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13.5 Wall-Bounded Turbulent Flows

David G. Bogard and Karen A. Thole

Introduction

For wall-bounded turbulent flows, the very high shear near the wall leads to instabilities that ultimately
are the source of much of the turbulence production. These flows can be classified as either external
flows (boundary layers) or internal flows (pipes or ducts). The turbulence generated near the wall results
in bulk movement of fluid to and from the wall region. This causes a very large increase in transport
of momentumn resulting in considerably larger wall shear than would occur with a laminar flow. For
practical engineering design purposes, prediction of wall shear for turbulent wall flows is generaily of
prime importance. Empirical correlations based on relevant geometrical and boundary layer parameters
to predict the wall shear for many generic turbulent wall flows are presented in this section. In some
cases, for more complex flows the wall shear may be predicted computationally with turbulence models of
various degrees of sophistication (computational modeling for turbulent flows is discussed in Chapter 14).

As described in Section 13.1, turbulence consists of eddies with a wide range of sizes. The scale of the
largest turbulent eddies for wall-bounded flows is dictated by the width of the turbulent shear layer (this
is similar to free shear layers). For a boundary layer this is the boundary layer thickness, &, and for internal
flows this is the pipe radius, R, or channel half-height, £/2. However, for wall-bounded flows the wall
imposes a further limit to the scale of turbulent eddies — eddies close to the wall are constrained to be
a size of the order of the distance from the wall, y. Consequently, wall-bounded turbulent shear layers
have two distinct length scales. Near the wall the effect of the wall manifests itself through viscous effects
(except for rough walls} and the turbulent structure scales with the viscous length scale v/u;. The wall
friction velocity, uz = /Tw/p, is the characteristic velocity scale for the turbulent fluctuating velocities.
Consequently, wall-bounded flows have two distinct regions: an inner region where the viscous scaling
(v/u<) dominates, and an outer region where scaling with respect to the shear layer width dominates. These
are often referred to as inner scaling and outer scaling, respectively. The inner region typically extends
to about 0.15 §, and is similar for all (smooth) wall-bounded flows. The outer region characteristics are
dependent on the type of wall-bounded flow, i.e., internal or external flows, and on external conditions
such as pressure gradients and free-stream turbulence levels.

This section describes the characteristics of turbulent wall flows in terms of mean velocity profiles
and the statistics of the turbulent fluctuating velocities. These characteristics of turbulent wall flows are
discussed for fundamental (canonical} flows, i.e., two-dimensional with smooth and flat walls; and for
more cornplex (noncanonical) flows involving external influences or different wall characteristics.

Turbulent Shear Stress

Before proceeding with discussions of specific turbulent wall flows, it is informative to describe
the nature of the increased momentum transport for a turbulent wall flow. The fundamental mechanics
responsible for increased momentum transport are shown by the following analysis of the Reynolds-
Averaged Navier-Stokes equation (the RANS equation presented in Section 13.1), For wall-bounded
turbulent flows with thin shear layers, this equation can be simplified considerably. The following equations
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negligible gradients in the streamwise direction, because generally the width of the shear layer is much
smaller than the streamwise extent of the flow. “Therefore the following approximations are valid {often
referred to as the boundary layer assumptions):

U »>> ¥V

W = 9 {13.44)
a d a

2 —, — =0

ay 7 dx ' 3z

Neglecting insignificant terms based on the above approximations, the x and ¥ components of the
RANS equation become

—aU  _a»u P b { T
~tpV— = 28 9 f U 13.45
U P 3y 3x+3y('u8y p“”) (13.45)
18P vt
oIt - 9 (13.46)
p ay dy

components are zero, so the *-momentum equation reduces to

dP o U __ '
=—— 42,0 13.47
0 dx +8y (‘”‘ay puv) ( )

