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The thermo-hydraulics of small water-bearing underground structures
Christoph Siegenthaler!, Roland Custer?

Abstract

Hydraulic and geothermic processes in the un-
derground come more and more into the focus for
the prospecting of the geothermal heat flow and
for the safety of repositories of dangerous wastes.
It is shown that the thermal resistance in the wet
domain, the water, is sometimes much lower than
in the dry domain, the rock, and is called a-discrep-
ance. It follows that under such circumstances it is
virtually the rock which governs the heat transfer.
This allows to establish rather simple expressions
for the water/rock heat transfers of water bearing
fractures or bore holes and allows with some luck
an interpretation of thermal springs. The result is
shown in graphs for upward and downward flow
in tubes, which intend to get a rapid estimation of
the expected heat transfers. In the case of thermal
springs, the variables F, a shape factor, and of X, the
depth of recharge/discharge transition of the water
can occasionally be determined. A short digression
analyses the energy output of a Hot Dry Rock in-
stallation and shows that it turns out that that the
energy gain depends primarily on the volume of the
fractured domain.

Zusammenfassung.

Hydraulische und geothermische Prozesse im Un-
tergrund riicken immer mehr in den Fokus bei der
Prospektion des geothermischen Warmeflusses
und bei der Sicherheit von Endlagern von gefahr-
lichen Abfallen. Es wird gezeigt, dass der Warme-
widerstand im nassen Bereich, dem Wasser, oft
viel geringer ist als im trockenen Bereich, dem
Gestein, dieser Sachverhalt wird hier als a-Dis-
krepanz bezeichnet. Daher ist es das Gestein, das
die Warmeubertragung regelt. Dies erlaubt, recht
einfache Ausdriicke flir die Wasser-Gesteins-War-
medlbertragung von wasserfiihrenden Kliften oder
Bohrlochern zu formulieren und erlaubt bei glins-
tigen Umstanden die Tiefe des recharge/discharge
Ubergangs von Thermalquellen zu bestimmen. Das
Ergebnis wird in Diagrammen fir die Aufwarts- und
Abwartsstromung in Rohren dargestellt, die eine
schnelle Abschatzung der zu erwartenden War-
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melibertragungen ermdglichen. Ein kurzer Exkurs
analysiert die Energieausbeute einer Hot-Dry-
Rock-Anlage und zeigt, dass der Energiegewinn in
erster Linie vom Volumen der geklifteten Domane
abhangt.

Keywords

Thermo-hydraulics in the underground, heat ex-
traction procedures, thermal springs, HDR appli-
cations.

1 Introduction

Hydrothermal underground systems play an
important role, be it for energy production,
for the safety of underground plants such
as repositories for hazardous wastes or for
the interpretation of geothermics of springs.
The present approach deals with the wa-
ter of tectonic faults, or faults produced by
fracking or for boreholes, i.e., of water ducts
with rather small apertures, in contrast to
thermic studies of the flow through large po-
rous underground areas (Domenico and Pal-
ciauskas 1973, Inagaki and Taniguchi 1994,
Sakura 1993, Van der Kamp and Bachu 1989,
Anderson 2005). Some properties of the geo-
thermics can be deduced qualitatively, e.g.,
for a spring (Figure 1):

(i) An inspection of the temperature path
of a thermal water in the discharge section
shows that a water with an extremely large
water flux is hardly dependent on the geo-
thermal gradient Y [K'm_l].

(ii) The temperature path of an extremely
low water flux must follow the thermal gra-
dient.

(iii) If X, the length of the discharge section,
is large enough, a situation with equal tem-
perature differences between the thermal
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Figure 1. The thermal flow
path tw along the discharge
section of a thermal well,
a qualitative approach. x=
distance from the recharge/
discharge transition, t.=
rock temperature, Q= water
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water and the rock is established, i.e., a
temperature path which is parallel with the
geothermal gradient, avoiding an inflection
point of the water path. A water path with
an inflection point is regarded as impossible
in a homogenous environment with station-
ary water flows, since Tollmien (1935) states
that a hydrodynamic velocity profile with
an inflection point is unstable. It is further
important to note that the geothermics of
water bearing channels can be treated as
independent of permeability, as shown by
a multitude of detailed studies, e.g., Grigull
(1988), and only steady states are exam-
ined. The geothermal heat flow, which is in
the range of 0.1 [W-m-?], can be neglected
for most applications, since thermal springs
and technical installations in the under-
ground involve heat flows generally several
orders of magnitudes larger than the geo-
thermal heat flow.

