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Abstract

The dimensionless mean energy dissipation rate parameter Ce
is measured in a fully rough wall turbulent boundary layer at
several Reynolds numbers using hot-wire anemometry. The
study aims to determine the dependence of C¢ = €L/u’> on the
distance from the wall and the Reynolds number. The results
shows that C¢ decreases as the distance from the wall increases
and reaches a minimum value, which appears to be independent
of the Reynolds number. Further, this value, which is about 0.4-
0.5, is the same as in homogeneous isotropic turbulence at high
Reynolds numbers. This lends support to the possibility that
a universal value for C¢ at large Reynolds numbers cannot be
ruled out.

Introduction

It is believed that the constancy Ce = €L/u’> (€, L and u’ are
the mean turbulent kinetic energy dissipation rate, the integral
length scale and the rms of the longitudinal velocity) is a cor-
nerstone assumption of turbulence theory, e.g. [17, 18, 11]; see
also [10] for a brief review. It is often interpreted as the transfer
of energy from larger to smaller scales of motion ([17, 18]). It
has recently received significant attention (e.g. [18, 11]). The
attention is mainly in determining whether the value of C is
universal or not at sufficiently large Reynolds number. There
is in that regard no consensus yet. For example [18] argues
that C¢ is a function of the Reynolds number in what he calls
non-equilibrium decaying turbulent flows. He further states
that C¢ is dependent of the the initial conditions and proposes
the following expression C¢ = Re]' /Re}}, with m ~ 1 ~ n, Re;
is a global/inlet Reynolds number and Rej, a local turbulence
Reynolds number. On the other hand, [10, 11] argue that C¢
reaches a universal constant of about 0.5 for isotropy and homo-
geneous turbulence (HIT) as the Reynolds number (e.g. Rer)
reaches large values. This supports the results of [13, 9] who
also found that C¢ approaches a constant of about 0.5 when the
Reynolds number increases, which is consistent with the find-
ings of [5] who established lower and upper bounds for Ce.

However, with a few exceptions (see [13, 1]) most of the atten-
tion has focused on free shear flows and decaying and forced
HIT. Only a few studies report C¢ in wall bounded flows (e.g.[2,
3]). For example, [1] report C¢ across a smooth wall turbulent
channel flow. They found that C¢ is about 2 and 1 in the loga-
rithmic and outer regions, respectively. The present work is an
attempt aimed at closing this gap. The main focus of this study
is to assess the dependence of C¢ on the distance from the wall
and the Reynolds number in a wall shear flow.

Experimental Set up

The experiments are carried out in an open wind tunnel with a
test section 5.4m long and 0.15m high and 0.9m width, which
follows a contraction (6:1). The top wall wall is adjusted in or-
der to compensate for the growth of the boundary layers and
to maintain a zero-pressure gradient across the entire working
section of the wind tunnel. The boundary layer studied here de-
velopes on the bottom wall. It is tripped at the contraction exit

by a 4 — mm-diameter rod followed by 170 — mm-long strip of
No. 40 grit sandpaper. We use a rod and a sandpaper grit to
trip the turbulent boundary layer, respectively, stimulating the
large- and the small-scale motions in the flow. It was verified
by [2] that the boundary layer produced by this type of trip-
ping behaved according to the criteria for fully developed tur-
bulent boundary layers. The rough wall consisted of cylindrical
copper-coated rods mounted on the wall and spanning across
the full width of the test section. The diameter of the rods is
1.6 mm, and the ratio A/k is set at 8 (A is the pitch between
two consecutive rods and k is the diameter rod). This surface is
identical to that used in previous studies (e.g. [14]) where fur-
ther details can be found. The pressure gradient is maintained to
within 0.1% of the free stream dynamic pressure in the working
section between 1.5 and 3.1m, by adjusting the vertical wall.

