract over the annual
cyvele. In these situations, supplemental heat rejecters can be used fo reduce the required
size of the ground-loop heat exchanger, thereby reducing the first cost of the system. This
paper describes the development, validation, and use of a design and simulation tool for
modeling the paformance of a hydvonic pavement hearing system as a supplemental heat
rejectsr in ground-source heat pump systems. The model uses a finite difference method to
solve the tramsient two-dimensional heat conduction equation and has been formulated
for use in component based system simulation. Full-scale experiments were conducted
concurrently with the development of the model, the results of which have been used for
validation purposes. An example application simulation is presented to demonstrate the
use of the model as well as the viability of the use of pavement heating systems ar

supplemental heat rejecters in GSHP EJ'EEQJ‘J‘!;. [S0199-5231(00)00404-4]

1 Introduction

Ground source heat pump (GSHP) systems have become in-
creasingly popular for residential, commercial. and instimtional
heating and cooling applications because of their higher thermal
efficiency compared to conventional systems using the outside air
a3 a heat sink. In closed-loop GSHPs, heat rejection/exmaction 15
accomphished by circulating a heat exchange fluid (usually water
or gn antifreeze mixtore) through high-demsity polyethylene
(HDPE) pipe buried m henizontal trenches or vertical boreholes.
In large-scale commercial applications, vertical borehole systems
are preferred over horizontal wench systems becanse less groumd
area is required.

The thermal loads of commercial and mstiutional buildings are
often domunated by cooling requirements. Such buildings reject
meore heat than they extract over the anmual cvele and often reject
heat during large parts of wmter days. In order to adequately
dissipate the mmbalanced annual leads, the required ground-loop
heat exchanger lengths are significantly greater than the required
length if the annual loads were balanced. Ceonsequently, under
these circumstances, grownd-source heat pump svstems may be
elimmated 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 neces-
sary size of the ground loop heat exchanger. supplemental com-
ponents can be integrated mmto the ground-loop heat exchanger
design. The supplemental heat exchanger can be taken advantage
of n off-season pertods and often m the early and late hours of the
day (ncluding summer days). GSHP systems that incorporate
some type of supplemental heat rejecter are commonly referred to
as hybrid GSHP systems. Hybnd GSHP systems may include a

Conmibuzed by the Solar Ensrgy Division of The American Soctsty of Mechani-
cal Enzineers for publication in the ASME JOURWAL OF S0LAR ENERGY ENGI-
MEERING. Manuscript received by the ASME Solar Energy Division. JTan. 2000; nal
revision, Sep. 2000, Asseciate Technical Editor: V. O Mei
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cooling tower, fluid cooler, or cocling pond. In applications where
the excess heat that would otherwise buld up m the ground 1s
beneficial, domestic hot water heaters, car washes, or hydronic
pavement heatng systems can also be used. In bulldmgs whose
thermal loads are domunated by cooling requirements—where it
may be necessary to reject heat on winter days—hydronic pave-
ment heating systems have an additional benefit m that they may
be used to provide a cost-effective means for pavement de-icing.

The objective of this work has been to develop a design and
simmlation tool for medeling the performance of a hydronic pave-
ment heating system that can be usefully and cost-effectively in-
tegrated Into a ground-source heat pump system as a supplemental
heat rejectsr. The model has been developed for use m
component-based system simulation envirsnments such as TEN-
SY5 [1] and HVACSIM+ [2], where it can be coupled to other
GSHP system component models. Experiments were conducted
over several months using a full-scale heated pavement slab and
embedded pipe loop. An attemipt has been made to validate the
model using the transient expermental data. As an example of the
model’s applicability, GSHP system simmlation results are pre-
sented for a commercial building located in Tulsa, Oklahoma with
a hypothetical closed-loop GSHP svstem with and without a pave-
ment supplemental heat rejecter.

2 Heat Transfer in Pavement Slabs

Hydronically-heated pavement systems commonly use one of
two types of pipe configurations: the “serpentine’” configuration
or the “*slinky”” configuration. The serpentine configuration (Fig.
1) is that commonly used in snow-melting systems. The pipes are
embedded m the pavement material and are placed on even cen-
ters and connected with U-shaped tubing. In the slnky configura-
tron (Fig. 2). a pipe 15 coiled m a circular fashion such that each
loop overlaps the adjacent loop. The slinky is typically mstalled m
fill material near the base of the pavement slab.

