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Velocity and temperature scaling in a rough wall boundary layer
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Measurements of the three velocity fluctuations, w and of the temperature fluctuatierhave been made
in a turbulent boundary layer roughened by wall-mounted spanwise cylindrical rods regularly spaced in the
streamwise direction. Power-law exponents have been estimated for spectra, cospectra, and the corresponding
structure functions associated withv, w, and § at various locations across the layer. In the scaling range, the
u andv spectra exhibit the largest and smallest slopes, respectively. The slope of the temperature spectrum is
quite close to that of the spectrum corresponding to the mean turbulent egbgyThe scaling range slope
of theu @ cospectrum is greater than that of e cospectrum which, in turn, is slightly larger than that of the
v 6 cospectrum. These observations are fully supported by the relative behavior of the structure functions. The
magnitudes of the scaling exponents decrease as the wall is approached while those of the intermittency
exponents increase.

PACS numbds): 47.27.Nz, 47.27.Lx, 47.27.Gs

I. INTRODUCTION previous observations would suggest that the magnitude of
Ny, the IR slope ofpy(k,), viz., ¢q(k1)~k1_"q, should be
It has been pointed outl,2] that, for turbulent shear close to that ofn,. Alternately, in the context of second-
flows, the inertial rang¢IR) slope,n,, of the scalar spec- order structure functions, the expectation is thatand ¢,
trum is less steep than anticipated unless the magnitude ghould have approximately the same magniti@eHere, {5
the Taylor microscale?, Reynolds number exceeds about represents the IR exponent (f8B3)2), viz., ((88)%)~r*s,
1000. This behavior is not unique to the scalar spectrumwhere, in generalB=B(x+r)—B(x). The similarity be-
Spectra of the lateral velocity fluctuatienalso have an in-  tween((5q)?) and((86)2) was considered in some detail in
ertial range slopen, whose magnitude is typically smaller [9] for values ofr in the dissipative and inertial ranges as
than that(5/3) predicted by the Kolmogorov 194f8], or  well as whenr is comparable to the integral length scale
K41, phenomenology unless, is at least 1000. A plausible Reasonable support fgy= ¢, has been obtained in the wake
explanation for this behavior is that isotropy in the inertial of a slightly heated circular cylindef10]. The boundary
range, a key ingredient of K41, is not strictly satisfied unlesgayer data of Mestaydrl 1] at y/ §=0.33 (y is the wall nor-
R, is large, possibly even larger than 10000. There is evimal coordinate and the boundary layer thicknessug-
dence[4-6], based primarily on the relative behavior of gested thah,~n,. Sreenivasaii2] has already noted that,
((6u)?) and ((6v)?), the second-order longitudinal and for the latter datan,=1.49, a value significantly smaller
transverse velocity structure functiofisere Su=u(x+r)  than the Corrsin-Obukhoj12] value of 5/3. While the dis-
—u(x) and sv=v(x+r)—v(x) are the increments of the crepancy may in part be attributed to an insufficiently large
longitudinal u and lateralv velocity fluctuations,r is the R, (= 616 in this casg other factors, such as the wall sur-
component of the separation vector along xhgirection| to  face condition and the mean shear, cannot be dismissed. It is
indicate that K41, or more appropriately the refined phenomimportant to know how these factors affect the relative mag-
enology of the Kolmogorov 19627], will be approached njtudes ofn, or {4. In the context of a smooth wall turbu-
asymptotically. There is also eviden¢g] suggesting that |ent channel flow, the magnitude ¢f, has been found to
this approach may not be universal, in that the exponents fojjecrease as the wall is approached, a result ascribed to the
((6v)?) may vary in different flows, or even in different intermittent presence of near-wall organized and relatively
regions of the same flow, for nominally the same range ofntense vortical structurd3—15. This would in turn lead
Ry. to an increased intermittency of the energy dissipation rate,
There are only a few experiments.g.,[8]) where mea-  consistent with the observed departure frgnfrom K41.
surements of all three velocity fluctuations as well as the |n this paper, we consider a boundary layer over a specific
scalar fluctuation are available. ﬂﬁ], the focus was entirely type of roughness with the wall S||ght|y heated so that tem-
on comparing the turbulent energy spectrigtk,), defined  perature can be treated as a passive scalar. The fluctuations
such thatf g ¢q(ki)dk;=(g?)=(u?)+(v?)+(W? (Wis the  (u,v,6) and (u,w,6) are obtained in separate experiments,
spanwise velocity fluctuation arid, is the one-dimensional as a function of distance from the wall. This allows estimates
wave number or twice the mean turbulent kinetic energy, of bothn, and{, to be obtained, the latter using two differ-
with the temperature spectrum,(k,), defined such that ent methods. Special attention is paid to the similarity be-
Io do(ki)dk,=(6?) (8is the temperature fluctuatipnVhen  tween ¢q and ¢, or between((5q)?) and((56)%). In par-
normalized to unity area, the distribution @f,(k;) and ticular, we consider how (or {o) andn, (or {,) vary when
¢q(K1), measured in a number of turbulent shear flows, werghe surface is approached. An attempt is made to quantify the
found to virtually coincide, at least over a rangekgefwhich intermittency associated with different quantities using the
contributes significantly to the variancég®) and(g?). The  scaling range if{(5u)?(58)%).
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Q (2 x; TABLE |. Kolmogorov scales and flow parametd®g and S*.

