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David K. Cornwell and Hugh D. Murphy
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ABSTRACT

Understanding the fluid flow characteristics of jnints is important in
connection with 8ny process requiring flow through geological media. Examples
include gecthermal energy reservoirs and underground waste repositories. ,Joints
are normally in contact at roughness asperities; consequently the relative
roughness, the ratfo of the asperity protrusion to the mean flow aperture, is
approximately one, which is orders of magnitude greater than that encountered in
more ususl situations such as pipe and channel flows. In our experiments the
Joint rcugkness was idealized with sawtooth corrugations. The mean flow
aperture could be independently varied, allowing study of relative roughness
effects, and the phase lag of the opposing corrugation peaks could also be
varifed, s0 that experiments cculd be carried out with peak-to-peak alignment,
peak-to-valley alignment, or any combination thereof.

We found that Darcy's Law became invalid for Reynolds numbers greater than
about 100. Hence, for most of our studies the flow was non-Darcian, and so we
adopted the usual convention of representing pressure losses 1in terms of an
apparent friction factor. When the roughness peaks were aligned, resulting in
maximum flow disturbance, the friction factor increased when the relative
roughness was 1increased, simulating the <closure of & Jjoint due to
normal-direction loading. However, when the roughness peaks were 180° out of
phase, so that peaks were opposite valleys, the rriction factor initially
increased with greater relative roughness, but then decreased --" this apparent
paradox ‘¢ oxplaired as follows. When the relative roughness 1s small, the
velocity vectors for much of the flow are parallel to the mean flow direction.
The sawtooth peaks then represent a local disturbance to the mean flow, and as
expected, increased roughness represents increased eddying and pressure loss.
However, as relative roughness is increased, eventually the flow streamlines are
forced to become parallel to the alternating sawtooth surfaces so the flow is
"channeled", resulting in a series of disjointed, but 1individually smooth
micro-channels with 30° turns between each micro-channel. !ntermediate phase
angles {.e., peaks not completely in or out of phase, yielded combinations of
the effects observed in the peak-to-peak and peak-to-valley situations.

1.0 INTRODUCTION surfaces. Thus the projection of the
roughness into the flow stream is of

Fractures and natural joints tend the same order as the fracture opening

to close under the 1influence of itself. The goal of this research was
tectonic compressive stresses. The to examine the effect of such large
residusl opering 15 provided by the scale roughness on the pressure
contact of roughness, e.g. rock loss-hydraulic flow rate charac-

grains, on the oupposing fracture



teristics of fractures. A cursory
look at fractures and natural joints
in outcroppings indicates that surface
roughness defies easy
characterization. Not only do the
roughress dimensions perpendicular and
parallel (o the flow stream vary
widely, but the shape and distribution

of the roughness also differ
considerably. Geologically recent
fractures often have sharply
disjointed surfaces, and the

individual roughnesses are angular and
crag-like, whereas old fractures are
weathered and worn, and usually have
undergone geochemical reactions at the

fracture surfaces, so0 that the
roughnesses are smooth and round.
This investigation was inftially

motivated by application to fractured
geothermal energy reservoirs where the
rock would be hydraulically fractured
to create the required permeability.
Typically this is done in geothermal
reservoirs by driIlini into low per-
meability basement rock to a depth hot
enough to be useful and pressurizing
the well above the compressive
tectonic stresses of the surrounding
rock. Consequently our finterest was
in the angular and crag-like
roughnesses. Rather than attempt to
match an actual fracture surface,
which would not be representative of
other surfaces to be encountered, we
elected to simulate fractures with a
uniformly periodic sawtooth surface.
While this 1s admittedly a great
simplification it offers three
important advantages:

1. A vregular sawtooth surface 1s

easily fabricated and
characterized; the results can be
interpreted without regard to

potential geometrical ambiguities;
and, 1f need be, this surfuce can
be reproduced and the experiments
repeated elsewhere,.