2 The variables of the wet domain
are often not relevant

The heat transfers in the wet and dry do-
mains are compared with a situation of a
water duct bordering a rock with a different
temperature. The local heat flow density
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flux. A; and Ay are asymp-
totes.

across the wall and along the flow path x’ is

Go'(r") = | oo (fwat@) — tx?) | [W-m?]
(Eq.1)

in the wet domain. The convection heat
transfer coefficient is Gy = Nu‘Ay d~" for
laminar flow, d=4'A'p_l is the hydraulic di-
ameter, A is the cross-sectional area and p
is the wetted perimeter of the water duct
(Incropera et al. 1990). The Nusselt number
Nuis ~8 for flow between isothermal par-
allel walls (Edwarts et al. 1979), for flow in
tubes it is ~4 (Eagle et al. 1930 and Jansen
1952), but Nu increases rapidly if turbulenc-
es appear. In the dry domain, the mean of the
conduction heat transfer coefficient of @ is

- Ar . 2T
h=="Fne; Fag™ ——aor—
p loge( )
(Eq. 2a, b) P

Fyg is a shape factor with n = 16 if the body
is a thin sheet and is 47 for a column (Hah-
ne et al. 1975). The local heat flow density
across the surface of the wall is

ql"(x’) = | a, (tl',uo_ twall(x,)) | [W'm_z]
(Eq. 3)

The two local heat flow densities at the wall,



gw'(x’) in the wet domain and ¢/(x’) in the
dry domain, must be equal. If a large 0—dis-
crepance, @,<<a,, exists, the following large
inequality,

|‘{l',c0_ twall(x,) | >> | Iwall(x,) = tw(x,)|
(Eq. 4)

leads to fw(X’) = fwan(x’). In such a case
all variables of the wet domain, the Nusselt
number, the thermal conductivity of the wa-
ter, the hydraulic diameter d, and e.g., wall
asperities, are considered as not relevant for
a geothermal analysis, especially if the water
flows in pipe.

It may be noted that a similar result is ob-
tained if the structural thermal resistances
of the wet and dry domain, Ry and R,, are
compared. R, = (FHG-p-k,)_l [K-W‘l] in the
dry domain (Hahne et al. 1975) and

d
A. Nu

R.= Kw—l "
(Eq. 5)

in the wet domain (Incropera et al. 1990).
Ry, << R, if turbulences occur in the wet do-
main.

3 Applications of the a-discrepance.

The geothermal heat flow is generally weak,
~ 0.1 [W-m-?], as compared with the heat
flow generated by technical applications in
the underground and is therefore neglecta-
ble in most cases.

For all examples shown, the value of the
thermal conductivity of the rock, A is 3
[W-m K], the diameter of boreholes is
10 cm and the geothermal gradient y is 0.03
or 0.04 [K-m-']. The used temperature scale
is °C*, which is °C minus 10 °C, the gener-
al mean temperature at the earth surface in
Switzerland. If a large 0~discrepance exists,
e.g., several orders of magnitude in the case
of fracking, and ~one order magnitude for

bore holes, the thermal energy increment
of the water must be equal to the rock/wall
heat flow increment, which leads to the sim-
ple equation

|0t(x') Q¢ | = | 8- Fug Ar (tw(x’) — t:(x*)) | [J-s7']
(Eq. 6)

x' is the path of the water in the range (0,
X"), Q [m3.s-1] is the water flow and c is the
water heat capacity per unit volume, =~4
[MJ-m-3.K-1]. Equation 6 is now used to solve
the heat flow for specific applications.

