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Motivation

A Ground source heat exchangers (GHEX) and heat

pumps provide highly efficient heating and cooling

(a) Vertical spiral
collectors

(b) Horizontal spiral
collectors

(c) Horizontal (flat)
slinky-loop collectors

(d) Vertical (upright)
slinky loop collectors

For existing building stock few solutions exist,

retrofitting in nonturban areas will benefit from low

cost easy to install GHEX such as slinky, horizontat

and earth basket GHEX

BUT: no integrated advanced engineering design

Placed in vertical
boreholes with a
diameter of about 20
cm width and 5 m
depth. The loop
pitches  (i.e. the
distance  between
the loops) vary, but
are typically several

\/
'

Placed in trenches
with a diameter of
about 20 cm width
and 5 m depth. The
loop pitches (i.e. the
distance  between
the loops) vary, but
are typically several
cm.

tools exist for e.qg. slinky loop collectors, earth

http://www.rosenthal-
ie.de/117.html

Placed lying flat in loops
in a ca. 2 m wide trench.
After the placing of the
loops, the trench is
backfilled with in-situ
sediment or with
primarily sandy
sediment (‘cable sand’)
The loops are either not
overlapping or
overlapping at half or a
third of the loop

Placed upright in loops in
aca. 50 cm wide trench.
After the placing of the
loops, the trench is
backfilled with in-situ
sediment or with
primarily sandy
sediment (‘cable sand’)
The loops are either not
overlapping or
overlapping at half or a
third of the loop

baskets etc: installation depend on skills of
installersg they are not trained for installing these
GHEX
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Design tool for ground heat exchangers

Development of an integrated design approach
integrated tool, iterative design, design documentation

New calculation methods for complex GHEX topologies
I dealing with laminar/turbulent transition

Far field modelling

Lab experiments & CFD
Validation

Performance analysis
Engineering tool

Heat pump

2 To To To To To I T> T T

Wrap-up: Field laboratory
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Ground Heat Exchanger - Design Process

Goal of the design of a ground heat exchanger is to
determine the required the size of a GHEX
As a function of
Heating and cooling energy demand
Heating and cooling capacity

Required performance

Other boundary conditiongsoil thermal parameters, drilling conditions,
available space)

Design is not just performing the calculation, but an iterative process
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Ground Heat Exchanger - Design Process

Seasonalperformance and energy savingsachieved under different boundary conditions
(suchassoilthermal parameters climateandbuildingcharacteristics)

Technicaland operational life of the system reflecting the life-expectancyof components
dependingon material propertiesand operationalconditions(mainlytemperature)aswell as
the temperatureevolutionof the activatedgroundvolume

Balancingbetween installed capacity,baseload and peak load operation and systemsize
the relative importance of many system characteristicsdependson the ratio of thermal
capacity and total energy delivered and is moreover affected by the seasonalbalance
betweenheatingandcooling

Sensitivity analysisand validation of the final design as many different parametersaffect
the design,but the relative importance may vary very significantly,a sensitivity analysisis
usuallyneededto determinethe criticaldesignparameters
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Ground Heat Exchanger - Design Process

Summary roadmap for project design
Check feasibility and permits required
Collecting and evaluating data needed for the design
Thermal and hydraulic design
Defining design parameters and boundary condltlons

Comparing different GHEX solutions o
Design calculations: thermal ==
Local process: individual GHEX construct =

Global process: GHEX thermal interactior e
Sensitivity e |
Design calculation: hydraulic (pressure drop)
Documenting the design process and results
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Ground Heat Exchanger - Design Process

Example, energy demand profile and hybridization
lterative design: evaluate different approaches to hybridization

Monovalent Bivalent alternativ Bivalent parallel
P kW]
P [kW] P kW]
A 10 104 N Auxiliary system
> O\ ' Auxiliary system > ™
S 8 Heat pump : " £ /
© < @
o - s Q M
© = N I
O ‘© 4 N o
o 6 o o N\ 2P ¢ hsp
S & | [ I Heat pump 3 N Heat
3 %4 S J pump = - eat pump
£ X .
3 2 S < b N
T N =
v > . ——— e
.4 P s . R S T T Trcl / 45 -0 -5 035 10 15 20 4,1 / 415 10 5 0 35 10 15 20
Heat pump up Heat pump e
capacity capacity
Heat pump only *  Co-generation heat pump with aux. system <+  Co-generation heat pump with aux. system
Design for 100% heat demand ¢ Heat pump partly covers heat demand *  Heat pump covers approx. 80% heat demand

Feasible for small temperature lifts *  Aux. system only above BP *  Base load with heat pump
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Ground Heat Exchanger - Design Process

Example, peak capacity and peak load duration

lterative design: evaluate effect of different capacities and select final
capacity and peak load duration

0.6
0.5
0.4
0.3
0.2
0.1

0

-0.2

-0.3
0 10 20 30 40 50 60

Added temperature effect (oC)