NOVEMBER 2000, Vol. 122 ¢ 183



Summary Report on Technical Assistance — Geothermal Industrial Park, Elko, NV
Geo-Heat Center, September 2006

(a)

pmn[n T I O e U W
Ppea
3N 5 5 ) 0 1
\ S \/ A \J 0y
Sepply -
* Eetarn 3 3
; (b

| Pavermmi Top
vE o T

“r
‘Tf“|—onuooouo tltulnou o:/-:-o 0 o 0D

Pavement Batam

Fig. 1 Serpentine pipe configuration in a hydronically-heated pavement slab in (a) plan view
and (b} cross-sectional view
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Fig. 2 Slinky pipe configuration in a hydronically-heated pavement slab in (a) plan view and (b)
cross-sectional view along the slinky centerline
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The principal heat transfer mechanisms m pavement slabs have
been addressed by 2 mumber of authers n connection with smow
meltmg appheations [3-7). Heat mansfer within the slab itself 15
by conduction. Heat 15 transferred to the slab by convection from
the flow of the heat transfer fluid through the pipes. Heat fluxes at
the pavement surface are due to a number of environmental mter-
actions and mclude convection, solar radiation, themmal (long-
wave) radiation, sensible heat mansfer from precipitation, and la-
tent heat transfer from melting snow and evaporating water. On
the bottom and sides of the slab, heat fluxes are due to conduction
to the ground and may or may not be significant as compared to
the top surface heat fluxes. If the slab bottom 1s exposed. as in the
case of a bridge or parking deck, heat transfer from the bottom
surface 15 by convection and long-wave radiation Edge losses
may be noticeable in slabs of sidewalk proportions but are not
otherwise thought to be sigmficant.

3 Experimental Methods

3.1 Test Slab Description and Data Collection. A
hydronically-heated concrete slab has been constructed on a test
site at the Oklahoma State University, Stillwater, OK and nsed for
this study. The slab is rectangular with a plan area of 12.19 m (40
fi) by 1.22 m (4 fi) and a thickness of 152 mm (6 m.). The slab
was underlain by 132 mm (6 in) of sand fill material. The heat
exchanger coil consisted of a single slinky coil installed at the
concrete/sand fill interface.

The heat exchanger pipe 1s HDPE plastic and 15 152.4 m (300
feet) long with a nominal diameter of 19.05 mm (0.75 in). The
pipe was coiled such that the resultng slinky heat exchanger is
12.19 m (40 ft) long with a diameter of 0.91 m (3 fi) and a 254
mm (10-m.) pitch (the separation distance between the apex of
each successive loop).

An electric heating element in the hydronic system was used as
the heat source and controlled to maintain a set water temperamre
of 23.9°C (75°F) entening the heat exchanger. The temperature of

Head Flux Boundary

the concrete surface was measurad by rwo thermistors embedded
m the concrete at a depth of approximately 6.35 mm (025 m.)
from the surface. One thermmstor was placed near the center be-
tween two pipes of the shoky and the other was placed near the
end gbove a pipe. Supply and retum water temperatures wers
measured by thermistors embedded in the header pipe adjacent the
slab. Flow rates were measured with an electronic flow meter and
heat rejected to the fwd stream was measured with a watt trans-
ducer. All sensor information was recorded at time ntervals of 6
min. over several weeks during November and December 1998,

3.2 Weather Instrumentation and Data Collection.
Weather data for this study were obtained from the Oklahoma
Mesonet (mesoscale network), an automatic weather stabion net-
work with measurement stations throughout Oklahoma [8]. Data
are recorded at time intervals ranging from 3 to 30 5. and averaged
over J-muin observation mtervals. Weather data from the Stillwa-
ter monitermg station, located approximately 1 mile from the test
site, were acquired for this study. Measurements of the followmg
parameters were obtamned: wind speed, wind direction, air tem-
perature, relative humidity, and solar radiation.