Velocity measurements are made with a single hot-wire probe.
The wire (diameter d = 2.5um and length [ = 200d) is etched
from a coil of Pt10Rh alloy. The hot wire is operated using an
in-house constant temperature anemometer (hereafter, CTA) at
an overheat ratio of 1.5. The output signal from the CTA circuits
is amplified, offset, and low-pass filtered at a cutoff frequency
(fe) of 12,000Hz. The sampling frequency is set at approxi-
mately 2f.. The hot-wire signals are digitized into a PC with a
+10V and a 16-bit AD converter. As well as the velocity, the
temperature is continuously measured in the free stream for the
entire duration of the experiment using a BAT-10 thermocou-
ple from Physitemp, USA, with a resolution of 0.1°C. The hot
wire is calibrated in situ against the Pitot-static tube positioned
in the free stream before and after every experiment at 12 differ-
ent speeds ranging between 0 and 16ms~!. Measurements are
taken at the midpoint between consecutive roughness elements
at a streamwise location x= 2.54m with the free stream velocity
Uy in the range from 10 to 16ms!.

The friction velocity Uy is obtained by integrating the pressure
distribution around the roughness element. For this, one of the
roughness elements is replaced by a hollow cylindrical rod of
identical diameter with a small circular hole drilled on its sur-
face. The hole has a diameter of 0.3mm and acts as a static pres-
sure tap. One end of the hollow cylindrical rod is closed, and
the static pressure is measured via the other end. By rotating
the tube through 27 radians, we obtain the pressure distribution
around the circumference of the roughness element (for full de-
tails see [8]). The Karman number, Rer = 8Uz/v (where V is
the kinematic viscosity) ranges between 620 and 7200. In both
smooth and rough wall experiments, a total of 36 logarithmi-
cally spaced measurement points between 0.2 mm and 136 mm
are taken at each streamwise location using the Mitutoyo height
gauge with a resolution of 0.01 mm. Throughout this paper, x
and y refer to the streamwise and wall-normal directions while
u denotes the streamwise fluctuating velocity component.

Results

Figure 1 shows the mean velocity distribution U™ (the super-
script + represents normalization by Uy; the distance to the wall
y is normalized by &) for several Reynolds numbers, Reg =
0U: /v, ranging from about 6950 to 12650 (6 is the momen-



tum thickness). Except for the lowest Reg, the profiles collapse
very well across the entire boundary layer thickness. The col-
lapse shows that the friction coefficient, Cy is independent of the
Reynolds number since the value of U™ at y/8 = 1 is equal to
\/2/Cy. This is consistent not only with a fully rough regime
( where the drag is principally due to the form drag) but also
with a well approximated self-preservation state of the turbu-
lent boundary layer over this particular rough wall as reported
by [16] who also showed that U; was constant along x for a
given Reynolds number. They argued that the roughness ele-
ments acted in such a way as to diminish significantly, if not
remove, the viscosity effects across the entire boundary layer
which is consistent with the fact a Reynolds number indepen-
dent Cy; The dampening of the viscosity effects in the near-
wall region by the roughness is reflected by the disappearance
of the near-wall peak in the distribution of the ' (Figure 2) and
suggests that local isotropy is likely to be better approached
on the rough wall than on the smooth wall. This is important
in the context of obtaining € since it would justify the use of

€is0 = 15v(du/0x)? as a surrogate for €.
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Figure 1: Mean velocity profiles U™ for several Reg.
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Figure 2: Profiles of u/*? for several Reg.

An interesting feature of a turbulent boundary layer over a rough
wall is that the Taylor microscale Reynolds number, Rey is
higher than that in smooth wall turbulent boundary layer at the
samie Reg. Figure 3 shows distributions of Re) across the rough
wall turbulent boundary layer at Reg = 8500 and 12600. Tay-
lor’s hypothesis of frozen turbulence has been used to convert
a temporal derivative to a spatial derivative using a convection
velocity equal to that of the local mean velocity. Re) increases
rapidly with the distance from the wall, then reaches a plateau
with a value of about 300 and 370 for Reg = 8500 and 12600,
respectively. The plateau extends from y/3 ~ 0.2 to about 0.6.
Beyond this region Re) decreases. The constancy of Re) sug-
gests that there exists a relatively non-negligible part (~ 40%)
of the boundary layer in which the small-scale motions may be
in an energy equilibrium. Further, the relatively high value of
Rey provides confidence in the use of €;g,. In fact, using the
spectral chart of [4] in the region away from the wall, where
local isotropy is not reliable, we found that €;5, underestimates
€ by about 14%.
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Figure 3: Distributions of Re),_ as function of y/8 at Reg = 8500
(bleu symbols) and 12600 (red symbols).
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Figure 4: Distribution of C¢ as function of y/8 for various Reg.
A semi-log scale is used in the inset to highlight the near-wall
region.

