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The Curvature and Shear Effects on the Eddy Viscosity

Hyo Jae Lim

Department of Mechanical Engineering, Hoseo University

Abstract — Direct comparisons are made between curvature-corrected eddy viscosity models and the present
experimental data. The results show that the curvature effects can be quantified through a curvature para-
meter R, or S, and a non-equilibrium value of p/e. The data reveal a significant dependence of the eddy vis-
cosity on the curvature and strain history for a fluid in a stabilizing curvawre field, S>1.0. Especially, exper-
imental result shows that the eddy viscosity coefficient ratio at S,=3 changes from 10 to -10 although shear
rate preserved constant. It is therefore suggested that proper curvature modifications, particularly the strain
history effect, must be introduced into current eddy viscosity models for their application to turbulent flows
subjected to curvature straining field for a non-negligible period of time.

1. Introduction

Turbulent flows having streamline curvature is of
importance in many power plant and energy system
applications like cooling and heating coils of heat ex-
changer, bends in air or fuel supply piping system,
flow over compressor and turbine blades. The com-
plete understanding about the role of streamline cur-
vature particularly in heat exchangers is necessary be-
cause the efficiency depends on largely the separation
and reattachment zone where heat transfer decreases
seriously.

The effect of streamline curvature on turbulence
has attracted continuing interests of turbulence resear-
chers since the advent of early mixing length model
by Prandt in 1930. Experimentally it has been widely
known that the streamline curvature affects strongly
the length and velocity scales of turbulence [Ramap-
rian and Shivaprasad™], and consequently, the eddy
viscosity changes appreciably depending on the cur-
vature: When the streamline curvature is such that the
tangential momentum decreases away from the center
of curvature, the curvature has a destabilizing effect
on the fluid motion and thus the transport of momen-
tum is enhanced (or the eddy viscosity is increased).
However, when the tangential momentum decreases
toward the center of curvature, it has a stabilizing
effect on the fluid motion and the eddy viscosity is
decreased.
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In a turbulent flow field with curved streamlines, a
number of theories [So™”; Leschziner and Rodi®; Pou-
rahmadi and Humphrey"; Cheng and Farokhi™] reveal
that the eddy viscosity depends on the ratio of pro-
duction to dissipation (p/e), and a certain type of cur-
vature parameters. However, a recent experiment [Hol-
loway and Tavoularis™] shows clearly-that the history
of curvature strain to which the fluid particles are
exposed also plays a significant role in determining
the eddy viscosity. The present experimental study is
carried out to further explore the curvature strain his-
tory effect by analyzing the present data as well as
those obtained by Holloway and Tavoularis'.

2. Curvature Parameters for the Eddy
Viscosity

CFD (Computational Fluid Dynamics) method has
been used in the analysis of flow field encountered in
many engineering design. Because most of flows are
turbulent, the turbulence effect would be considered
necessarily in calculation. Generally, a model has good
accuracy and high convergence is the standard k-e
model. In this model, the Reynolds shear stress ex-
pressed by -uv=v, (QU/dy), where v=C, (k¥e). Here
constant C, is eddy viscosity coefficient and has value
of 0.09 in plane flows. However, many previous re-
search works show that C, must be treated as a vari-
able to get a better result in the flow having stream-
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line curvature.

A theoretical curvature modification of the eddy
viscosity v=-uv/(dU,/dr-U/R,) can be derived from
the algebraic stress model [Gibson™] that consists of
a set of algebraic equations which relate the Reynolds
stresses algebraically with mean velocity gradients and
other turbulent quantities. The curvature-dependent
eddy viscosity model obtained in this way differs in
the governing parameters that depend on the simphi-
fying assumptions in the derivation procedure. Intro-
duction of local equilibrium assumption of turbulent
kinetic energy expressed by p=¢ leads S=(U/R.)/( dU/
ar-U/R,) [So™], or &=(k/e)’ (dU/or+U/RIU/R, [Les-
chziner and Rodi”], where R, is the local radius of
streamline curvature, U, is the local velocity magni-
tude taking the same sign as R, and r is in the direc-
tion parallel to R, (where R>0, r points radiaily
outward). In contrast, retaining the non-equilibrium
value of p/e£l in the algebraic relation between the
production tensor P; and the Reynolds stresses uu,,
Cheng and Farokhi® derived a model for C, in terms
of p/e and the flux Richardson number R; as

2
c=taf1-r-® g %ﬂ] (1
where ®=0.24/(0.5+p/e) and R=2(U/R)/(U/or+U/
R,). Taking account of the effects of streamline cur-
vature and the wall-damping simultaneously, Pourah-
madi and Humphrey obtained C, in terms of a cur-
vature parameter (U/R.)/(0U/or), a time scale ratio
(k/e)/(0U/dr), wall function f, the ratio p/e and three
other ratios of velocity gradients.

