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Abstract-The theory of steady convective diffusion to a circular cylinder in cross flow shows that the 
directional characteristics of triple-split anemometric probes depend strongly on Re due to the changing 
wake structure in the range of medium Re. Resulting predictions of the directional characteristics agree 

well with the data for a real electrodiffusion three-segment anemometric probe. 

INTRODUCTION 

ELECTRODIFFUSION (ED) convective probes for meas- 
uring wall shear stresses [l] or bulk velocities [2] differ 
from their thermal analogues by the high values of 
di~usion Prandtl numbers, SC > 1000. This allows the 
calculation of local mass-transfer coefficients for given 
flow kinematics by using Lighthill’s formula [3]. In 
particular, available hydrodynamical data [4-71 about 
the cylinder in cross flow at medium Re can be used 
for theoretical prediction of the local mass-transfer 
coefficients [8]. 

Triple-split anemometric probes consist of a cyl- 
indrical body which is split into three equal transport- 
active segments [9, lo], see Fig. 1. The primary data 
about the three independent macroscopic fluxes to 
these segments can be converted into information 
about the kinematics of flow around the probe, In 
particular, this info~ation is sufficient for deter- 
mining the bulk velocity and flow direction, if appro- 
priate calibration data, so-called directional charac- 
teristics, are available. We demonstrate a possible way 
of predicting the directional characteristics of these 
probes. The prediction is compared with the cali- 
bration data for a real ED triple-split probe [lo]. 

THEORY 

The surface distribution of the velocity gradient, 
q = q(x), is identical with the vorticity profile at the 
wall. This is the only hydrodynamical info~ation we 
need for the calculation of mass-transfer coefficients 
at high Peclet numbers. For a cylindrical body in 
steady two-dimensional cross flow, the local diffusion 
flux j under a constant diffusional driving force is 
given by the well-known Lighthill formula [3] 

In common, the point x = 0 corresponds to the for- 

ward edge of the body (or an active part of the surface 
of this body) and the coordinate x grows in the local 
direction of Bow close to the surface, i.e. in the direc- 
tion of the development of the diffusion layer. 
However, there can be two such starting points, at the 
forward and rear edges of the body, when a region of 
reverse flow behind the body (wake) emerges at higher 
Reynolds number. These two independently devel- 
oping diffusion layers join at the separation point. 

In particular, for the circular cylinder in cross flow 
with the separation point at 0 = O,, formula (1) can 
be written in the following dimensionless form [8] : 

shcO) = (8s~ W Ii3 __ ,/lWJ)l 
rcn ( lJIB, de)I’3 C2) 

where 

for 0 < B < B0 

for0,<0<n 

(3) 

This equation can be integrated further to obtain the 
expression for the partial flux to a macroscopic part 
of the surface 

G(o) 

where 

K = (&SC Re)“3/l-(;). (5) 

There are only a few sources of analytic information 
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NOMENCLATURE 

B dimensionless velocity gradient, qR/U Re Reynolds number, 2 R U/v 
C concentration difference between bulk SC Schmidt number, D/v 

and surface u velocity of bulk flow 
D coefficient of diffusion X longitudinal coordinate on the surface, 

G(o) integral Sherwood number for a starting at the forward edge of the 
macroscopic part of the surface, diffusion layer. 
s; Sh de 

1, II normalized flux to a segment dependent 

on a Greek symbols 
I. I nldXI In,” maximum and minimum values of a directional angle for a given segment 

I = I(U) t? angular coordinate in polar cylindrical 

j local diffusion flux system 
Sh(0) local Sherwood number, 2Rj(x)/Dc 00 angular coordinate of the separation 

q velocity gradient at surface, c$u,]~ _ R point 
R radius of circular cylinder V kinematic viscosity. 

about the surface velocity gradient among a vast body 
of papers, devoted to low Re hydrodynamics of two- 
dimensional flows. 

The result of the asymptotical analysis for Re -+ 0, 

given by Illingworth [4], can be rearranged to the 
following expression for B(0) : 

B(0) % (2/S) sin (B)+0.25Re(l- l/S) sin (20) 

S = In (8/Re) -0.077215. (6) 

Formulas (6) predict the wake onset approximately 
at Re = 6, in agreement with the numerical analyses 

[5. 71. 
The data about the wall shear rates, B = B(d), in the 

region of medium Reynolds numbers, 1 < Re < 100, 
were found in refs. [5-71. The following representation 
fits these data with an acceptable accuracy : 

ACTIVE SURFACE 

al 
MAGNIFIED CROSS-SECTION A-A 

FLOW 

DIRECTION 

B(Q) x i a,(Re) sin (M). 
k= I 

(7) 

The coefficients a,(Re) were determined by a least- 
square method and then correlated in the following 
way : 

a, = Re0~7s/(0.879+0.614Re0~5) 

a, = Rel(4.358 + 1 .089Re0 ’ + 0.054Re) 

a, = Re”,‘/(865.8+64.8Re). (8) 

This empirical representation should not be extra- 
polated outside the proper range, 1 < Re < 100. The 
longitudinal profiles of B(0), recalculated by using 
equations (7) and (8), are shown in Fig. 2. 