(i) Fractures produced for HDR applications
are generally long and have very small ap-
ertures, the 0-discrepance is therefore ex-
tremely large. The geothermal gradient times
the depth of the position of the fracture is
constant, the solution of equation 6 is

xI-Fyg - Ar

tr(X) — tw(xr=0) = o

tr(X) — tw(x1)

(Eq. 6a)

The a-discrepance approach leads thus to a
simple version as compared with the results
of laboratory tests, e.g., the eight formulas
summarized by Jiang et al. (2020), and also
the results of Li et al. (2017), Ma et al. (2018),
He et al. (2019), Luo et al. (2019), Ma et al.
(2019) concerning the effects of wall asperi-
ties in water bearing fractures. These investi-
gations used small split rock specimens and
could therefore not see the great heat trans-
fer dominance of the dry domain.

(ii) Heat flow in a vertical borehole with
downward water flow, the rock temperature
is y'x and the water temperature at the sur-
face is 0 °C*. The temperature profile is, with

Q' =c QN [m],

@ @ - lne
() ==y p—trg=—yx) e ¢

(Eq. 6b)

_y-x

and shown in Figure 2. Equation 6b is impor-
tant for the analysis of a HDR installation and
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Xx=0m e (0,0002 (M3/5)
e (),0007 (mM3/s)
s (0,002 (M3/s)

geoth. gradient

X=1000 m A

X=2000m 4 A" '

Figure 2a, left: The tem-
peratures of the downward
flow in a single vertical
borehole, @ = 10 cm, which
are a function of the ther-
mal gradient y [K/m] = 0.04
(full line) and y= 0.03 (stip-
pled line), and of @Q[m3.s-1].
Xis the length of the bore-
hole; the entrance temper-
ature at the surface is 0

X=3000m -

X= 4000 m -

X= 5000 m ; ) =
0 °c* 100 °C* 0 MW

could also be of interest after a borehole had
been abandoned because the earthquakes
triggered by frackings have been too dan-
gerous, or moving sand had after some time
clogged the apertures of fractures, a possibil-
ity shown by Benton (2020). In such cases, a
second concentric tube for the upward flow
of the hot water could possibly be installed,
provided an annulus with a high thermal re-
sistance is inserted between the downward
and the upward flows to get a warm water
spring.

(iif) Upward water flow of underground wa-
ter. The solution with #(x) =y (X —x) is

_xF

il e, 1me W _ 27
il Q F. ' ¥ cos(fé)'loge(

(Eq. 6¢)

16+ X )
p - cos(R)

provided that 7=t at X=0; At = t,,(x) — t:(x)
and F is a shape factor. The Figures 3a and 3b
show the temperatures along a vertical tube
(B=0), e.g., the heat loss of the exploitation of
a deep groundwater or of a HDR application.

X=5000m -

X=4000m A

X=3000m -

X=2000m A

X=1000m 4 ¢ w—(,0002 (M3/s) y
= 0,0007 (m3/s)
s 0,002 (M3/s)

X=0m . t : {
At=0°  At=50° At=100°0MW 2MW

°C*. Figure 2b, right: power
gain [MW].

1 MW
The equation can 6¢ also be used for the in-
terpretation of thermal springs if one takes
into account that the water path of springs
is not always a tectonic fault but may be a
+/- large permeable body with a doubtful
o~discrepance. Figure 4a shows the thermal
springs of northern Switzerland and adja-
cent regions, a representation which allows
to draw any combination of X, the depth of
the recharge/discharge transition, and of F,
since these two variables are functions of
At [K]and 0’= ¢-Q-A; ' [m). The interpretation
of these data is explained with the three fol-
lowing examples in Figure 4a.

e The thermal spring of Ragaz (green line,
Figure 4a) is known for the surprising fact
that the water flow Q [m3-s-1] does sea-
sonally largely vary without an expected
increase or decrease of the temperature.
Sophisticated different water flows had
been proposed (Hogl 1980), but such ef-
fect can be explained by a steep water
duct (small shape factor F), a low depth

X=5000m -
X=4000m -

X=3000m -

X=2000m -

s 0.0002 (M3/s)
w—(,0007 (M3/s)
X=1000m 1 0,002 (m3/s)
geoth. gradient
X=0m A c . t 1
0°c* 100 °C* 200 °C*

Figures 3a and 3b as Figures 2, but with upward flow, Az = ¢, — #.[0 °C*]. Figure 3c, right Quantitative solu-
tion of Figure 1.y [K/m] = 0.04 (full line] and y= 0.03 (stippled line).
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of the recharge/discharge transition (X ~
820 m) and a large water flow Q.