Note that the equations for A-momentum are similar to the equations that would be obtained for a
laminar flow except for the additional turbulent shear stress term — p1/)7. As discussed in Section 13, 1, the
turbulent shear stress terms are really apparent stresses due to convective transport by the turbulent eddies.
The total shear stress is comprised of the sum of the viscous stress, 7,;, = ,u.aﬁ/ dy, and the turbulent
shear stress 7,,,, = —pu'V'. The dominance of the turbulent stresses across most of the shear layer is

ievel so that they are strongly damped by the fluid viscosity. Within a very short distance ( y* > 10),
however, turbulent shear stress becomes dominant, Note that the total SUess, Trorar = Ty + Trurbs 1S
approximately constant, and equal to the wall shear stress, for a short distance away from the wall. This
region of constant total stress (it actually decreases slowly with distance from the wall) is known as the
“constant stress” layer.

for Reynolds numbers of Re; > 3000. Foran aerodynamically smooth flat plate, the boundary layer is
initially laminar, passes through a transition phase, and becomes turbulent at point which ranges between
Rer = 10° to 3 x 108, Except for controlied laboratory conditions, the precise Reynolds number for which

external disturbances. Furthermore, for pipe or duct flows, a development distance downstream of the
entrance is required before the turbulence is fully developed. At a point approximately x/D = 29 to 40
downstream of the entrance for pipe flow, or x /h = 20to0 100 for channel flow, mean velocity profiles
become fully developed (invariant with Streamwise distance). However, the distance required to achieve
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FIGURE 13.19 Turbulent and viscous shear stress levels acrass boundary layer and channel flows.

Wall Shear Correlations

For many engineering calculations, wall shear for a turbulent wall flow is generaily determined
from empirical correlations. By convention, for pipe flows the wall shear is expressed in terms of the
nondimensional friction factor f, and for channel flows and boundary layers wall shear is typically ex-
pressed in terms of the skin friction coefficient, Cy. Correlations for f and Cy for a range of Reynolds
numbers are presented in Table 13.1. The correlation for f for pipe flows is based on a fit to the Prandtl’s
universal law of friction {21] which has been verified by the extensive experiments of Nikuradse [20] up
to Rep = 3.4 x 10°, The correlation of C f for two-dimensional channel flow was recommended by
Dean [8] based on a review of a wide range of experimental studies. Dean also recommends a minimum
aspect ratio (width/height) of 7:1 to ensure two-dimensional flow at the center of the channeli.

Determining wall shear for an external boundary layer flow is inherently more complex than for an
internal flow, because the wall shear varies with distance along the surface. One of the Cf correlations for
a flat plate, external boundary layer presented in Table 13.1 is in terms of the Reynolds number based on
distance x (Re, ) where x is the length of surface over which the flow has traveled. This correlation seems
most convenient since Rey is easily calculated. However, this ease of application is misleading, since the
correlation was developed based on an assumption of a turbulent boundary layer from the start of the
surface. In fact, typically the boundary layer flow will initially be laminar for some distance, followed bya
distance of transitional flow, and finally become fully turbulent farther downstream, Although correlations
exist that account for different lengths of laminar and turbulent boundary layer flows [26], these require
knowledge of the effective point of transition, which can vary from Re; = 10° to 3 x 105, and is typically
difficult to predict.

The second Cy correlation for turbulent boundary layer flows in Table 13.1 is in terms of Reynolds
number based on the momentum thickness #(Reg). The momentum thickness is a measure of the
momenturn deficit at a given position in the boundary layer and is defined in terms of an integration
across the boundary layer profile as follows:

0 U U
9 =[ 2 - )ay (13.48)
0 Pooloo Uso

The ratio of momentum thickness to boundary layer thickness varies slightly with Reynolds number, but
is typically 8/8 # 0.1 where 8 is the boundary layer thickness defined as the point at which the mean
velocity is 0.997 ,. Accurate determination of 8 requires measurements very close to the wall. However,
because 6 is based on an integral across the boundary layer profile, it is generally more precise than 8.
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TABLE13.1 Skin Friction Correlations

Geometry Correlation Comments
Flat plate White {25)

—_m = __ 0455 4% 105 < Re, < 1010
Cy —w@ Cr 070,06 Ko} x 107 < Rey <
Flat plate Cr = 0.036 Re; "3 Rey < 3000

Cr =0.014Re; %18 Rep > 3000

Rough surface flat plate, , White [25]

fully-rough flow Cr= (l.4+3.7log f)_ x/k =100
Channel flow Cr =0.073 ReJ,T'D'25 Dean (8)
Cp=—tu, 6x10% < Rey < 6 x 10°

%ﬂUm

Pipe flow Colebrook [6)
=8 f= 0.23 Gerhart, et al. [10]

4x10° < Rep < 107

The correlations for C 7 in terms of Reg are curve fits based on the C ¢ distribution tabulated by Coles [71.
These correlations based on Reg are more reliable than that based on Re, because they are independent
of the upstream development of the boundary layer.