The corresponding profiles of local Sherwood num- 
bers can be calculated directly from equations (2) and 
(7) by numerical quadrature. For the limiting case of 
the forward critical point, 0 -+ 0, formula (2) simplifies 

t0 

Sh(0) = K@‘(O)) Ii3 = 0.978[Re SC B’(O)] ‘I3 (9) 

where B’(0) z dB/d& = “. Calculating B’(0) from for- 
mulas (7) and (8), fitting it by a power-law on the 
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FIG. 2. Angular profiles of the dimensionless velocity 
gradient. FIG. I. Electrodiffusion triple-split anemometric probe. 
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FIG. 3. Local mass-transfer coefficients at the forward edge, 
Sh = Sh(0) : (I) according to equation (10) ; (2) according 

to equation (11). 

region 1 < Re < 100, and using equation (9), one 
obtains 

Sr’1(0)/Sc’!~ = 1.03Re0 54. (10) 

The prediction (10) is compared with the available 
experimental data from refs. [l l-131 in Fig. 3. The 
thermal data from Eckert and Soehngen [l l] cor- 
respond to SC z 1 and hence lie slightly below the 
theory for SC --* co. The extrapolation of the log- 
arithmic line (10) towards the region 200 < 
Re < 1000 indicates an acceptable matching with the 
result of boundary-layer theory [14] 

SIZ(O)/SC”~ = 1.32Re0-5. (11) 

The normalized angular profiles of Sh = S/z(O) are 
shown in Fig. 4. The strong variation of their shapes, 
mainly due to the changing kinematics in the wake 
region, is of essential importance in all the con- 
siderations about the directional characteristics of the 
multisegment convective probes. 

DIRECTIONAL CHARACTERISTICS 

The directional sensitivity of multisegment con- 
vective probes is based on the aforementioned vari- 
ation of local diffusion fluxes along the probe 
perimeter. For a single segment, this sensitivity is 
quantitatively characterized by the function I = Z(a), 
giving an appropriately normalized current ;o the seg- 
ment in dependence on the directional angle tl. For a 

FIG. 4. Angular profiles of the normalized local mass-transfer 
coefficient : dashed line, boundary-layer theory [14]. 

multisegment probe, the set of such functions for all 
the segments I, = &(a) with the constraint C Z, = 1 
constitutes the directional characteristic of the probe. 

We consider an ideal cylindrical probe the surface 
of which is split into three identical 120” segments. 
Therefore, the functions Z(a) for the individual seg- 
ments differ only by the 120” shifts. The directional 
angle a for the single ideal segment is chosen relative 
to its axis of symmetry, see Fig. 1. 

The theoretical prediction of directional charac- 
teristics is based on the function G(0) giving the partial 
macroscopic flux to a hypothetical segment starting 
at the forward edge, 0 = 0, and ending at an angle 0. 
Simple symmetry considerations result in the fol- 
lowing representation of the single directional charac- 
teristic for the ideal 120. segment : 

0 < x < 7c/3 : I(a) = G*(n/3 + r) 

+ G*(7-c/3 -a) 

n/3 < s( < 2n/3 : I(a) = G*(a+ n/3) 

-G*(r-n/3) 

2~/3<cc<n: [(cl)= l-G*(a-n/3) 

-G*(57c/3-a) (12) 

where G*(Q) = fG(fI)/G(n). An analogous approach 
was discussed in detail for the three-segment probes 
of wall friction in refs. [15, 161. 

The resulting predictions of the directional charac- 
teristics of an ideal three-segment ED probe are shown 
in Fig. 5 for several medium values of Re. In the same 
figure, the experimental characteristics are shown 
which have been obtained by averaging the data [lo] 
for all the three segments of a real probe. It should 
be noted that the experimentally obtained directional 
characteristics [lo] exhibit an extremely high degree 
of symmetry which had never been attained with the 
thermal probes in an analogous arrangement [9]. 