Uk

n
y b yl 5 R, (mm) (ms™Y) S

0.09 280 0.054 0.28 0.052
0.19 330 0.060 0.26 0.057
0.37 390 0.067 0.23 0.053

traversed in the direction. A typical record duration was 32
Flow X s although longer duration®00 9 were used at five loca-
— — tions. The signals were low-pass filterécutoff frequency

( f.=16 kHz), using fourth-order Butterworth filters and digi-
tized at a frequencys=2 f. with a 12-bit sample-and-hold
A-D converter. The choice of. was estimated from the
spectra of the unfiltered differentiated voltage signals using a

real-time spectrum analyzer. The Kolmogorov length (

FIG. 1. Rod roughness geometry. Plan and elevation views are_ 3/4y( ¢\ L4 ; — 14y \1/4 ;
. . = € and velocit = € scales were esti-
shown together with coordinate axes. vi{e) ™) y bc=v"(e)™)

mated using the isotropic value for the mean energy dissipa-
Il. EXPERIMENTAL DETAILS tion rate(e), i.e., (€)io=150((u/dx)?), with ((du/ax)?)
. . ;f?jkfd)u(kl)dkl. Before carrying out this integration,
Measurements were carried out in a zero-pressure gradj L(k)) was corrected for noise and extrapolated to large
Sn: t.lljrgucljent poyndar?‘/ tlﬁ\yer .O\ée: a ro;j—roughgnedlrvgall. A\Nave numbers by assuming an exponential decay of the
T e e s Ao ca (PECIUTIE 0. 17). AL T samey, here is agreemeno
ylay PP y y within 2%) between(e) obtained from both the long and

rod followed by a 150-mm-wide strip of No. 40 sandpaper. . . :
The roughness extead m downstream of the trip and con- short dura_tthn data and also _dlfferent probe geometrles..Note
that( €);s, is likely to underestimate the true value, especially

sists of cylindrical copper rod&=ig. 1) spanning the height ,
of the tunnel[the boundary layer develops over a slightly "€ar the wal[18]. Measured energy budgets from whieh