For experimental investigations, a turbulent boundary layer is often induced to occur by using a “trip”
device. Trips that have commonly been used include a short length of sand paper and small diameter
cylinders. For these flows, a virtual origin can be defined as the point upstream where the boundary layer
would have started in order to obtain the same downstream boundary layer thickness without use of a
trip. Given a measurement of the momentum thickness & at some position following the trip, the distance
to the virtual origin of the turbulent boundary layer can be established by matching the C ¢ correlation
equation based on Reg with that based on Re, .

Mean Velocity Profiles

The mean velocity profiles over a range of Reynolds numbers for both boundary layer and channel
flows are shown in Fig. 13.20a. The wall normal distance, y, has been nondimensionalized accordingly
with either the boundary layer thickness & or the channel haif-height 4/2. Note that the boundary layer
mean velocity profiles have similar profiles for a wide ran ge of Reynolds numbers, but there is a slight shift
to larger U /U . as Re* increases (Re* = 8ur /v or (/2)u; /v). Better scaling for the outer region of the
boundary layer is obtained using the defect velocity scaled with tr,ie, (U — Ug)/uz. Also, the Clauser
thickness A is often used rather than & since it can be determined more precisely. The Clauser thickness

is defined as
O Voo ~U
A= / —=_ L dy (13.49)
0 Ur

Theslightly larger values for (U/ T ) for the channel flow in Fig. 13.20a are due to fundamental differences
in the outer regions for these two classes of flows (to be discussed later).

The same mean velocity profiles presented in Fig. 13.20a are presented in Fig. 13.20b in which the near
wall region has been emphasized by using a log scale for y/5. The failure of the outer scaling to collapse
the profiles in the near wall region is clear in Fig. 13.20b. Near the wall the mean velocity profiles scale
with the inner variables: friction velocity, uy, and viscous length scale, v/u;. Inner scaling results in
nondimensional velocities #* = U /u; and wall normal distance y* = yu, /v, and the resulting mean
velocity profiles for external and internal flows are shown in Fig. 13.20c and 13.20d, respectively. With

T
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FIGURE 13.20 Mean velocity profiles for boundary layer and channel flows; Re* = 380 and 860 from Harder and
Tiederman [12], Re* = 550 and 1460 from Koske and Tiederman [17}, and Re* = 3710 and 9060 from Bruns et

al. [3]. (a) Quter scaling, (b) expanded outer scaling,

this inner scaling, the mean velocity profile near the wall is invariant with Reynolds number and is similar
for all wall flows, internal and external. The inner region of the boundary layer extends from the wall
to nominally y/§ = 0.15. The inner region can be further subdivided into three distinct regions — the
viscous sublayer, buffer layer, and the log-law region —- as shown in Fig. 13.20c and 13.20d.

The region very close to the wall is known as the viscous sublayer and is between 0 < y* < 5. Here the
viscous shear is dominant and the turbulent shear stress is negligible, resulting in the following relation

for the mean velocity profile:
ut = y+ {13.50)

Between y* 30 and y/§ ~ 0.15, the mean velocity is logarithmic in nature, hence the term log-law region.
In this region, the velocity is represented by

i
u+=Eln)'++C (13.51)

where &, known as the Von Kdrmin constant, and C are empirically determined constants. The values
of the constants used in Fig. 13.20c are k = 0.41 and C = 5.0 as recommended by Coles [7]. The
log-law region corresponds to a region were the inner and outer scaling overlap, i.e., the velocity profile
simuitaneously scales with both inner and outer parameters. Matching the inner and outer scaling of the
mean velocity profile leads to an analytical prediction of the log-linear velocity profile,