4 Model Development

41 Governing Equations. Transient heat ansfer i the
pavement slab 15 represented i the model in two-dimensions. The
cross-section is taken through the mid-section of the slab along
the major direction of flmd flow m the pipe system and takes
advantage of the vertical lines of symmetry through each pipe and
between each pipe. This approach allows caleulation of conditions
representative of most of the slab ut does not explicitly take into
account edge losses. The wansient two-dimensional heat conduc-
fiom equation can be expressed as:
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Fig. 3 Model domain showing the finite-difference grid and boundary conditions. Shaded
squares show example control volumes for different types of grid node geometries
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This equation has been discretized on an orthegonal Cartesian
gnd usmg an explicit fimte difference methed. The nodal equa-
tions are formmlated in the x-z Cartesian coordmate plane using a
node-centered, energy balance method

4.2 The Finite Difference Grid. The fimte difference gnid
used in the model 1s shown m Fig. 3. A umform sguare nodal
spacing equal to the pipe radius has been used. The grid demain
has a width equivalent to one-half of the pipe spacing. In the
vertical (z) direction, the domain extends from the top of the slab
te the bottem of the slab (in the case of a suspended slab) or the
base of the underlying fill matenal (mn the case of a ground
coupled slab). In the honzental (x) dwection, the domam corre-
sponds to a distance from the centerline of a pipe to half the
distance to the adjacent pipe.

4.3 Boundarv Conditions. The boundanes of the model
domam have flux-type (INeumamn) boundary conditions as shown
in Fig. 3. Lines of symmetry on the vertical boundaries are, by
defimfion, zero-fiux conditions. Heat flux at the pipe surface
nodes represents convection from the heat transfer flmd. Heat flux
at each top surface node (g7, 1} 15 given by:

W — W "
IE’I‘l:.':u'.l_‘, =Geolart €I‘.‘ong-wauo+ A convaction
L "
+qram. swow-sensible + D rain smow-latent {23

where g7, 15 the solar radiation heat fiux, g7, e, 15 the long-
wave radiant heat flux, g% .. ... 15 the convective flux,
qj,m.“mm“.,,,_“,,,,,,. 15 the sensible heat flux from falling ran and
SDOW, Drecipiration-atene 15 The latent heat fiux from melting
SnOW and evaporating/condensing water. The bottom surface is
treated erther as an adiabatic surface or, when exposed, with con-
vection and long-wave radiation boundary conditions smmlar to
the top surface. Each of the heat flux terms 15 further described
below.

421 Solar Radiation Hear Fhoe,  Solar radiation heat flux
{(g5siar) 15 the net solar radiation absorbed by the pavement sur-
face and 13 given by:

|3:-:ia.v= al {3]
where I is the total (beam and diffinse) solar radiation incident on
the pavement surface and « 15 the solar absorptivity of the pave-
ment material. The absorptivity coefficient is comected for solar
meidence angle (v) dependence using an empincal comrelation
given by Duffie and Beckman [9]. The model also accepts (if the
weather data allows) selar radiation in the form of direct-normal/
beam (I} and diffuse (I;) components, m which case:

I=I, cos6+1, 4)

The angle of mcidence 15 computed at each time step from corre-
lations given by Spencer [10], Duffie and Beckman [9]. and
ASHRAE [11]

432 Long-wave Radiation Heat Flux. This heat tmansfer
mechanism accounts for heat flux at the pavement top surface and
bottom surface (if exposed) due to thermal or long-wave radiation.
This medel uses a lineanized radiation coefficient (h,) defined as:

T[.” +T,43

2

h,= 4E:r|

3

where e 1s the emissivity coefficient of the pavement material, o
is the Stefan-Beltzmann comstant, Iy, ., 1= the surface node
temperature mn abselute nmits, and T, represents either the sky
temperature or In the case of the lower surface being exposed,
the ground temperature. In the latter case the ground tempera-
fure 15 approxmated by the ar dry bulb temperamwe. T, 15

186 7 Vol 122, NOVEMBER 2000

computed from the relationship given by Bliss [12], which come-
lates sky temperature with dew point (T} and dry bulb (T,,)
temperatures:

Tsk_r

=Td'i:l|.|:l'3+ q{l:ll EE.)
The long-wave radiation heat flux at each node (g7, o) 13
then computed by:

hr( Tl_ T[.w.n}j E'T.}

433 Comvection Heat Flux af the Pavement Surfaces.  Con-
vection at the upper (and perhaps lower) surfaces 1s considered
erther free or forced m nature depending on the cwmrent wmd
condifions. The convection heat flux at each pavement surface
node I:qﬁn-nw:r.‘nn) 15 CDIII.]JIHEd. b}

n =
E’I‘.'nng-weuf

qﬁcnwcnen = h.:(I.i.‘:_ I:m.n:l:l (8)
where h_ is the comvection coefficient. We follow the practice
recommended by Duffie and Beckman [10] and McAdams [13] m
determuning the effective convection coefficient by taking the
larger of the coefficients caleulated for free and forced convection
conditions at each time-step.