heated aluminum wall in the-vertical (x-z) pland. The ~Was inferred by diff_erencédi_ffusion by pressure fluctuations
rods are placed at a streamwise pitch to roughness heighs neglectedconfirmed this expectation. However, the use
ratio (p/k) of 4. The wall temperatureT,,, was constant Of (€)iso Should be adequate for obtaining estimates; ahd
over the first 2.5 m of the boundary layer add™ (=T, Uk ; also, the precise value dk) is not important in the
—T,, whereT, is the ambient temperatyrevas 12.3°C. To context of this paper where the primary interest is the relative
a good approximation, the flow may be considered to be fre@ehavior of the scaling exponents.
from buoyancy effects, since at a distanxce2.1 m from the Because of the possible errors associated with the use
trip, Gr, /RE(=[gBATX3/v?]/[Ux/v]?)=0.002; B is the  of Taylor's hypothesis near the wall, where the local turbu-
coefficient of thermal expansion ard, is the freestream lence intensity is high (U?)Y4U>0.3) and the effect of
velocity. the turbulent/nonturbulent interface over the outer region, we
For U;=20ms !, the Reynolds number based on mo- have focused mainly on the range 8y/5<0.5. Table |
mentum thicknessR, (=U6,/v; &, is the momentum gives the Kolmogorov scales and nondimensional flow pa-
thickness, was 15000. The Reynolds stresses and turbulentametersR, [(u?)Y/2\/v, where A=(u?)Y?/((gul9x)?)/2
heat fluxes were measured using two probes aligned in thig the longitudinal Taylor microscaleand mean shear
x-y andx-z planes. Both consisted of a cold wire located s* [ =(gU/ay)(v/({€))*?] for the 200-s records within this
immediately upstream and perpendicular to the plane of theange. Note that, over this range, the normalized mean shear
X wire. This arrangement m|_n|m|zed the influence of the hotis approximately constant whiR, increases witly/ 8. Tay-
wire on the cold wire. The wiresi(,=1.25um Pt=10% Rh  |or's hypothesis is used to estimate béthandr from f and
of the X probe in thex-y plane were etched to an active ; respectively, where is a time delay. Depending on the
lengthl,, of 0.21 mm. The separation between the wires wasspecific context, an asterisk denotes normalizatiomy ,
0.4 mm and the included angle was 95°. A separate experand/or 6= ((e,)5/Ux)"2 The temperature scal@y is
ment was carried out with aX probe in thex-z plane. The  hased on the mean temperature dissipation (gfeand the
wires (dy,=2.5um, 1,=0.5mm) were separated by 0.45 Kolmogorov time scale $/Uy).
mm; the included angle was 104°. The cold wird,,(
=0.6um Pt—10% Rh for both probes was etched {g,
=0.62mm. The hot and cold wires were qperated by in- Ill. SPECTRAL SCALING EXPONENTS
house constant temperatuia an overheat ratio of 1)%nd
constant current0.1 mA) anemometers, respectively. The  Several different methods were used to estimate the
probe was calibrated in the freestream of the working sectiosecond-order scaling exponemj. One estimate was based
against a Pitot tube connected to a Furness manometer. Tha identifying the optimum plateau in the compensated
yaw calibration was performed over20°. Each probe was spectrum. Once the widest plateau was foubg trial and
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FIG. 2. Kolmogorov-normalized spectra ofv, w, 6, andq at
y/ §=0.37. Also shown is a compensatadgpectrum to help iden-
tify the scaling range. Note thqt§,°¢2(k’l‘)dk{:(,82)luﬁ when
B=uu,w and (B%/6% when B=60. ——, B=u; ——,
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FIG. 4. Kolmogorov-normalizediv, u#, andv é cospectra at
y/6=0.37. Also included is the same compensatespectrum as
shown in Fig. 2. —-8=u, y=v, ——, U, 6, -, v, 6§, —,
I 507 (k).

v —— W, ==, 6; =, G; —, K %9 (KT).

closely supports the proposal [&]; an obvious implication

of the figure is that there is a significant range of turbulence
length scales which contribute equally to the turbulent en-
scaling range based o, [note that the exponemy is  ergy and the temperature variance. The similarity is not re-
positive since it is assumed théj(k;) ~k, "6 over the scal-  Stricted to the most energetic scales; in this context, it is not
ing rangd. This range was also used to determine the expo3U'PSINg tha:, fgr the scaling range identified in Fig. 2,
nentn,,, corresponding to th@y cospectrum. This approach ®q (k1) and é; (k) exhibit the same slopes.

differs somewhat from that used f,2] or [19] wheren,, Dlstr|but|ons_ of theuy, ué, anqlva cospectra m_easgred at
n,, andn, were estimated by optimizing the plateau in eachthe same location as that for Fig. 2 are shown.m Fig. 4; for
case. The application of this latter method to the present datgference, the compensatedspectrum of Fig. 2 is repeated
would have resulted in slightly different scaling ranges forhere. The cos_pectra exhibit convincing power-law behaviors
each quantitys and also slightly different magnitudes of ; over the scaling range. Thed cospectrum has the Iargest
however, the effect on the relative magnitudesngfor its ~ SI0Pe(2.18 and thev § cospectrum the smallet.80; this
variation with y/38 is sufficiently small not to affect the behavior seems to refle_ct the relative magnitudes of the ex-
present conclusions. The scaling range in Fig. y@&( Ponent:y, ny, andn, with n, andn, the largest and small-
—0.37; R, =390), identified by the plateau in the distribu- €St respectively. Estimates of, n,, n,,, andn,, inferred

tion of k* 1.59 *(k*), is relatively largeabout one decade in from the spectral slopes, are plotted in Fig. 5 as a function of
u ’
k}). Over this range, spectra of different quantities exhibity/ 8. Data from both short and '°T‘9 records are shown. All
relatively different slopes¢* and¢* having the largest and exponents decrease as the wall is approached. The greatest
u v reduction is inn,, whereas,, appears to be least affected.