The buffer layer represents an intermediate layer between the viscous sublayer and the log-law region.
The following single equation representing the mean velocity profile from the wall through the log-law
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FIGURE13.20 Mean velocity profiles for boundary layer and channel flows; Re* = 380 and 860 from Harder and
Tiederman {12], Re* = 550 and 1460 from Koske and Tiederman {17}, and Re* = 3710 and 9060 from Bruns et
al. [3]. (a) Outer scaling, (b} expanded outer scaling, (c) inner scaling.

region was suggested by Spalding [23):

+32 +\3
yh =yt 4 %€ [e'“‘+ -1 —kut — M - m] {13,52)

2 6

In the outer part of the boundary layer, the profiles shown in Fig. 13.20c show a distinct increase in ™+
relative to an extrapolation of the log-law curve. This outer part of the velocity profile is known as the

wake region. The deviation of the velocity profile from the log-law is generally quantified in terms of the
wake strength IT which is defined as

== (13.53)

where Au™ is the maximum deviation ofthe mean velocity from the log

-law profile as shown on Fig. 13.20c.
An equation for the mean velocity profile includin g the wake region is

obtained by using a wake function
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W(y/8) = 2sin%(5 §) as follows:

n y
+ + el -
umT=—InyT+C+ xw(é) (13.54)

1
'S

For boundary layer flows the wake strength is zero at very low Reynolds numbers, increasing to a
constant value of I1 = 0.55 for Reg > 5, 000. Note that the wake strength for the channel flow is
much smaller than for the boundary layer flow. This difference in wake strength can be attributed to
the intermittency of the turbulence in the outer region. For the outer region of turbulent wall flows,
external flows are significantly different from internal flows in that only external flows have a region of
intermittent turbulence, Intermittency, y, is defined at a point in the flow as the fraction of time the flow is
turbulent at that point, i.e., y = 1 would indicate continuous turbulence. Internal flows are continuously
turbulent, but for external flows, nonturbulent free-stream fluid is intermingled with turbulent eddies in
the outer part of the boundary layer. Typically, for a zero pressure gradient boundary layer flow, the flow is
continuously turbulent, y = 1.0, from the wall to a distance y/8 = 0.6 from the wall. Beyond y/8 = 0.6
the intermittency decreases falling to levels of y = 0.5 by y/8 = 0.9, and y = 0.2 at the edge of the

boundary layer.

Turbulent Fluctuations and Shear Stresses

Knowledge of the characteristics of turbulent fluctuations and shear stresses in turbulent wall flows
is based primarily on experimental measurements. Although direct numerical simulations have recently
added to this data base, these simulations are limited to low Reynolds numbers. Before discussing these
characteristics, a cautionary word about the accuracy of the experimental measurements is in order.
Practically all measurements of these turbulence statistics have been made with either hot-wire anemometry
systems or laser Doppler velocimeters. For hot-wire anemometry, inaccuracies occur when the length
of the sensor is greater than the smallest turbulence length scale. This is particularly a problem for
measurements close to the wall and at higher Reynolds numbers. Several studies have been conducted
to establish maximum sensor lengths and spacing for accurate measurements, including Johansson and
Alfredsson [14], Nakayama and Westphal [19], and Browne et al. [2]. Much of the data presented in this
section were measured with laser Doppler velocimeters (LDV) which have good spatial resolution, but can
have signal processing concerns [s].

Profiles of the turbulent velocity fluctuations i/, s, Uns» and w;,,; for boundary layer and channel
flows are presented in Fig. 13.21aand 13.21b; and profiles for turbulent shear stress u'v’ and the correlation
coefficient Ryy = @V /Uy - Ubms are presented in Fig. 13.21c. Note that the velocity fluctuations in
Fig. 13.21 are nondimensionalized with i, which is the appropriate scaling velocity across the boundary
layer or internal flow. The distributions of u},,; shown in Fig. 13.21a, which covera wide range of Reynolds
numbers for boundary layers and also include channel flows, show the collapse of the profiles near the wall
(y+ < 30) using y*, with a distinct peak of u}., /ur = 2.8 at y* = 15. Away from the wall the profiles
do not collapse with this inner scaling, but do collapse with outer scaling for y/8 > 0.15 (not shown). At
the highest Reynolds number shown in Fig. 13.21a the u) .., profile shows a second peak somewhat further
from the wall, but still within the near wall region. Note that the rate of decay of u; ¢ in the outer part
of the boundary layer is somewhat greater than that for the channel flow, which may be attributed to the
difference in the intermittency discussed previously. Also, the minimum u,,,, levels in the outer region
for the channel flow data shown in Fig. 13.21a represent the centerline values.