It follows from elementary considerations that the 
function I(a) is periodic and its mean value is equal 
to l/3. Let us accept that this function, smooth and 

0 a 2n 0 
a 2n 

FIG. 5. Directional characteristics : dashed lines, present 
theory; solid lines, experiment [IO]. 
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FIG. 6. Variations of I,,, and I,,,,,, : solid lines, theory neglect- 
ing the insulation insertions; dotted lines, theory with a 
correction on the insertions; points, experimental data [lo]. 

monotonous on the primary definition interval 
0 < c( < n, can be represented sufficiently closely by 
its maximum I,,, and minimum Z,,,,,. These two pa- 
rameters are plotted in Fig. 6 as functions of Re. Minor 
differences between the predicted and real courses of 

these parameters are caused by the presence of insu- 
lating insertions between the individual segments. For 
the real probe under consideration [IO], the thickness 

of the insertions represents approximately 5% of the 
active perimeter. According to the recent theoretical 

analysis [17], the presence of such insertions sup- 
presses the maximum and rises the minimum of the 

normalized partial currents approximately by 5% of 
I,,,,, The corrected estimates of the directional charac- 
teristics fit the experimental data very well, see the 

dotted lines in Fig. 6. 

CONCLUSIONS 

The directional characteristics of ED anemometric 
probes can be calculated from the Lighthill theory, if 
the corresponding steady or time-averaged flow pat- 

terns are known quantitatively for the flow region 
close to their surface. For the actual case under con- 

sideration, the ED triple-split probe was fabricated 
with such geometrical perfection that it was possible 

to base the theoretical prediction on the assumption 
of a geometrically ideal probe. 

The directional characteristics change remarkably 
in dependence on Re within the range 1 < Re < 200, 
due to the strong changes in the wake structure. In the 
range 200 < Re < 5000, the directional characteristics 
remain nearly unchanged because this region of Re 

corresponds to the nearly-similarity regime of a lami- 
nar boundary layer with a stabilized wake structure. 
The minor difference between the prediction and data 
can be explained semiquantitatively by the presence 
of insulating insertions. 

The flow fluctuations have no apparent effect on 

the time-averaged flow kinematics below Re = 100. 

This conclusion is based on the agreement between 

the theoretically predicted directional characteristics 
and the time-averaged reading of the ED signals. 
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CARACTERISTIQUES DIRECTIONNELLES DES SONDES A TROIS SEGMENTS 
ANEMOMETRIQUES A ELECTRODIFFUSION 

R&sum&--La thiorie de la diffusion convective permanente a un cylindre circulaire en attaque transversale 
montre que les caracteristiques directionnelles des sondes antmometriques a trois segments dependent 
fortement de Re a cause de la structure a sillage changeant dans le domaine des Re moyens. Les predictions 
des caracteristiques directionnelles s’accordent bien avec les don&s experimentales pour une sonde reelle 

anemometrique a Blectrodiffusion avec trois segments. 

RICHTUNGSCHARAKTERISTIKEN EINER ANEMOMETRISCHEN “TRIPLE-SPLIT” 
ELEKTRODIFFUSIONSSONDE 

Zusammenfassung-Theoretische Analysen der konvektiven Diffusion zu einem querangestromten Kreis- 
zylinder zeigen, da13 die Richtungscharakteristiken einer “triple-split” anemometrischen Sonde im Bereich 
der mittleren Reynolds-Zahlen stark durch die sich Bndernden Wirbelstrukturen im Zylindemachlauf 
beeinfluflt werden. Die theoretisch errechneten Richtungscharakteristiken stimmen sehr gut mit ver- 

gleichbaren auf einer reellen Sonde gemessenen Werten iiberein. 

XAPAKTEPMCTMKM HAIIPABJIEHHQCTW TPEXCEI-MEHTHbIX 
3JIEKTPGJIIIQ@Y3MOHHbIX AHEMOMETPWIECKIIX AATWIKOB 

AmwTaumx-CornacHo TeopHH crawioHapHoii KOHB~KTHBH~~ IIH@$~~HH arm HHnHHnpa tcpyrnoro 
ceHeHHa, 06TeKaeMOrO nonepeHHbtM rtOTOYOM, xapaxTepHcrHBH HanpaBJleHHOWH TpeXG%MeHTHbrX aHe- 
MOMeTpH’ieCKHX naTYHLOB CyttWTBeHHO 3aBHCBT OT 3HaHeHHfi Re, TaR KaK B BHatuUOHe CpeHHHX Re 
crpyrrypa cnena nperepnenaer H3MeHeHHB. Pe3ynbrarbt pacwron xapatcrepHcrHw HanpasneHHocrH 
XOpOHtO COrJtaCyIoTCB C 3KCnepHMeHTaJTbHbn.W naHHblMH J”tB peaJtbHbrX WteKTpo/JHI$$y3HOHHbIX TpeX- 

CerMeHTHMX aHeMOMeTpHYeCKHX AaTHHKOB. 