H * *
smallest, respectively. Note thd, , ¢q. and ¢ have ap- The effect onn, probably simply reflects the important at-

proximately the same slopes. The convention used here ., ,ating effect the wall exerts on the(wall-norma) fluc-
that [o¢p(ki)dk,=(B°) while [g¢%(ki)dky=(B")/Uk,
when B=u,v,w and(B?)/ 6% when = ¢. The distributions

erron for kzuqsu(kl), the exponennh; (B=v,w,6,q) was
subsequently inferred by least-squares fittingsipover the

. . 1.8 T T 2.2
of kI ¢q(K})/(g%) andk ¢,(K})/(6%) in Fig. 3 are nearly o
inseparable except at very small or very large. This 16kF S, -y “ad2.0
By - c s
L] ey T
03 LR AL B LA | \"{‘v"“‘”",\“"‘l Ty 14 - 9¢}A/1 l/’A ’v _____ v 7*7_VA_ 18
9. S T
S os ) i 120 YT o___, 16
2F oy - vy ® O S oe
¥ ¥ 10F [t T 14
g / f - b@v/d 0 -
x , ® O o
< o1t ol 1 0.8 : : 12
Y G 0.0 0.2 0.4 0.6
//;j,//’/ y/8
P .
0 L1 |||i’|ii TR NA T T B R A 11! ||ne||l i FIG. 5. Variation W|thy/5 of Spectral Scaling exponer‘m% for
105 104 108 | 102 101 100 B=u,v,w,0,q. Solid symbols correspond to long records; open

k1 and crossed symbols correspond to short recdriis8=u; V, v;

A, w; O, 8, ¢, g. Crossed and\ symbols are from theu,w, 6)
probe;d, V, O symbols are from theu,v,6) probe. To avoid
crowding,n, andng are plotted on the right vertical axis. Lines are
shown to clarify the trend for eaaty .

FIG. 3. Distributions of k} ¢z(k})/(B% for B=u,q,6 at
y/5=0.37. Note thatfgps(ki)dki=(B%. --, B=u; ——,
0, ---, q.
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FIG. 6. Distributions of (68*)2?)r* ~¢s aty/ §=0.37. The mag-
nitudes of {; are shown. —gB=u; ——, v; ——, W; —,
6, ---, 0.

FIG. 7. Distributions of(88* 8y*)r* ¢ at y/§=0.37. The
magnitudes of s, are shown. —8=u, y=u; ——, U, v; ---, U, 6;
——, 0, 0.

tuation. The magnitude d®, decreasetsee, e.g., Table ks
y/ 6 decreases over the range wfé covered here. It is
tempting to ascribe the decreasenip, asy/§ decreases, to _ )

that inR, . Such an association wo‘tld be consistent, at Ieas(t(‘sﬁ*)(ay*))r* {ﬁ.y are *shzominizn Flg. © and. 7. respec-
qualitatively, with the increase ing with R, , observed in t|vel_y.. The plitfali 'r(f&% ) >r_ ! |s_not as wide as. that
shearless grid turbulence, or in the region straddling the axigxhibited byk; "¢y (k) implying scaling ranges of differ-

of symmetry, for either jets or wake flows. There are, how-ent extents. A similar observation was made[Bg]. Note

ever, at least two reasons which invalidate this associatiordlso that the values ofi,(=1.59) and{,(=0.64) do not
First, the present increase ) is larger than that measured, quite correspond in that, is smaller than (% ¢,). This

over an equiva|enR}\ range, in the pre\/ious|y mentioned Correspondence has been discussed in some detail by Hou
flows or flow regions. Second, as mentioned in Sea,l, €tal{23], who emphasized that the finiteness of the power-
(and a fortiori n,) also decreases as a smooth wall is apJaw range makes the translation between the power law of
proached. For the channel flow investigatio b8], n, was  the spectrum and that of either the correlation function or
found to decrease continuously between the center line argfructure function inexact. Not surprisingly, the validity of
y*=20 (a similar trend was reported Hyt4]); and yet,R, this translation improves &g, increasege.g.,[24]) and the
increases from the center line to a maximum ngar=10  Power-law range dilates.