Near the wall there are large differences in the levels of the u}, ¢, 1} s and wy,, o turbulent fluctuations
as is evident in Fig. 13.21b. Wall normal fluctuations are most directly suppressed by the wall resulting in

lower values of v/, _ relative to the other components. Both v},,; and w;,,; have maximum levels over

rms

broad regions in the log-law region rather than the sharp peak near the wall as for u;,,;. In the outer
region, the u},, ., )., and w},, ; levels converge. Although there are some indications of increasing levels
of vl . and w!,,, with increasing Reynolds numbers, the near wall distributions shown in Fig. 13.21b are
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FIGURE13.21 RMS velocity fluctuations and Reynolds shear stresses for boundary layer and channel flows; Re* =
380 and 860 from Harder and Tiederman [12), Re* = 550 and 1460 from Koske and Tiederman [17], and Re*

3710 and 9060 from Bruns et al. [3], (a) &/, for a range of Re*, (b) comparison of Uy ¢ v, W/,

relatively Reynolds number independent. The distributions of Upmss Vpmgs and Wy, in the outer region
are Reynolds number independent when scaled with ¥/A.,

Recall that the Reynolds shear stress is the turbulence contribution to the total stress, Consequently,
when the Reynolds shear stress is normalized with the wall shear stress, «'v’/ uZ, the maximum magnitudeis
1.0. Profiles of u’_'v"/ui presented in Fig. 13.21¢ show that Reynolds shear stress approaches this maximum
in the log-law region and then decreases in the outer region due to streamwise pressure gradients for
internal flows, or due to boundary layer growth for external flows. The range of different curves in the
outer region collapses to a single curve when scaled with y/A. In the viscous sublayer, u’_v’/u% decreases
to essentially zero. Also shown in Fig. 13.21c¢ is the profile for the correlation coefficient R,,,,. For internal
and external flows there is a very broad region with a constant value of Ry, = —0.4 that is independent
of Reynolds number,
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Energy Spectra and Length Scales

The power spectral density measured at a point in a turbulent flow gives an indication of the
turbulence energy content at different frequencies. Physically, the measured velocity oscillations are
essentially due to the size of eddies convecting through the measurement point, so the frequency of a
measured turbulent fluctuation is more appropriately interpreted in terms of the inverse of the size the
turbulent eddy, i.e., the wavenumber k. The frequency f (in Hz) of a measured quantity can be converted
to wavenumber k) using kj = 2 f/U. Note that in general the wavenumber k is a vector quantity, and
k) is the wavenumber component in the direction of flow. A typical power spectrum for wall bounded
turbulent flows in shown in Fig. 13.22a, where Eq1 (k1) is the power spectral density for the u’ fluctuating
velocity component. The measured power spectra in Fig. 13.22a are compared to a theoretical equation
for isotropic turbulence with no viscous dissipation developed by Von Kérman [13] which is as follows:

2r Eyy (k1) 4

A 1576 (13.55)
rms x ll + [4A ki3] }

where A is the streamwise integral length scale defined as

Ac= / Ru(r)dr (13.56)
and the autocorrelation Ry is defined as
wix)-ulx +r})

Ry = —U+-— (13.57)

urm:

where r is a displacement distance in the x-direction. The integral length scale is a measure of the largest
scale of the turbulent eddies and is typically A, ~ 0.48 across much of the boundary layer.