2. Theoretical predictions are
available through computer codes
which solve the exact Navier
Stokes equation for the sawtooth
configuration used in this study.

X, Even though 1t represests a
simplification, flow over o
sawtooth surface exhibits aost of
the features of flow over res)
fracture surfaces.

2.0 EXPERIMENTAL APPARTUS

Figure 1 is a photograph of the
test section and Figure 2 is a drawing
showing the flow surfaces in more
detail. For compactness Figure 2
shows the test section in a horizontal
configuration, whereas it was actually
mounted vertically, as shown in Figure
1. A blower was used in its reverse
(suction) mode tc draw air from the
room between the two sawtooth-roughened
plates, then through the transition
shown near the bottom of Figure 1,
smoothly guiding the flow from the
vertically mounted test section to the
horizontal circular tube shown in the
lower right hand corner. While not
shown in the photo, this circular tube
carries the air flow to a laminar flow
measuring element, control valves, and
eventually to the reversed blower where
air is exhausted bark to the room.
While water is likely to be used in
actual underground appiications, in the
present study air was experimentally
more convenient. In all cases the
pressure drop was less than 2 k Pa, so
the air could be treated as an
incompressible fluid, thus satisfying
the major condition for experimental
simil1tude.

Ore of the test section plates is
cluminum and the other {s plexiglas.
The aluminum plate afforded easy
fabrication while the transparent
plexiglas allowed flow visualization,
Tre plates are bcth 0.685 wm long in the
vertical, or streamwise direction and
0.152 m wide in the horizontal, or
span, direciion. The sawtooth
corrugations are symmetrical \ight
angle trianqular prisms with a 6.35 )
base, ¢ .18 mm height, and a width
which, stretches the entire 0.152 m
span. The aluminum plate has 16
pressure taps arrayed 1in the flow
direction which are 38 mm apart,
corresponding to six complete



corrugations between taps. The first
tap 1s 38.1 mm from the entry. At 76.2
mm and at 546.1 mn downstream of the
inlet there are three taps; one is at
the longitudinal center of the section
and the other two are 50.8 mm from the
side edges. These extra taps are used
to check that pressure was invariant in
the span direction. Pressures were
measured with an MKS Baratron
capacitance manometer with a resolution
of 0.13 Pa.

Separating the aluminum and
plexigias plates are spacers at the
edges which were used to control the
distance between plates. The spacers
can be seen in Figure 3, and several
sizes were fabricated so as to result
in spacings of 6.35, 5.08, 3.81, 3.18,
1.54, and 1.27 mm. As shown in Figure
3, neoprene 0-ring seals were inserted
between the spacers and the plates to
prevent leaks. Before each 2xperiment
the apparatus was checked for leaks
with a titanium tetrachloride smoke
gun, anc observed leaks were eliminated
with sealing compound and vacuum
grease.

The transition section shown near
the bottom of Figure 1 is also made of
plexiglas and directs the flow from the
vertical test section and gradually
reshapes the flow into a horizontal 76
mm diameter plexiglas tube which serves
as the entry to the flow meter. The
flow rate was determined by using one
of three laminer flow elements (LFEs).
These LFESs p_rgvided a floy3 rate range
from 4 x 10 © to 6 x 10 “m>/s which
allowed the attainment of Reynolds
numbers from 1 to 4000. Flow rates
were further controlled by a throttle
valve in the 76 mm (three-inch)
diameter tube downstream of the flow
rater,

In addition to the plate spacing,
the other adjustable variable 1s the
phase angle. As shown in Figure 4, the
phase angle <can be changed by
displacing one of the plates rejative
to the other. In this manner runs were
made when the peaks were aligned, ¢ =
0°; when peaks and valleys were

aligned, ¢ = 180°; and at intermediate
phase angles of 15, 30, 45, 60, 120,
and 150°, Occasional checks at ¢=
360°, which presents the same geowetry
as ¢« 0°, 1indicated that oversll
precision of the experiment wis better
than 5%,

3.0 METHOD OF APPROACH

Following the usual treatment of
flow in both smooth and rough ducts we
present our measured pressure results
in terms of friction factors, Reynolds
numbers and relative roughness.