[20]. This trend is opposite to that observed over the present Notwithstanding the inexactness of the translgtion for the
rough wall. A more likely explanation for the decreassjp ~ Present moderate values B, the relative magnitudes of
close to the wall is that Suggested[tts_la_ That iS, there different é’ﬁ and their variation Wltfy/5 (F|g 8) are Closely

is an increased intermittency of the energy dissipation ratéimilar to those ofng in Fig. 5. In particular, the rate of
due to the presence of relatively intense vortical structure§icrease of, with y/ & is relatively small while that of, is

near the wall. The vortical structures near the present rouglr9est.

wall are likely to differ, with respect to both geometry, in-

squares fits t¢(53)2) and{(58)(Sy)) over the scaling range.
The corresponding distributions d{88*)2)r* ¢4 and

tensity, and also frequency of occurrence from those over a 0.7 — :
smooth wall or indeed over a different type of surface rough- o mE O a
ness. Some evidence for this was given[21]. A conse- 06  m weo®ws 0 7 O q
guence of the previous speculation is that each type of sur- - o
face will have its own distribution ofi;. 05F o %4 0 ¢ °
B @ o [} 3 o
ap q¢ . o A R A A :
04+ A & v v
Wa v v v v
IV. SCALING EXPONENTS FROM STRUCTURE o
FUNCTIONS 03 w™
A second method of estimating a scaling exponent, 0.2O 5 0'2 0'4 0.6
closely related to that described in Sec. lll, is to determine ' ‘ Vs : '

the “best” power-law exponents for the second-order struc-

ture functions((88)?), having first identified the scaling FIG. 8. Variation withy/& of scaling range exponents; for
range. For consistency with the first method, this range i%zu,vyw, 0,q obtained for the same scaling range as was deter-
that corresponding to the widest plateau (i6u)*)r v mined using((8u*)?)r* ~%. Solid symbols correspond to long
which also compares well with the plateau(ibu)®)r ~*.  records: open and crossed symbols correspond to short records.
The exponents{,s (B=v,w,0,q) and (g, (B=U, v pB=u; V,v; A, w O, 6 ¢, q K andA symbols are from the
=vy;u,6;v,0) were subsequently obtained by applying least-(u,w, §) probe;J, V, O symbols are from theu,v,6) probe.
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FIG. 9. Kolmogorov-normalized structure functionswfv, w,

6, and q at y/6=0.37. Solid lines are fits to the measurementsw

obtained with Eq.(1). The magnitudes of; are shown. [J, 3
=u; V,u; A,w; O, 6 ¢, Q.

Two other estimations of ; have been carried out. The
first uses the relation

o aBr*Z
((6B )>—m, (1)

as a relatively reliable descriptor of the behaviot @53*)?)
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FIG. 10. Distributions of (58)2) normalized by the variance

2y aty/ §=0.37. Solid lines are fits to the measurements obtained
with the nondimensional form of E¢1). The magnitudes of ; are
shown. O, B=u; V,v; A,w; O, 6, ¢, q.

(B=u,v,w,6,q) via the relation

mp=2-1{p(2,4). 2
To determineu,, ((du)*(8q)*) was approximated by

the expression{((5u)®)+2[{(8u)?(dv)*)+{(6u)?(ow)*)

+{(u)*(Sv)?) +{(du)*(sw)?)]}  since the  term

for values ofr* which span the dissipative range and a sig-((&u)z(év)z(ﬁwﬁ was not measured. Figure 11 shows the

nificant portion of the inertial range. Equati¢h) has been
used by a number of authofs.g.,[25]) with B=u. It has
also been applied to data f@=u, v, or #[26,27] to deter-
mine theR, dependence of;=(2—{;)/2 in several flows
(grid turbulence, jets, and wake&igure 9 indicates that Eq.
(1) fits the measured distributions ¢{58*)?) quite well.
There is some arbitrarinef86] associated with the selection
of r .« the maximum value af* used for fitting to the data.
The magnitude of ; is relatively insensitive to the choice of

variation of u g with y/ ; only the longer records were used
in order to minimize the uncertainty of estimating mixed
sixth-order moments. As the distance from the wall in-
creases, the magnitude pf; decreases. This is not consis-
tent with the concomitant increase R) but it is consistent
with the previously reported increasen (or {z) with y/ 4.
The magnitude of,, aty/5=0.37 is significantly larger than
that for the highR, atmospheric flow of30] or the cocensus
value(= 0.25 suggested ifi31]. The difference between the

r* ... where a significant plateau is observed in Fig. 6; in-Present intermittency exponents and those usually quoted for

deed, a similar maximum is obtained usitgsu*)3)r* —1
(not shown. The uncertainty in determining, increases