The three springs, blue squares, from
very different locations, Black Forest
(GE), Yverdon (CH) and Simmental (CH),
seem to have similar flow paths and
depths, which would lead to F ~2.2 and
to X ~5000 m; the thermal spring paths
could be transcurrent faults.

F= 1.0

T F= 8.0
.>- X=1600m X=820m
o
e
<
2000m
1 olavey CH>
1500 m +
1 oBrig CH>

] ®Baden, oLeukerbad, CH

Long-term variations of Q and At of a
spring allows to determine the two var-
iables X and F. Or neighbouring springs
could have similar depth X and similar
shape factors, e.g., the springs near the
positive Waldshut heat dome, marked by
red dots, which would lead to X =1600 m
and F= 8 (Figure 4a); such an interpreta-
tion implies an improbable flat flow path,
Figure 4b, and the assumed common X
and F is thus obviously wrong.

F= 2.1
X= 4000 m

Figure 4a. Thermal springs
in and around Switzerland.
Stippled lines: path of a
thermal spring contam-
inated by surficial water.
Blue squares: samples
from three different re-

0 T Ll T T l T

1000 m i gions; red dots: springs at
1> 2urzach CH % or near the Waldshut posi-
1_oRagaz CH-» tive geothermal heat dome
: ® schinznach CH lsmba[L[ rEd dOtSE Spgngs

Tl T - : probably contaminate y
500m T ezse CHri 4 e O A surficial water); green dot:
J veraon O '.. .
© e the spring of Ragaz. Shown
oQ _ are the F and X interpreta-
____________ o tion of the three samples. X
om e O B G e, S the depth of the recharge
A L Y " /discharge transition of a
Q'=1E+2 m Q'=1E+3 m Q'=1E+4 m Q" thermal Spring'
10
2.5
-------- 100
5 =

Figure 4b: The shape factor
F is a function of the angle
3, the deviation from the

20 40

vertical, and of X/p, pis the
wetted perimeter of the wa-
ter duct.
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4 The Hot Dry Rock energy gain.

The HDR technique draws heat from the
deep underground with two boreholes. An
essential element of this technique is a per-
meable body created by an intensive frack-
ing process. This body is now assumed to be
a sphere with radius r; to simplify the anal-
ysis. The involved heat flows around this
sphere at the depth X are, for steady state,
Gout = Gin 1 Grock T Gearth [W], shown in Fig-
ure 5a, leading to the equation

cQtow=c Qtintdmnr e (yX=tow) + n-Kr-y'rlz [W]

(Eq. 7)

t,(X) is the water temperature given in Fig-
ure 2a, ¢ [J-m-3.K-1] is the heat capacity per
unit volume of water. The second term on the
right-hand side is from Hahne and Grigull
(1975), the last term is the contribution of
the geothermal heat-flow.

It follows from Equation 7 that f /fi, is ~1
for small values of ry, and rises up to ~1.2 for
r; = 50 m; the thermal power at the surface is
therefore negative for steady state.

The total energy gain from the fractured
sphere with radius r; is the original thermal
energy of the sphere minus the remaining en-
ergy at the steady state,

5
Qo Ne
N, c.')| (Qo("
(9 ‘T[ o
g_in —>
- T \
o g 2

Figure 5a. Schematic view of the relevant HDR
thermal flows at depth X, the steady state with the
spherical fractured body (blue, with radius rq), and
the relevant heat flows qg_in, q_rock, q_earth, and
q_out.

q’= 4/3-n-r13-(:'(y'X— foue) [T]
(Eq. 8)

shown in Figure 5b for two different depths
X, 2118 m (thin stippled lines) and 4206 m
(thin full lines), and for different water flows;
the geothermal flow is 0.04 [K-m-1].