We make use of the convection comelations for flat plates given
m Incropera and DeWitt [14]. For free convection conditions the
comelation iz Nu=0.54 Ra™ where 10°<Ra<10", and
Nu=0.15 Ra"* where 107=Ra< 10"\ For forced convection
conditions the correlations are Nu=0664 R Pr**** where Re
= 2000 and Nu=0.037 Re®® Pr**% The Reynolds NMumber 15 cal-
culated at each time step using the windspeed data and taking the
characteristic length as the ratic of the slab length (parallel to the
wind direction) to the permmeter. The value of Ra 15 calenlated
using the difference between the current value of slab surface
nade temperature and dry bulb temperatures. Subsequently h, in
equation & 15 taken as the largest of the calculated coefficients.

4.34 Heat Flux Due to Precipitation. This heat tramsfer
mechamism melades both sensible and latent effects. This model
uses a simple mass/energy balance on water at the pavement sur-
face to account for heat and mass transfer. The sensible heat flux
due to falling ram or smow at each pavement surface node
{q:?E.:IPIHIHGMJ is g'i'u."Ell by:

m;ua.‘plrurm.uc.ﬂ'l:]—'dﬂ - T-:m.]:-j )

q;rccjpuaa.‘nw=
whers m‘gmlplmmu 15 the rainfall or snowfall rate m water equiva-
lent mass per unit time per unit area and ¢, is the specific heat
capacity of water at the air temperature.

Latent heat transfer 1s considered only if the air temperature or
the slab surface temperature is above 33°F (0.55°C). Accummla-
tion of rain is not considerad: rainfall is assumed to drain instan-
tanegusly from the pavement surface, formmg a thin film from
which evaporation occurs.

This model uses the j-factor analogy to compute the mass flux
of evaporating water at each pavement surface node (m[):

(10)

where 15 the mass ransfer coefficient, w,,, 15 the humidity rafic
of the ambient ar, and w,, ;, represents the mmudity ratio of
saturated air at the surface node The mass transfer coefficient
(hg) 15 defined using the Chilton-Colbum  analegy, by
=h, I:c L=**) whers R, 15 the convection coefficient defined
abme -:'.lj 15 the 5p-e-:1f|c heat capacity of the air evaluated at the
pavement node—air film temperature, and Le i3 the Lewis number.
The heat flux due to evaporation l:qﬁwpcmr,mj 15 then given by:

Cwo_ 1 o . o
M= Nl Wair— Wim,13)

Transactions of the ASME
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g:papn-rdu.m= h}'g mi {llj
where h ., 15 the latent heat of vaporization and is computed from
the relationship given by Irvine and Liley [13].
The heat flux due to melting snow and ice i1s defermuned using
a mass balance on freezing precipitation that has accummlated at
the pavement surface. The accummlation of ice at the beginning of
each fime step is determined from the sum of the rainfall
rate and the snowfall rate if the air temperature or the slab sur-
face temperature is below 0.53°C (33°F). Although snow is a
porous medium, if 1s treated m the medel as an equivalent ice
layer. Sublimation of ice is not considered. The mass flux of water
due to melting 1c2 (m].,,.,) at the pavement surface 15 then given
by

m

1camalt— L‘.’I‘mmr+Qaermm + q'nwuuu :m'+ grum rrow-sensible

a2

where g7 sciion. e 15 the conduction heat flux from the pave-
ment surface 1nto the ice layer and h,, is the latent heat of fusion
of water. The other heat flux terms have been defined previously.
If the ice thickness is greater than zero, the heat fiux into each
pavement surface node {g7,, 1)) 13 given by:

+ gﬂ"dﬁ'n?ﬂucn"' Geonduction,ice) Moy

q?lm n= - mrccwchh-‘ i (13}

435 Henat Transfer with the Heat Exchange Fluid. Heat
transfer with the heat exchange fluid is represented by heat flux at
the pipe surface nodes. The thermal properties of the fiuid are
computed at each time step from comelations given i the Hand-
book of Chemisny and Piysics [16] for water and from correla-
fions given by W adivkar [17] for an anfifreeze solution. The ther-
mal properties are computed at the average flmd temperamre
(T uia). which is the average of the mlet and outlet temperatures
at each grven time step. Smce the outlet temperature at any current
time step 1s not known, the calculafion of Ty, 15 1terative.