The distributions of C¢ for several Reg are reported in Figure
4. As the distance from the wall increases, C¢ decreases, be-
comes almost constant then increases again as the outer limit of
the boundary layer is approached. Caution is certainly required
when commenting on the values of C¢ in the near-wall region
(0 <y/8<0.05) and in the very outer layer (0.8 <y/d < 1) be-
cause of the unreliability of €, to represent € in these regions.
[1] reported a similar trend in their smooth wall channel flow.
However, there is a marked difference between these rough wall
results and those of [1] (and [7, 6, 3] as shown in [1]). The mag-
nitude of C¢ in the channel for 0.3 <y/h < 07 (h is the channel
half-width) is close to 1, which is about twice as large as the
present value in the region 0.4 <y/8 < 0.8. The present value
is more alingned with that for in HIT. It is not clear why there is
such a difference between the channel flow and either the rough
wall boundary layer or the HIT. [1] argued that the difference
with the HIT is likely to be associated with the existence of
large-scale u structures in the outer region, since L/h exhibits a
nearly parabolic distribution with a tendency to plateau (~ 1).
Figure 5 shows the distributions of L/8 across the present rough
wall boundary layer. L increases as the distance from the wall
increases, reaches a maximum of about 0.68 around y/8 ~ 0.2
then decreases slowly; notice the apparent plateau in the region
0.5 <y/8 < 0.8, which coincides with the region over which C¢
is almost constant (see figure 4).

Using phenomenology argument ([12]), one can show that
Ce ~ 1/x in the logarithmic region of the smooth wall turbu-
lent boundary layer; k is the von Karman constant. Assuming
K ~ 0.41 then C¢ ~ 2.4 . Clearly, this is not observed here,
where a value close to 1 is more adequate.This may be related
to the fact that the near wall dynamics on the fully rough wall
differs significantly from that on the smooth wall. It may also
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Figure 5: Distribution of L/3 as function of y/d for various
Reg; symbols same as in Figure 4. A semi-log scale is used to
highligh the near-wall region.

be due in part to the dampening of the viscous effects in the near
wall region.

Of interest is the relatively good collapse of the C¢-distributions
in the region 0.05 < y/§, which would suggest a Reynolds num-
ber independency. This is consistent with the possibility that Ce
approaches a universal value as the Reynolds number increases
to large values.

Finally, we report in Figure 6 the distribution of L/A as func-
tion of y/d for several Reg. The ratio varies significantly across
the layer: as the distance from the wall increases, the ratio in-
creases, reaches a maximum at y/8 ~ 0.1, then decreases. The
ratio increases systematically with Reg, reflecting the increase
of Re). It is interesting to note that the ratio in the region
0.03 < y/8 < 0.8 is larger than about 8, which indicates that
there may be enough scale separation between the large energy
containing structures and the small dissipative structures for lo-
cal isotropy to hold, further providing support for the use of €5,
as a surrogate for €. Although not shown here, it was verified
that Ce = 15(L/A)/Re), = EisoL/u’3, as it should be, providing
a self-consistency check for Cs.
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Figure 6: Distributions of L/A as function of y/8 for various
Reg; symbols same as in Figure 4. A semi-log scale is used to
highlight the near-wall region.

Concluding remarks

Hot-wire measurements have been carried out in a fully rough
wall turbulent boundary layer with the aim to assess the de-
pendence of C¢ = €L/ ' on the distance from the wall and
the Reynolds number. It is found that C¢ decreases as the dis-
tance from the wall increases and reaches a minimum value of
about 0.4-0.5, which is the about value obtained in homoge-
neous isotropic turbulence at high Reynolds numbers. Further,
this value appears to be Reynolds number independent, lending
support to the possibility that C¢ may tend to a universal value
at sufficiently large Reynolds numbers.

A word of caution is however need with regard to the present
estimation of €. Since the true € is not available, we have used

€50, the locally isotropic form of €. While this cannot be correct
in the near-wall region, we expect €;s, to approach the true € in
the region 0.2 < y/3 < 0.8 with reasonably a small uncertainty
because of the relatively large values of Re) achieved in this re-
gion. Of course further study is required where the actual € can
be measured. At this stage, only direct numerical simulations
are capable of providing such information, at least for turbulent
channel flows.
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