Equation (13.56) can be reformulated in terms of the [imiting value of the power spectrum as k;
approaches zero, yielding the following equation for the integral length scale A,:

_ En (kg o

2
4urms

A= (13.58)
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FIGURE 13.22  Power spectral densities for wall bounded turbulent flows (sample data from a boundary layer with
Re* = 320). (a) Normalized power spectral density, (b) energy content at a given wave number,

Hence normalizing Ey (k) with u;zm sAx,asin Fig, 13.22a, forcesa collapse of the data as k) approaches
zero. The Ey) (k;) spectra for positions from the outer part of a boundary layer to very close to the wall
(y* = 15) follow the Von Kdrmdn equation well for low wavenumbers, i.e., the larger scale turbulent
eddies. At higher wavenumber, £ 11 (k1) falls below the Von Kirmén equation prediction — this is due to
viscous dissipation of the turbulent eddies which becomes significant at higher wavenumbers. Asindicated
on Fig. 13.22a, the fall-off from the Von Kérman equation due to viscous dissipation occurs at higher k)
for increasing Reynolds number.

Three different regimes in the wavenumber domain are believed to exist for the scaling of the power
spectal density for turbulent wall flows. The low wavenumber regime has been found to scale with the
outer variable § — note this is consistent with the collapse of the spectral data shown in Fig. 13.22a since
Ay is proportional to 8. The intermediate wavenumber range scales with distance from the wall, y, which
is considered an inner variable. The large wavenumber range scales with the Kolmogorov length scale,

scaling of turbulence occurs not only at different distances from the wall, but at different wavenumbers
at any given position. Furthermore, the spectra show that outer scaled effects occur even in the near wall
region, and wall and viscous effects are noticeable even far from the wall.

Also indicated on Fig. 13,222 are regions of kl"] and of k, 53 decay for the power spectral density. The

region of kl_5/ > decay, often calied the inertial subrange, is predicted for isotropic turbulence small enough
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{0 be independent of large scale motions, yet large enough so that energy 1s transferred from larger scale
eddies to smaller scale eddies with negligible viscous dissipation. The kl region is predicted from the
overlap of the outer § scaling of the largest eddies and the inner y scaling.

The relative energy levels of eddies with different wavenumbers (sizes) is more readily apparent from
the k| - E11 (k1) product. Figure 13.22b shows the power spectra in this form where it is apparent that the
most energetic eddies occur at a wavenumber of ky = 1/Ay, i.e., eddies of the size of the integrat length
scale, Also evident from Fig. 13.22b is that there are significant energy levels over a very broad range of
wavenumbers of about a two decade range. This range of wavenumbers with significant energy levels

increases with increasing Reynolds number.

Noncanonical Flows: Surface Roughness, Pressure Gradients, and High Free-
Stream Turbulence

Surface Roughness

Surface roughness causes large increases in surface drag and substantially alters the turbulence
characteristics near the wall. A surface is considered aerodynamicaily smooth {roughness has no noticeable
effects) if the heights of the roughness elements are less than k7 = 5, where k; is the sandgrain size for
uniformly distributed sandgrain roughness. For many practical flows this is actually quite small, so that
roughness effects are 2a common occurrence.

With roughness elements protruding into the flow, pressure forces on these elements can be a dominant
component of the drag force on the surface. When pressure forces dominate, the flow is said to be fully
rough and viscous effects are negligible. Fullyrough flow typically occursfork; > 70, and theintermediate
regime where both viscous and pressure effects are important, 5 < k} < 70, is known as transitionally
rough. Although these limits are given in terms of sandgrain roughness height (as are many correlations),
equivalent sandgrain roughness heights can be determined for other types of rough surfaces [22]. Most
rough surfaces are categorized as “k type” in which the roughness effects on the flow scale with roughness
height k. The other category of roughness is known as “d type” for which the roughness elements are
large and closely spaced so that the flow passes over the top of the elements with stagnate fluid between
the elements. Velocity field characteristics for d type roughness scale with the boundary layer thickness or
width of the internal flow geometry.

The correlation for the friction factor f for pipe flows presented in Table 13.1 includes the roughness
parameter £/ D where ¢ is the roughness height and D is the pipe diameter. Roughness heights as small as
e/D = 1072 will cause significant increases in the friction factor and hence pressure losses. For a flat plate,
if the roughness is known to be large enough such that fully rough flow occurs, the correlation for skin
friction coefficient Cy presented in Table 13.1 is applicable. Note that for rough walls this “skin friction”
is actually primarily pressure forces on the roughness elements.