3.1 Friction Factor. The friction
factor, f, 1s defined in terms of the
pressure gradient, dp/dx, mean veiccity
V, and fluid densityp.

§ = 2 dp/dx

tov

and V Is defined as Q'/(2t), where Q'
is the flow rate per unit span or width
of the flow channel, and 2t is the
average flow spacing between the two
plates.

3.2 Reynolds Number., Following the
usual conventiun the Peynolds number,
Re, 1is defined 1in terms of the
equivalent hydraulic diameter, D,
defined as four times the average flow
passage area divided by the perimeter.
Consequently, D = 4t, and Re = 4VtA,
wiiere v 1s kinematic viscosity.

3.3 Relative Roughness. The relative
roughness, k/D 1s the projection of the
roughness 1into the mean flow field
divided by the equivalent hydraulic
diameter. 1In all cases k was 3.1 mm,
the height of the sawtooth corruga-
tions.

4.0 RESULTS

4,1 Sawtooths Aligned peak-to-peak,

- 0. The experTrentaT dats s 1 91D

was limited by the physical constraint
that when k/D = 0.51, the pecaks were
touching 1in 1ine-to-1ine contact,
creating a flow area approaching zero.
Consequently an infinitely large




friction factor would be expected. Of
the six spacings available in this
study only three, with relative
roughnesses of 0.26, 0.32, and 0.43,
were large enough to avoid contact at¢
= 0°. The data are presented in Figure
5, and as expected, the friction factor
increases as the relative roughness
increases. The transition from the
linear regime 1in which pressure loss
scg&gs with velocity or flow rate, (f"
Re ), to the quadratic regime when
pressure loss scales with square of
velocity (f~v constant) occurs at a
Reynolds number of approximately 50 for
k/D = 0.43. The transitions for k/D =
0.26 and k/D = 0.32 1ie between 300 and
700. These transitions are not
necessarily laminar-to-turbulent flow
transitions, but simply the Reynolds
number range over which inertial
effects due to accelerations and
decelerations at the contractions and
expansions bagan to dominate pressure
losses, so that the flow becomes a
“non-Darcy” one, The transition at a
lower Reynolds number for the highest
roughness case was caused by the
greater flow disturbance. At k/D =
0.43, the ratio of the minimum area to
the maximum area is 0.091, whereas the
ratios of areas for k/D = 0.32 and 0.26
are 0.231 and 0.333, respectively.
Pressure losses due to separation
effects, wherein energy dissipation
is enhanced, are much greater in the
case when the peaks are nearly
touching.

The predictions shown as solid
1ines in Figure 5 are based on the work
of Lomize (1951) who found that the
friction factor, using present
nomenciature, was:

24 1.5
f= e [l + 17 (k/D) ]

In the absence of roughness, f = 24/Re
is the expected friction factor for
laminar flow. The present data
consistently 1lies above the Lomize
relationship, probably because the
sharp cornered, sawtooth roughness ot
the present study results in more flow

disturbance than the reunder,
sinusoidal roughness of Lomize's study.

4.2 Peaks and Valleys Aligned, ¢ =
180°.7 Experiments a = lib' ire oF
particulamr interest because when the
spacing becomes small the flow can be
viewed, as in Figure 6, as a serfes of
micro-channels which are Jjoined by
right angle turns. The flow in an
individual micro-channel is smooth,
albeit 1interruptea at 1its ends by
abrupt 90° turns. When the Reynolds
number s small enough even the
disturbances caused by these abrupt
turns can be ignored, so that for all
practical purposes the flow can be
represented as smooth flow through an
equivalent, stretched-out straight
channel. As indicated on the
right-hand side of Figure 6, the
spacing in the smooth channel
equivalent is 1//Z times that of the
mean spacing, 2t, that was previously
used. Furthermore, e smooth channel
velocity will be J2 times the mean
velocity, V, previously defined, and
the stretched-out length of the
equivalent channel equivalent will also
be JZ times creater than the shorter
apparent length of the actual
situation. Now the friction factor of
the smooth channel equivalent is 24/Re
when using the appropriate velocity and
spacing, but 1f we retain the
previnusly detined nomenclature, it can
be shown that while there {is no change
in the Reynolds number, the cquivalent
smooth tube friction factor 1s doubled,
t = 48/Re.