The heat flux due to the heat exchange ﬂmd (q,—,m) 15 com-
puted per flow circuit by:

Ef,'.-.r.u-= L,:l.',:lzl:r_,r'.'uld_ T{m.w]j {143
where U, . 1s the overall heat transfer coefficient (ie., including
inside and outside convective conductances) for the pipe which is
computed at each fime step.

The outlet fluid temperature (T,_,,) 15 computed from an overall
energy balance on the pipe flow circuit:

q.?‘.!u.‘dA_,:l.‘pz
2me,

Ta wt = T_,"u'ma'_ (13)
where A4, 15 the inside surface area of the pipe per flow circuit

and m is the mass flow rate of the heat exchange fluid per flow
cireut.

%  Results and Discussion

5.1 Model Comparison to Experimental Results. Heat re-
jection to the test slab was simulated owver a 36-day period from
November 12 to December 18, 1998 (dunng which there was
some ram but ne snow). Input data to the model consisted of
actual weather data in addition to measured slab supply water
temperatures and flow rates. In order to deal with the fact that the
expeniment used a slinky pipe configuration where the pipe spac-
ing 15 net umiform [Fig. 2(5)] a heuristic approach was used to
determine an effective pipe spacing along the centerline of the
coll. For a slmky with a 254 mm (10-inch) pitch, an effective pipe
spacing of 210 mm (8.4 in.) was detenmined by taking the arith-
metic average of the pipe spacing at the points of overlap.

The model performance was evaluated by companng (1) the
simulated to the observed retum temperature of the heat exchange
flund and (i) the simulated cummlative heat rejected to the mea-
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sured water heatng element and pump power mput. These com-
parisons are shown i Fig. 4. During the 36-day test peried, the
weather changed from being mutially dry, clear and wamm (13
November to 28 November), then ramy and overcast (29 Novem-
ber to 6 December), to a final pericd of about 14 days when the
dry-bull temiperature was significantly lower (7 December to 13
December). Thers was only 0.25 mm (0.01 ) of ram during the
mitial 16 days. Between 30 November and 6 December there was
considerable rain—totaling 61 mm (2.4 in). A notable drop n
fhwd retumn temperature occurred on the & December [Fig. d(a)]
comresponding to the significant drop m dry-bulb temperature.

The predicted retum temperatures follow the measured diumal
fluctuations as well as the previously noted drop m retum tem-
perature on 6 December due to the amrival of & cold weather front
[Fig. 4{a)]. During the whole test period the model retum water
temperature deviated from the measured temperature by an aver-
age of 0.43°C (0.82°F). The average observed and modeled fluid
retumn temperatures over the test period were 22.8°C (73.1°F) and
23.0°C (T2.4°F). respectively.

The record of the cumulative power dissipated by the heat ex-
changer system shows a reasonably constant rate of output except
for a slightly reduced rate of output during the peried 29 Novem-
ber to & December [Fig. 4ib)]. This reduction m output 1 over
predicted by the model, as shown by a more noticeable reduction
m slope of the cummlative power graph during this period. It can
be seen from Fig. 4ia) that the diumal vanations m flnd tempera-
ture are also reduced during this period. This can be expected dus
to reduced nighttime radiation to the sky with mereased cloud
cover. The measurad ontput is likely to be higher than that pre-
dicted by the model due to the high ramnfall recorded during this
peniod. The clay scil at the experimental site, as well as the layer
of sand below the slab, was relatively dry at the start of the test
and became very saturated during the period of high ramfall. Al-
though sensible and evaporative losses due to precipitation are
accoumted for mn the model, there is no way to account for condi-
trons where the surovmding ground may become satrated and
losses to the ground are enhanced by mcreased conduction and
convection. Nevertheless, the accuracy of the overall heat rejec-
tion prediction 1s acceptable for the models mtended purpose. At
the end of the 36-day test period, the percent difference betwesn
the cumulative simulated heat rejected and the cumulative mea-
sured heat rejected was —4.71 percent.

51 Model Uncertainty Amnalysis. A model sensitivity
analvsis was conducted to gquantify the unecertainty in the final
model results caused by uncertainties in the estimates of input and
parameter values used in the models. The model uncertainty was
guantified nsing influence coefficients [18]. An influence coeffi-
cient is the partial denivative of a simulation result with respect to
a parameter. For this study, the simulafion result 1s the cumulative
heat rejected and the parameter 15 any vanable with some
uncertamey.