Using inner scaling, the mean velocity profiles for rough surface flows follow the same logarithmic
profile as for smooth surfaces, except that there is a —Aut displacement of the profile, i.e.,

+

uT =-—In (y+) +C - Aut (13.59)

1
K
The —Au™ displacement increases with increasing roughness. For fully rough flows viscous effects are

negligible, and scaling with respect to y* is not appropriate. The appropriate length scale is k; and the
near wall mean velocity profile becomes

ut = ln ( ) +8.5 (13.60)
K kg

The outer region of the mean velocity profile is unaffected by surface roughness. Somewhat surprisingly
the u,,,,,, turbulence levels in the near wall region decrease when scaled with i, (but turbulence intensity,
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- s/U, does increase), In the outer region, there j no affect of Foughness op U s /Uy when scaled with
Y/ A, The Reynolds shear SEress is unaffected by roughness from the peak of the it Jeye] near the waj]
through the Outer region [18),

Streamwise Pressure Gradients

Streamwise pressure gradients cap ause significant changes in an external turbujen; wall flow,
Positjve {adverse) streamwise pressure gradients cap Breatly incregge turbulence levels, by decreases wy]j
shear, and eventually cayges Separation from the wall. Negative (favorable) Pressure gradients Suppress
turbulence, byt Cause increases jn wall shear. Tubuience levels can pe Suppressed to such an extent by

negative pressyre gradients that reJammanzation occurs, Relaminarization Occurs for pressure Bradients
greater than K = 3 5 156 where K is defined 4
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(13.62)

aries as Uy ~ x™
pressure forces on
tde than 1 indicate

pressure gradient
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FIGURE 13.23  Pressure gradient effects on the mean velocity profile of a boundary layer flow. (Source: Koske, J. E.
and Tiederman, W, G., Report PME-FM-91-3, Purdue University, 1991.)
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FIGURE 13.24 DPressure gradient effects on the rms velocities and Reynolds shear stress profiles of a boundary layer
flow. (Source; Koske, J. E. and Tiederman, W, G., Report PME-FM-91-3, Purdue University, 1991.)

Free-Stream Turbulence
High levels of free-stream turbulence affect turbulent boundary layers causing increases in skin
friction and altering the velocity statistics in the outer part of the boundary layer. The effects of fr_ee-stream
turbulence are dependent not only on the turbulence level, typically quantified by Tu = u,,, /U, but also
on the length scale of the free-stream turbulent eddies, quantified through either the integral length scale
(Ax) or dissipation length scale (L£) where the dissipation length scale is given by the following relation:
(u 2 332
- (13.64)
—_ d(u,‘?,,, ,)
Voo =gz
Increases in skin friction due to high free-stream turbulence levels are quantified in Fig. 13.25 in terms
of the ratio (Cy — Cy,5)/ Cf,o where Cy  is the skin friction coefficient with zero free-stream turbulence
at the same Rey. Note that the data in Fig. 13.25 are correlated using the H B parameter [11], which is
based on a combination of turbulence level and dissipation length scale. The H B parameter is as follows:

L

%@— (13.65)
(+2)

HB =
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The effect that free-stream turbulence has on the boundary layer is primarily in the outer region. As
free-stream turbulence levels increase, the wake strength for the mean velocity profile decreases, and the
wake strength actually becomes negative for very high free-stream turbulence levels, Elevated turbulence
intensities are found throughout the outer region, but the turbulence levels near the wall are unaffected
except for very high free-stream turbulence levels of Tu > 12%,

0.4 , : : ;
Fl & Tu<15% Boundary Layer Flow
o 10% < Tu < 20% i
03k Curve Fit | ‘
cC )
A/ 3 C,.C o
c.” ( 19 0110014 2 o
fo 02 fo S \
Re, ™ & AT ;
C o
0.1} ]|
i
L 1 L 1 !

HBnTul(2+Lu'16)

FIGURE 13.25 Increases in the coefficient of friction C  for turbulent boundary layer flows subjected to high free-
stream turbulence levels Tu with dissipation length scales L,%. (Source: Johnson and Johnston [15), Ames and
Moffat [1], and Thole and Bogard [24].)
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