Figure 5b. The total ener-
gy vyield expected during
the operation of a HDR in-
stallation. This energy is
a function of the radius ry
of the spherical fractured
body, of the involved water
flow and of X, the depth.
The fine lined group repre-
sents the energy from the
fractured body, the coarse
lined group the energy from
outside the fractured body.
At depths X=2118 m, stip-

100.00TJ
1.00T)
em— X = 4206 m; Q= 0.0002 m3/s
—— X= 4206 m; Q= 0.0006 m3/s
— = 4206 m; Q= 0.002 m3/s
eee e X=2118m; Q=0.0002 m3/s
e e eeeX=2118 m; Q= 0.0006 m3/s
sessee X=2118 m; Q= 0.002 m3/s
Y= 4206 m; Q= 0.0002 m3/s
0.01T) +& T T T T T g d . i
rl: 25m

rl:0m
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Outside the fractured sphere, the heat flow
after a HDR installation will be very high
at the beginning of the operations and will
decrease with time until a steady state is at-
tained, this state is described by Hahne and
Grigull (1975) with two different formulas,

gr=4mrphe (7' X—tow) and ga=4-1- Ly (- X—12)/ (1/r1=1/r2) [W]
(Eq. 9a, b)

The second formula operates with a second
concentric sphere, ©, with radius ry > r; and
a temperature t, at r,. Combining the two
equations leads to

ry [ r= (Y'X_ towd) / (&2 = toup)
(Eq. 9¢)

for steady state. It is not expected that the
HDR operation will last until a steady state
is appearing with a negative thermal power.
This implies that ¢, is expected to be less
than y-X, and it is guessed that ¢, could be
around y-X-0.75, with r, = 2.r;. The total en-
ergy output, q2', from outside the fractured
body is then around

qr=4/3-1 ¢ (r> Y X = 1’ tow) [J]
(Eq. 10)

shown in Figure 5b (coarse lines). The two
energies, equation 8 and 10, presuppose a
downstream water temperature of °C*=0,
which is °C minus 10° C, the mean temper-
ature at the surface in Switzerland; the heat
losses of the upstream flow to the surface
have been neglected.

It is important to point out that geothermal
heat-flow is not taken into account in the
present analysis. According to equation 9a,
the geothermal power is very low at the start
of operation and is 3 kW at the end of oper-
ation with a radius of the fractured body of
r =1 m at a depth of 2118 m, for r = 52 m the
power is 165 kW. At a depth of 4206 m the
power is 6 kW and 328 kW for r= 1 m and r=
52 m respectively.

5 Conclusion.

A large 0~discrepance allows to neglect the
variable of the wet domain; the thermo-hy-
draulics is then drastically simplified in such
cases and allows to estimate analytically the
heat flows of water bearing structures in the
underground. An undoubted O~discrepance
does occur for structures generated by hy-
draulic fracture and does contradict the re-
sults of laboratory tests; these investigations
used small split rock specimens and could
therefore not see the dominance of the ther-
mal resistance of the rock.

A short insertion deals with the energy gain
of HDR installations, it turns out that sub-
stantial energy gains are only expected if
large fractured areas exist.

Finally, the authors want to stress the point
that the present analysis is largely based
upon the work of Hahne and Grigull (1975),
a heat flow catalog of the steady states of
around fifty different geometrical configura-
tions embedded in a homogeneous environ-
ment.
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Variables

A [mz] Cross—sectional area

& ~4 [MJ-m'B-K’ ]] Water heat capacity per unit volume
d [m] Hydraulic diameter 4°'4 p &

Fug [-] Shape factor

Nu Nusselt number

2 [m] Wetted perimeter of the water duct

I [m] Radius of the spherical fractured body

¥ [m] Radius of the spherical body r,>

R [m'K‘W"] Thermal resistance

q(x’) [W-mfz] Local heat flow density

Q [m3-s_l] Water flow

0 [m] QR

t [K] Temperature

W [Watt], Geothermal power

X,X’ [m] Vertical or oblique length or depths

¥x,x7  [m] 0sxsX; 0<sx’sX’

a [W'm_Z'K'l] Conduction heat transfer coefficient
a, [W-m'Z'K"] Rock conduction heat transfer coefficient
g Angle, deviation from the vertical

Y [K-mfl] Geothermal gradient, = 0.03 or 0.04

A [W'm'1 'K']] Thermal conductivity. A, =3
Subscripts

5 rock

w water

wall wall of tube
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