An experiment of Holloway and Tavoularis® about
the effect of interaction between streamline curvature and
shear on uniformly sheared turbulent flows in a curved
duct revealed that the evolutions of turbulence quanti-
ties such as the integral length and time scales, the tur-
bulent kinetic energy and the Reynolds shear stress can
be described by two non-dimensional parameters; one
is a curvature parameter S=(U/R.)/(dU/or) and the other
is the non-dimensional development time t=(s/U,)I
dUJor | where s is the distance along the streamline.

3. Experimental Apparatus and Procedure

Figure 1 shows a schematic layout of the present
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Fig. 1. Schematic diagram of wind tunnel. (1) con-
traction nozzle, (2) shgar generator, (3) developing
straight duct, (4) curved duct, (5) redeveloping straight

duct. Duct height=600 mm. All dimensions are in
mm.

experimental apparatus. An adjustable shear generator
was equipped at the exit of the contraction to provide
a uniform shear flow at any desired shear rate. The
basic design concept is similar to that of Chung and
Kyung®. The streamwise turbulent fluctuations at x/
D=8 were nearly homogeneous in the transverse
direction with about 3~5% of the centerline mean
velocity. Standard hot-wire technique was used with
TSI-IFA100 constant temperature anemometer, TSI-
1246T1.5 cross-wire probe for u and v components.
The sensing elements of the hot wires were made of
tungsten wire of diameter 5 pm and their length 1.2
mm. The wire overheat ratio was adjusted to 1.7 and
the frequency response was set at 40 kHz. The analog
bridge voltage was amplified with gain 2, low-pass
filtered with the cut-off frequency of 5 kHz and sub-
sequently digitized by a 12-bit analog to digital con-
verter (TSI-IFA200). The sampling rate was 10 kHz
and the digitized data were stored in a computer. In
the curved duct flow, the probe alignment with the
stream direction is one of the difficult problems. In
the present study, the maximum error of yaw angle
was estimated to be about 1°. The relative uncertain-
ties of the present data were estimated by the stan-
dard method [Yavuzkurt®; Moffat""]. The results are
+1.5%, +5%, +12% and +12% for measurements of
U, &, v* and uv, respectively.

Five sets of initial shear conditions at the entrance
to the curved duct were selected for the present
experiment. They are: dU/dy=28.5, 17.8, 0.0, -15.3
and -25.3 sec’. Mean velocity, turbulent kinetic energy
and Reynolds stresses were measured in the whole
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flow field. The dissipation rate € was estimated by
calculating the Taylor microscales which can be obta-
ined from velocity fluctuation data. More detail and
useful data may be available in Lim et al™".

4, Analysis of the Eddy Viscosity Data

Figure 2 displays the measured values of C/C,
plotted against the flux Richardson number R; Here
C, is defined by the relation -uv=C, (K¥/e)@U/or-U/
R.) and C,=0.09 for plane flows (or R.=e). The solid
and dotted lines represent the model predictions by
Eq. (1) for p/e=0.5 and 1.5, respectively. For Ri<0,
the model equation predicts qualitatively correct de-
pendency of C, on R.. Note that most data have the
ratio p/e in a range 0.2<p/e<2.0. Closer examination
reveals that the role of p/e implied by the model is
also in agreement with the experimental observation
(see Fig. 4). But in the range of R>1.0, the model
dictates decreasing values of C,, eventually becoming
negative with increasing R, whereas most of the data
beyond R=1 are positive. For R; close to but smaller
than unity, C,/C,, varies very widely from -10 to 15
which can not be explained by the model (1). When
R=1, the mean velocity field is that of the solid body
rotation, and the mean shear rate (JU/or-U/R) is
zero. Consequently, there is no production of turbu-
lent kinetic energy, and only significant mechanism of
turbulence is the spatial transport of turbulent kinetic
energy in the plane of streamline curvature at a rate
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Fig. 2. Comparison between predicted and measured
eddy viscosity coefficient.
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Fig. 3. Variation of eddy viscosity coefficient with cur-

vature parameter S. open symbols: present data,

closed symbols: data of Holloway and Tavoularis®.