Results for ¢ = 180° are
summarized in Figure 7 and in Table 1.
Note that as the relative roughness
increases from 0.26 to 0.43 the
friction factor linear flow increases
but thereafter f actually decreases,
indicating that the flow 1s beginning
to behave as 1t would in a serjes ot
smooth micrco-channels. At the highest
relative roughness, k/D = 1.26, the
friction factor was nearly equivalent
to that expected 1in a perfectly smooth
channel, Yalues of the transition
Reynolds numter show a similar effect.
At low relative roughness linear flow



Table 1.

Summary of Runs at ¢= 180°; Peak-To-Yalley Alignment

Range 0t Reynolds Number
Over Transition From Ljnear
To Quadratic Flow

Quadratic Flow
Friction Factor

Linear Flow
Rkelative Friction
Roughness Factor
0.26 90/Re
0.32 150/Re
0.43 65/Pe
0.51 65/Re
0.64 70/Re
1.2€ 50/Re

is sustained to larger values of Re, 1in
the range 250 to 750; a: intermediate
roughness the flow 1s more disturbed
ard transition occurs at Re as low as
30; but at very high roughness the
stretched-out, smouth channel viewpoint
again applies, and transition s
deferred to higher Re. For quadratic
flow, friction factors exhibit similar
behavior -- f increases as relative
rouyhness increases from 0.26 to 0.43,
but thereafter it too decreases.

4.3 Results for Qther Phase Angles.
Figures B a-tf show the dependence
o¥ friction factor upon phase angie for
the six relative roughnesses
investigated. Several runs do not
extend to Reynclds numbers greater than
thcse at the iinear to non-linear
transition regime because of
constraints upon flow rate cue to
blower and flow meter limitations. For
the two smaller roughnesses, k/D = 0.26
and 0.32, the friction factor-rReynolds
number relation in the linear regime
was not a function of phase angie, the
variance in ¢ at a given Re being less
than 2%, irrecpective of phase angle,
F~r these low roughnesses the mean flow
;s sti1l primarily in the x direction,
j.e., the macroscopic view prevails,
and while the roughness still disturbs
the flow near the wall, the phase
angle, or in other words, the
gctreamwise location of the roughness,
has rno significant effect on the
pressure loss. This is not the case
when the relative roughness 1s larger.
Then wmuch of the flow *ends to follow
the convoluted roughness; surface. Now
the phase / ngle is auite important, and

250-700
300-600
30- 60
30-100
75-100
250-3C0

Q=N B -—O
(S T e W IS N <Y

as we saw earlier tor the ¢ = 180°
runs, the friction factor <can be
reduced due to the micro-chunneling
effect and can even closely approach
the perfectly smooth value of 48/Re
which pertains when ¢ = 180°. This is
particularly apparent for k/D = 0.43,
Figure 8c, in which f decreases as
¢ increases from 9 to 180°, and the
trend becones more pronounced as k/D
increases from 0.51 to 1.26 (Figures
8d, e, and f). For these latter three
roughnesses the opposing peaks are
nearly in contact when the phase angle

is small, so, as expected, small ¢

results in very large friction factors.

Table 2 summarizes the quadratic
flow friction factors. We found that
when the relative roughness was as
s7all as 0.26, f was independent of ¢.
However, for k/D > 0.32, f increased as
¢ approached 0°, and this effect is due
to narrowing ot the flow passage area
as the opposiny sawtooth peaks approach
each other. Note once again, for ¢ =
180°, that as k/D increased, the flow
became smoother and f diminished.