The parameters investigated in this uncertainty analysis can be
divided mto model parameters and medel mputs. The model pa-
rameters considered in this analysis were: (a) pipe thermal con-
duetivity, (k) conerete thermal conductivity, (c) underlying soil
thermal conductivity, (d) abscrptivity of the concrete surface and
() emussivity of the concrete surface. The model mputs consid-
ered m the analysis were: (a) wind speed, (b) air temperature, (c)
relatrve hummdity, id) supply flwd temperamre, and () supply
fivid flow rate.

The supply fiuid temperature was found to have the greatest
effect on the medel vneertainty, on the order of 8 percent. The
absorptivity of the concrete surface possesses the next highest
uncertamty, on the order of 5 percent. The uncertainties in the air
temperature, soil thermal conduetivity, and emissivity of the con-
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Fig. 4 Compairzon of observed and simulated (a) heat exchange fluid return temperature and

(b) heat rejected to the parking lot test section

crete surface are estimated to produce uncertainties m the cumm-
lative heat rejection on the order of 2.5 percent. Uncertainties in
the pipe thermal conductivity and the concrete thermal conductiv-
ity are likewise estimated to produce uncertainties of 1.7 percent
and 0.8 percent, respectively, m the cumulative heat rejection. The
wind speed and relative hummdity have relatively low sensitivities
on the order of 0.5 percent. The flmd flow rate has an insigmficant
effect on the model uncertamnty, contnbuting enly 0.03 percent to
the total. These uncertzinties are assumed te be independent of
each other, yielding a total mcertainty in the predicted cunmlative
heat rejection of = 10.47 percent. Further details of the uncer-
tamty caleulations can be found m Chiassen [19].
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6 Model Application

To illustrate the applicability of the model as well as the wiabil-
ity of using pavement heating systems as supplemental heat re-
Jecters m GSHP systems, a model of a hypothetical GSHP system
was constructed i the TENSYS modeling environment [1]. A
simplified system schematic 15 shown m Fig. 5. For this example,
2 pavemen: heating system similar to the test section described
above was used. Each of the component models 15 descrnbed
briefly below.

The building 15 not modeled explicitly m this application. The
hourly building thermal loads are pre-computed using a building
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energy analysis program and used 2s boundary conditions for the
simulation. The building iz an actual four-story, 4181 m?® (43,000
fi*) office building located in Tulsa, Oklahoma and is highly cool-
ing demmated, with a peak cooling load of 332 kW.

A simple water-to-ar heat pump model was developed for thus
tyvpe of GSHP system simulation. The model uses quadratic curve-
fit equations to manufacturer's catalog data to compute the heat of
rejection, heat of absorption, and power consumption. Inputs to
the model mclude the howly bulding leads, entening flud tem-
perature, and fluid mass flow rate. Outputs computed by the model
melude exitng fluid temperatire and power consuniption.

The ground-loop heat exchanger model used m this application
is that described by Yawuztwk and Spitler [20]. This model ex-

Buiding Heal

—>

Fumps

T

Loads

tends the work of Eskilson [21] to hourly or less time ntervals
using short time-step response factors derved from a detailed
borehole model [22] In this application, the modeled borehols
fleld consisted of one hundred 76.2 m (230 fi) deep boreholes
arranged in a 10 by 10 square pattern. 4 total system flow rate of
17.0 Lis (270 gpm) was assumed. Representative thermal proper-
ties of sedimentary rock were chosen.

Ancillary components such as pumps, t-preces, flow diverters,
and the differential controller are found in the TRINSTS library
[1]. The strategy used to control flow through the pavement was
based on the temperatre difference between the pavement surface
and the exiting fivid temperature from the heat pumps. When this
temperature difference exceeds a somewhat arbitranly chosen

F(C )

Pavemenl Heat Exchanger

Ground Loog
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Fig. & System schematic for the example model of a GSHP system with a pavement heating

system supplemental heat rejecter
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Fig. & Entering heat pump water temperatures for the example GSHP system simulation with
no pavement heating and with a 2230 m® (24,000 ft*) parking lot with pavement heating
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temperature of 3°C (9°F), the circulating pump to the pavement is
energized and flow is diverted to the pavement system. The prop-
erties of each heat exchanger coil in the example model are the
same as those described in the test section expenments. Hourly
input weather data for the model were taken from a typical me-
teorological vear (TMY) record for Tulsa, Oklahoma.