2uvU/R, per unit fluid mass and time. Such a flow
situation may be termed as 'overwhelmingly curvature
dominated flow'".

In order to examine the scattering of data in the
range O<Ri<1, all data points in Fig. 2 are re-plotted
in Fig. 3 as a function of the curvature parameter S,
proposed by So". Note that since S=0.5R/(1-R;), all
data in the range O<R<1 appear in the half plane
S>0. The data from Holloway and Tavoularis'® are
also represented in Fig. 3 by closed symbols. For
convenience, S, in the range -0.1<S.<0.1 is repre-
sented by a linear scale. For S.<0, there is a clear
tendency of increasing C, which means the augmen-
tation of momentum transfer with increasingly nega-
tive S. At S=0, C, takes the plane flow value of
0.09. For positive S, up to about unity, C, decreases
with increasing S.. This implies that the momentum
transfer is suppressed by the stabilizing positive cur-
vature. For larger positive value of S,, the data seem
to scatter very widely. But close examination of the
scattered data reveals a significant behavior of C,. For
the region of S>1, the variation of C, of the fluid
particles following the same streamline, i.e. shear rate
keeps up constant, is depicted by the same symbols.
The closed symbols forming each vertical column are
those obtained along the wind tunnel centerline under
each respective shear condition in the experiment of
Holloway and Tavoularis”. During the initial stage of
the curvature strain, the Reynolds shear stress -uv has
a positive value. By the definition of C,, a positive S,
(i. e., positive strain, dJU/or-U/R >0) produces a pos-
itive C,. Having been exposed to the curvature strain
field for a sufficiently long time, the experimental
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Fig. 4. The dependency of measured eddy viscosity
coefficient on p/e.

data show that the Reynolds shear stress -uv becomes
negative with the downstream distance, and, conse-
quently, positive S, results in a negative C,. Therefore,
C, crosses the line C,=0 to become negative with the
increasing non-dimensional development time 7. defined
by 1=(s/U,) | 0U/or-U/R, |. From the above observa-
tion, it is certain that the curvature and strain history
affect the eddy viscosity very significantly for S>1.
Even for the case S.<-0.1, such history (or memory)
effect is still noticeable.

Finally, the effect of p/e on C, in the range S.<-0.1
can be inferred from Fig. 4 where all measured data
are grouped into three ranges; namely p/e<0.5, 0.8<p/
€<1.2 and p/e>1.5. The solid line represents the mean
of the data with p/e of near unity. Evidently, smaller
p/e produces larger C, and the curvature dependency
of C, is stronger for p/e<l than p/e>1.

5. Conclusions

The curvature effect on the eddy viscosity v, has
been experimentally investigated. The present data
and those of Holloway and Tavoularis® revealed that
such effect can be quantified through a curvature
parameter R, or S, and a non-equilibrium value of
p/e. When the streamline curvature persists for a suf-
ficiently long period, the eddy viscosity is signifi-
cantly affected by the curvature strain history 7.
Experimental result shows that the eddy viscosity
coefficient ratio at S,=3 changes from 10 to -10 al-
though shear rate preserved constant. It is therefore
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suggested that proper curvature modifications, partic-
ularly the strain history effect, must be introduced
into current eddy viscosity models for their applica-
tion to turbulent flows subjected to curvature straining
field for a non-negligible period of time.

Nomenclature

n

: eddy viscosity coefficient in curved flow

0

: eddy viscosity coefficient in plane flow
: turbulent energy production rate (m?s’)
. radius of curvature (m)

F'U

: flux Richardson number
: coordinate of radial direction (m)
: curvature parameter

e

wm =

. coordinate of streamwise direction (m)

s

: streamwise mean velocity (m/s)

)

: production tensor

=

: Reynolds normal and shear stresses (m’/s?)
: turbulent energy dissipation rate (m%/s’)
: eddy viscosity (m’/s)

" non-dimensional development time

< m o
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