5.0 DISCUSSION

The effect of joint roughness on
fluld flow is difficult to deal with
because there are so many geometrically
different types of roughnc . The
stze, the shape, the density of
roughness elements, their relative
hetght compared to the channel width,
are all effects that mu t be taken into
consideration. For example, even if
the prolection fron the wall into the
tlow is the same, providing the same



Teble 2.

Friction Factors For Quadratic Flow

Relative
Roughness
k/D ¢=0°

¢= 60°

WO =0
H O Wi

value of relative roughness, the effect
of sharp roughness elements is
different than that of smooth
sinusoidal varjations 1in the wall
surface. A particularly graphic
illustration of the {1mportance of
roughness geometry was providec by the
presen: results for ¢ = 180°, that is
when the opposing peaks and valleys of
the roughness were in phase. It was
found that, paradoxically, as the
relative  roughness increased the
friction factor approached that of flow

in a perfectly smooth duct. In
reality, a microscopic viewpoint of
flow 1in a ceries of individually

smooth ducts was simply becoming more
valid. At the opposite end of the
spectrum were the results at ¢= 0°,
where the peaks were in phase. As k/D
approached 0.51, 1.e., when the peaks
of the sawtooth roughness used in the
present study would be in contact, the
friction factor approached 1infinity.
These two examples should suftice to
demonstrate that relative roughness by
ftself is insufficient to characterize
flow in rough joints.

Most Joints in nature are
"closed," that 1s, the roughness
asperities contact. Thus the the size
of the protrusions 1into the flow
channel i{s of the same order of
magnitude as the channel 1tself, so k/D
is of order 0.5 to 1.0. For such large
roughness acceleration and deceleration
of the flow 1is caused by the

¢= 120° ¢ = 180°
—————————rr— —— ———
6.4 0.4
1.5 1.5
5.0 4.0
-- 2.6
-- 1.5
-- 0.5

convergent-divergent nature of the flow
as it passes through roughness-
constricted areas. These repeated
acceleration and deceleration

sequences cause a departure from a
linear pressure loss-flow rate
relationship, even 1f the flow remains
laminar. Additional insight into this
effect is provided by assuming that the
roughness can be approximated as
hemispheres. Take the case where the
roughness, or sphere diameter, 1s equal
to the equivalent hydraulic diameter,
so that, for simplicity, the Reynolds
number 1s the same based upon either
diameter. The Oseen solution
(Schlichting, 1979) for laminar flow
around such a sphere results in the
drag coefficient:

C = (1435 Re )

The drag coefficient, C, 1s the
proportionality coefficient between the
pressure loss acting on the frontal
area of th% sphere and the dynamic
pressure, pY¥“/2. Where Re is 1 or less
the second term, 3 Re/16, is small
compared to one. Thus C is, inversely
proportional to Re, or C a V °, so that
the pressure loss scales linearly with
velocity. However, when Re 1s 10 or
greater, the dynam}c pressure 1loss,
which scales with pV“/2, 1s at least as
important as the purely viscous, linear
pressure loss. Although this analogy
Is far from perfect because the
roughness in the present study cannot
be treated as a series of 1solated
spheres, nevertheless 1t {s clear that



a transition from linear to non-linear
flow can be expected in very rough
fractures at low Reynolds numbers. The
1inear 0 non-linear flow transition
can be expected at Reynolds numbers
substantially lower than 2000, which
usually is taken as the lower value of
Jaminar-to-turbulent transition 1in a
duct. In the present study the
transition fram linear to non-linear
flow occurred at Reynolds numbers as
low as 30.
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Figure 2.
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Figure 3.
Yiew of flow test section
in flow direction.
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Figure 6.
Small spaciny representation. Nhen the flow spacing is small, the flow
channel can be represented as a straight, smooth channel.
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Figure 7. .
Friction factor results for cases where peaks and valleys aligned, CP = 180°.
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Friction factors for other phase angles.