Two cases were simulated over a duration of 3 years using a
meode] time step of one howr. In the first case, the GSHP system
used only the borehole field as a heat sink. In the second case,
both the borehole field and pavement slab were used. For the
second case, 1t was assumed that a maximum heat pump entering
fimd temperaturs of 37.8°C (100°F) was desirable and that the 10
by 10 borehole field could not be feasibly deeper than 76.2 m (250
feet). Using the TENSYS model as a design tool a 2230 w’
(24,000 £%) pavement area with 200 slinky heat exchanger coils
was found to produce acceptable heat pump entering fiwd tem-
peratures. Hourly heat pump entering water temperatures are
shown in Fig. 6 for both cases.

A review of the data presented m Fig. 6 shows the advantages
of using a pavement heating system as a supplemental heat re-
jecter. With the pavement heat exchanger in operation, the peak
annual entering water temperature is shown to be similar each
year. With only the borehele field in operation the peak ammual
entering water femperature nses each year up to about 46°C
{115°F) in the third vear. Accordingly, using a supplemental heat
exchanger such as this can result in & slgmﬁca.ntl‘. reduced bore-
hole field size. Based on the results of a ground-loop heat ex-
changer design program [23], the boreholes of a 10 by 10 sguare
pattemn would need to be approximately 121.9 m {400 feet) desp
to accommodate the cooling donunated loads of this buwlding for
20 wears of operation. Therefore, by adding the pavement supple-
mental heat rejecter in this example, the depth of the borehole
field can be decreased by approximately 33 percent.

It should also be noted that the task of sizing a supplemental
heat rejecter is something of an eptimization problem with several
degrees of freedom. Use of models such as this in simmlation
offers a reasonable way of assessing the overall system dynamie
behavior.

7 Conclusions and Recommendations

A design and simulation teol for modeling the performance of a
pavement heat exchanger has been developed. Such heat exchang-
ers may be useful as supplemental heat rejecters in hybnd ground-
source heat pump systems. The medel has been developed for use
i compenent based system simulation enviromments and can be
coupled to other GSHP system component models for short time-
step system analyses. Data from a full-scale experimental pave-
ment heat exchanger has been used to test the validity of the
medel with some success.

The medel accounts for the principal environmental heat trans-
fer mechanisms and coupling to the hydronic pipe loop. The
medel uses a finite-difference method to solve the wransient two-
dimensional heat conduction equation. Outputs provided by the
madel melude the pavement surface temperature, the exiting fivid
temperature, and the amount of heat rejected to the pavement slab.
The performance of the model has been evaluated against data
collected from an expermmental pavement heat exchanger. The
madel was found able to predict the heat exchanger retum fiwd
temperatures with acceptable accuracy.

An example application has been presented to demonstrate the
use of the model as well as the wiability of the use of pavement
areas as supplemental heat rejecters in GSHP systems. In addition
the model 15 sufficiently generalized that 1t can be used to model
slabs used in heated bnidge decks or as simple solar collectors.
Further research is suggested i the following areas:

+ Optimization of the design procedurs and control strategy
when used in a2 GSHP system.

190 7 Yol 122, NOVEMBER 2000

+ Additiomal vahidation of the model mnder a wider range of
conditions such as snow precipitation.

* Study of the mmpact of the pipe configuration on system per-
formance.
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Nomenclature
A

i

area, m® (ft*)

specific heat capacity, Jkg-"C (BTUL.°F)

heat or mass transfer coefficient. Wim™-°C (BTU/Lft.
“Fi

solar radiation, Wim® (BTUL£%)

thermal conductivity, Wim-"C (BTU/Lft °F)

mass flow rate, kg's (Ib/h)

heat fluwx, Wim® (BTULf)

heat transfer rate, W (BTU/R)

time, 5 (h)

temperature, °C (“F)

overall heat transfer coefficient, W/m®-°C (BTU/Lf.
°Fi

Greek Symbols

ER=RE .
I n

oy

R ES

a = thermal diffusivity, m/s (f%/h) and solar absorptivity
i)
e = emissivity coefficient (-)
o = Stephan-Boltzmann constant
Subscripts
= Convecton
Jfluid = heat ransfer fimd average property
in = mlet
mn = coordinate locations
out = outlet
r = thermal radiation
(mg) = coordinate locations
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