“fully developed” turbulence, under nearly homogeneous
and isotropic conditions, is not surprising. One expects the

when R, is small and the plateau is absent. The relativeSpatial intermittency of both the velocity and temperature

values of{ 4, indicated on each curv&ig. 9), closely mimic
those ofn, inferred from the spectrérig. 5 and are in close
agreement with those df; shown in Fig. 8. In particularg,

is smallest and), largest;{y and {, have the same magni-
tude. Whereas the distributions 6f5q*)?) and ((56*)?)
are different, the distributions of((8q)2)/(g%) and
((86)%)1{6?) (Fig. 10 follow each other closely.

Significant use has been made of the extended self-

similarity (ESS method [28] for determining {5. This

method is less effective when it is applied in regions where

the effect of the mean shear is significa@®]; for this rea-
son, ESS estimates ¢f; are not presented.

V. INTERMITTENCY EXPONENTS

An estimate of the intermittency parameterg, associ-

dissipation rates to increase as the wall is approached and the
effect of the shear, presumably via the relatively intense
near-wall vortical structures, becomes more pronounced. It is

1.0 ) T T T
0.8+ . Y 1
R

g v b g
o 06+ a° 4
N p=uld ©
cl\lln 04+ = a 4
=3

0.2 .

0.0 I | |

0.0 0.1 0.2 0.3 0.4
y/e

ated with each of the main quantities, was determined from

the scaling exponents;(2,4), where

((8u)*(5B)*)~rés>4

FIG. 11. Variation withy/ s of intermittency parameterg ; for
B=u,v,w,0,q. Only data from the longer records have been
used. O, B=u; V,v; A, w; O, 6, O, q.
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also reasonable that the magnitudewgf is larger than that VI. CONCLUSIONS

Of puy OF u given that is most affected by the presence of b o 12y exponents, associated with the scaling range,

the vv_a!l. The larger value _q&e , felative tou,, is also Ot are estimated for both spectra and structure functions of sev-
surprising but the small difference between the magnitudeg 5| quantities, including all three velocity fluctuations and
of uy anduq contrasts somewhat with the near-equality be-the temperature fluctuation measured in a turbulent boundary
tween, (or ng) and g (or ng). A possible cause for this |ayer over a rough wall. These estimates, obtained using a
may be the approximation we have used to generatfumber of different methods, are in quite reasonable agree-
((du)*(59)*). A more likely possibility is the nonperfect ment with each other. For each method, the magnitudes of
correlation that exists betweenand e,. This will be the  the exponents decrease as the wall is approached. The reduc-
subject of a future investigation. tion is ascribed to the increased intermittency due to the rela-
The presenju ; estimates, via Eq2), have been obtained tively intense near-wall vortical structures. The greatest re-
independently from intermittency models. It is therefore ofduction is observed for the exponemts and £, associated
interest to see how the models compare with the data fofith ¢, and((6v)?), respectively. Consistently, the inter-

((8B)?), when the present estimates of; are used. The
log-normal[7] and She-Leeque [32] models both indicate
that the magnitude of,, exceeds? and increases with in-
creasingu, . In contrast, Fig. 5 indicates thdt, is always
smaller thani. The log-normal model for temperatufa3]
predicts that the magnitude ¢f is smaller thar§. While this
result is in qualitative agreement with in Fig. 5, the mea-

mittency exponenj, is greater than eithes,, w,, Or py.

The magnitudes of, and {,, the scaling exponents corre-
sponding tog, and( (59)2), respectively, are in close agree-
ment with those oh, and {,. This agreement supports the
role played by the fluctuating velocity vector in advecting the
passive scalar, especially in the present flow where the pres-
ence of the roughness is expected to result in an enhanced

sured values ot , are significantly smaller than those pre- mixing of the scalar.

dicted. Also, the decrease d@f, with decreasingy is not
reproduced by the model which indicates an increagg &ws
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