Peak load duration time (hours)
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Ground Heat Exchanger - Design Process

Example, sensitivity

lterative design: evaluate effect of different parameterizations and
possibly collect and analyze additional data

Adapt energy demand profile, e.g-exaluate cooling demand
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Ground Heat Exchanger - Design Process

Documentation
2d — geology |
EBosed on information geoiagical sunsey or test drilling on site
Design goal: Intended end-depth boreholes (m) | 120 m
Summary sail prafile, soil thermal parameters and backfilling
Test boreholes to end-depth, average distance to location 500 [m)
Test boreholes, number of boreholes used 3
top (m}) bottom {m}) soil type thermal heat backfill
conductivity capacity
(W/mK) [/ keK)
0 5 sand, dry 050+02 12001 sealing clay
5 45 medium fine | 1590+03 240+02 coarse sand
sand
45 55 clay 180+£04 22001 sealing clay
55 95 medium fine | 1590+03 25002 coarse sand
sand
95 120 coarse sand 23002 240+032 coarse sand
Average: 1.92+03 23702 coarse sand
Average yearly surface temperature {(°C) 16.2
Average minimum menthly temperature(*C) 81
Average maximum monthly temperature {*C) 2472
Depth of isothermal surface (m) 15
Average temperature below isothermal surface (°C) 166
Geothermal gradient [K,/m) 0.0
Geothermal flux [W/m?) 0.0
Geohydology Porous Porous/fractured
Average Darcy ground water flow <10
aquifers {m/year)
Total length of aquifer (mi) 105
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Computational framework

Global procesg temperature evolution in the ground

A Temperature evolution at GHEX wall

A Interaction between all GHEX in ground volume

A Include nearsurface seasonal temperature variations
A Include deep geothermal gradient

Local processg thermal resistance fluid to ground and pressure drop

A Set of equations to calculate the thermal resistance for different
geometries ealing with turbulent/laminar boundajy

A Set of equations to calculate the pressure drop for different geometries

A Correlations for temperaturelependent fluid properties for water, moro
ethylene and morpropylene glycol
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Computational framework

Standardized methodology for GHEX design calculations

A Conductive heat flow in the ground
A Solver for temperature effect @ distance from GHEX
A

Solver for fluid temperature as function of capacity and thermal
resistance

Superposition of temperature effects in space and time
Superposition of long term and short term response

To o

A Decomposition of energgemand profile
A GHfunction approach to speedp calculations
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Computational framework

Decomposition of energgdemand profile
A Solver only calculates for contant load for total time

A Superposition of additional load steps solutions in time
A Decomposition of energgemand profile

'

Tima
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Computational framework

G-function

g-function earth basket ghe

10.0

pitch = 0.05m

g-function

pitch=0.25m

pitch=0.5m

14




Integrated Design framework for ground heat exchangers and heat pumps GEOFIT
4

SMART GEOTHERMAL

Computational framework - global process

Finite Line Source +-fanction approach
C[{ Aad 0KS Guo2N]J K2NBRSE¢ 2F O2y @Sy
G-function is standard approach for computational efficiency

H

1D (Vertical Borehole Heat Exchanger 1.z =-2

o

b Gre) —or(;

2D (horizontal / slinky GHEX) . . _ «= [ ﬂfc(d(?.pf},;z@_erfc( (5, R)’ + 40 /2V »
- i alFy By (P B,) + 4h?

3D (Earth basket type GHEX a7, = j j [f fzv’ﬁl "f”{':‘zi?;’g}*fgifﬂ todo
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Computational framework - global process

Finite line source for vertical ground heat exchangers

> rlzj(m+(z—h)2) rZ:J(m+(z+h)2)

Figure 2.5: Finite Line Source method [2]
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Computational framework - global process

Finite line source for slinky ground heat exchangers

_r"h"“«..(: )Rlnn
2 -"r
~||-'1I'-".'-1"|] + 4" / P

Gnmny

i R R
Ring d s ™. —_ - Ring |
g X* (P By
* Balnt &, Poant F,

Fig. 5: 3D view of the honwzontal Slinky type GHE model

d(Ps By) +d(Pes By)

d(p, P) = 3

d(R—,-,Pj) = \( [xm- + (R —r)cos @ — x,; — Rcos m]z + [J"o:' + (R —r)sing — v,; — Rsin m]z

d(:Pi-o, PJ} = \( [x‘,,- + (R +r)cos ¢ — x,; — Reos m]z + [ym- + (R +r)sing — y,; — Rsin w]2

F Ring '

dip b | / \ I
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Fig. 7: 3D view of the vertical Slinky type GHE maode]

d(PuB)

= \( [xaf + (R —r)cos ¢ — x,; — Roos c..v]2 + [y,i - y,,_,-]2 + [zo,- + (R —r)sing — z,; — Rsin m]z

d(RarB)

= \( [xm + (R+r)cos i — x,; — Reos u;.]2 + [yui - yni]Z + [zni + (R+71)sin ¢ — z,; — Rsin w]z

d(Py, Py)

= \( [%oi + (R — 7)cos ¢ — x,; — Reos :.u]2 + [Voi — yw-]z + [20: + (R —7)sing — z,; — 2h — Rsin m]2

d(Po, Pyr)

= \( [%oi + (R+T)cos ¢ — %, — Reos u)]2 + [voi — yoj]z + [20i + (R + r)sin @ — z,; — 2h — Rsin m]z
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Finite line source for spiral ground heat exchangers

h
f’ “‘*—-.‘_:_:‘y, l
Ringnl ~“~-_______-- S D T Ring m1
T =~ denpm) |77
- 4 - i
RiNgn2 “=--co e T e - Ring m2
. Point P PointPm
( «
Ringnn “~--_____----" T Te.a_____ - Ring m
ZL}'/
Y
X
d (P iir R;}

= \( [xm- + (R —r)cos @ — x,; — Reos c.l.l]2 + [yo,- + (R —r)sing — ¥,; — Rsin m]2 + [zm- - z,._._,-]2

d(PiorEj)

= \( [xm- + (R +r)cos @ — x,; — Rcos a.-]z + [yo,- + (R + r)sing — y,; — Rsin m]2 + [zo,- - z,:,_,-]2
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Computational framework - local process

Thermal resistance between fluid and ground
- Vertical/horizontal GHEX:-plpe and concentric GHEX
- Slinky and earth basket: spiral type GHEX

_ Mean Diameter, D L, 4

Bocehole cang (86)

Borohole NIAng materiit (WS)

Borehole casing (R3)
Flud to wali pipe (R1)
Wall pipe (R2) Wl ovter pipe (N4}

Fhag anmbes 10 wall innie pipe 1213)

Fluid to wall [R1
pipe (R1) Fhatd anmuies 10 wall outer pipe R3b)

Helix Angle '
(@) (b) Faguare 1. kometric view of 3 helically colled tube,

Figure 5. Schematic overview of a U-loop and concentric heat exchanger with different resistance terms.
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Computational framework - local process

OVERVIEW EQUATIONS Straight pipe Curved pipe

s
Critical Reynolds 2300 {2000 - 3000] Re.= 2300 [_1 +85 (%j ]

Equations for
- Critical Reynolds — —

0.05565(Lry-1135 Pr :Iu.u

_ N usse It V= 3657 + pp e e Nu=356+ Dﬂs[l+D3[%)n1ﬂamFr'*':. [wa

Where [ = —=

= AePro

With m = 0.5 = 0.2803 (/D)™™

Merker [1987) Schrmidt {1567
- Pressure drop e e
0.023Re"F pp £ \RePr 214
m heating: 0.4; m cooling 0.3 Nu = L 'F_:: :l
Dittus Beelter (1930 1+ 12.?,-"'[?3 (Pr‘*': -1) w
Husselt With

B
cl

03164 I RCES
T 10 (5) | (5)

Grislinski [19864); Mishre & Gugda [1979)

The term [Pr/Pe2)00. 14 as well as (Nugn 1027, when wall and fuid
temperature are simiar, & 1 ond can be drogped,

Rew < Reynolds < 2.2 108

Nu = pNu, (Re 0 + (1 — )l (Fe = 2.2+ 10%)

_ 1L 10t —Be
V=TI — e,
Graisiinski (19568
_ eele?
ap=f o2
Fanring fFarning frictian foctar = 149 Darey) (1896)
Reynolds < Rec Reynolds = Re:
_1e
=@ £ = £[0556 + 0.0955Ts]
Reynolds = Rec
‘With De [Dean numbsr):
Pressure drop 20791
i I'_
f=-3 H’qafﬂ

g
Blasius (1513) The denominator s Re(1/4) occording to
Fax&McDonad textbook “Tntroguction to Fuid Mechanics”

Hessan (1555)
4500 < Reynolds < 10°8 0« Pd < 25.4

£ = 0.0791Re~"= + 0.0075, /77D

Mishra and Gupte (1975)
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Turbulent / laminar flow and transition zone

A Thermal resistance (and pressure drop) depend on fluid flow regime and
especially laminar / turbulent boundary

A This boundary is characterized by tReynoldsiumber (ratio between
Inertial and viscous forces)

For straight pipes the critical Reynolds number is usually tak28@3
For curved pipes it is more complex and depends on the ratio d/D

d 0.45
enaf?)]

o o

Re,.= 2300
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Computational framework - local process

Spiral heat exchanger

12000
10000
8000

6000 /

4000

Re-critical

2000

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
d/D
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Computational framework - local process

Thermal resistance Spiral / Straight pipe heat exchanger

<. 0.05
=
£
= 0.04
-1}
o
&
£ 003
E A
= A
TEU 0.02 s,
c A
E 0.01 A
A A
0.00
250 2250 4250 6250 8250 10250 12250

Reynolds

A Curved d/D = 0.02



