
stagger angle from the blade chord to the axial 
direction 

pitch angle 

yaw angle 

total pressure rise coefficient 

flow rate coefficient 

air density 

angular rotor speed 

vorticity 

kinetic energy defect 

axial, radial and tangential directions 

normal, tangential and binormal directions 

streamwise, transverse and normal directions 

reference flow 

11) 

APi 

pU / 2 

tr, 

Subscript 
z,r,0 
n,t,b 

ref 

papers or discussion at meetings of the Society or of its Divisions or Sections, 
or printed in its publications. Discussion is printed only if the paper is pub-
lished in an ASME Journal. Papers are available from ASME for 15 months 
after the meeting. 

Printed in U.S.A. 

THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
345 E. 47th St., New York, N.Y. 10012 

The Society shall not be responsible for statements or opinions advanced in 	 94.61-377. 

EXPERIMENTAL INVESTIGATION OF SECONDARY FLOWS 
IN A LOW HUB-TIP RATIO FAN 

F. Nurzia and P. Puddu 
Department of Mechanical Engineering 

University of Cagliari 
Cagliari, Italy 	 11 I II RINI II HE 

ABSTRACT 
The paper deals with an experimental investigation of the 

three-dimensional flow field at the exit of a low hub/tip ratio 

industrial axial fan. The relative flow was evaluated with fixed 

hot wire probes using the multisampling and phase-locked 

ensemble avenging techniques. Both mean flows and 

secondary flows are examined for different blade loading and 

stagger angles. The mean flows observed indicate a large 

separated flow region at the hub that is accentuated at the 

higher stagger angle. The secondary flows are particularly 

strong and affect the entire flow field. Their structure and 

location are also modified when stagger angle and blade 

loading are changed. The most complex situation is observed at 

the hub where a change in blade loading and stagger angle 

results in the interaction of the trailing vortex with the 

separated flow region, the passage vortex and midpassage 

region flow. 

UST OF SYMBOLS 
absolute velocity 

radial distance from the hub blade 

ho 	 blade span 

p.s. 	 pressure side 

radius 

s.s. 	 suction side 

circumferential coordinate 

circumferential pitch 
peripheral velocity at the rotor tip 

V 	 hot wire cooling velocity 

relative velocity 

x ,x ,x 	 fixed cartesian coordinate system 
2 3 

APt 	 total pressure rise 

relative flow yaw angle  

Superscript 

ensemble average 

INTRODUCTION 
There are a number of reasons why the flow phenomena in 

industrial axial fans warrant further investigation: 
- the approach followed in the design of many axial flow fans 
does not, or only partially, accounts for the progress achieved 

over the last few decades in the area of axial compressors 

(Wallis, 1983) and consequently design criteria need to be 
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FIG.1 SCHEMATIC VIEW OF THE AXIAL FAN AND 
POSITION OF THE MEASURING PLANES 

updated; simplifications in the design, often introduced to cut 
manufacturing costs, result in performances that in many case 
are unacceptable nowadays; 
- noise production depends, to some extent, on the aerodynamic 
design of the blades; 
- the flow generated in turbomachines of this type is strongly 
three-dimensional and consequently such machines can be 
regarded as a useful test bench for studying three-dimensional 
viscous and non-viscous flow phenomena. At the same time 
they are a useful tool for improving three-dimensional computer 
codes for flow analysis using the Navier-Stokes equations. 

The latter features tie in well with the numerous theoretical 
and experimental investigations on three-dimensional and 
viscous flow analysis in axial compressors (tiring et al., 1982; 
Adkins and Smith, 1982; Inoue and Kuroumam, 1984; 
Gallimore and Cumpsty, 1986; Wisler et al., 1987; Dawes, 
1987; Leylek et al., 1991; Goto, 1992) and in particular with 
those specifically concerned with the analysis of wall effects 
and of the vortices created and their streamwise evolution 
(Hunter and Cumpsty, 1982; Lakshminarayana et al., 1982; 
Pandya and Lakshminarayana, 1983; Ha, 1986: Inoue et al., 
1986; Inoue and Kuroumaru, 1989; Chen et al., 1991; Stauter„ 
1992). 

Performances can be only improved and the operational range 
of axial flow fans extended by gaining a better understanding of 
flow phenomena, as has happened for axial flow compressors. 

The high stagger angles and low solidity, typical of axial flow 
fans, fall outside the range usually covered by experimental 
literature data making it impossible to use the well known 
correlation for the design and analysis problem. 

The present investigation concerns the flow analysis of a 
widely used industrial axial Can whose relative flow pattern had 
already been studied to evaluate its general characteristics in 
design conditions (Puddu, 1992). More specifically here an 
experimental analysis has been conducted to study the 
secondary flow patterns and how they are affected by changes i  
in blade loading and stagger angle setting. 

Relative flow was determined by measuring absolute velocity 
with a hot wire anemometer, following the widely used periodic 
multisampling and phase locked ensemble averaging technique.. 
In the case at hand a slanted single hot wire was placed at 
different radial stations and rotated around its axis to vary the 
relative position with respect to the flow. For the different 
operating conditions the distribution of mean velocity 
components is evaluated and the secondary flow patterns are 
represented. Analysis of the secondary flows shows the 
influence of the different vortices as well as their strong 
interaction with the separated flow region at the hub. 

TABLE 1. BLADE GEOMETRY CHARACTERISTICS 
sectica 	radius 	chord 	carder thickness/Mord 

1-1 159.39 ram 11634 cam 0° 0.284 
2-2 20a66 mm 16179 mm 24° 
3-3 241.30 mm 168.91 mm 24° 0.110 
4-4 474.98 mm 130.15 mm 21° 0.073 

TABLE 2. BLADE PROFILE COORDINATES 
1 - 1 
xmm ymm ymon 

2-2 	s.s. 	p.s. 
XMIII yarn ymm 

3-3 	s.s. 	p.s. 
xmm ymm y rom 

-58.17 	0.00 	0.00 -7927 ODD 	0.00 -81.56 	0.00 	0.00 
-55.26 3.15 -1.38 -75.10 2.19 -036 -77.60 2.49 403 
-52.35 4.16 -2.69 -71.15 3.13 -L08 -73.41 3.38 -0.06 
-46.53 6.11 -5.18 -63.25 4.97 -2.03 -65.25 5.03 -0.11 
-34.90 9.59 -9.40 -47.43 8.46 -3.43 -48.94 8.10 -0.23 
-23.27 12.52 -1254 -31.62 1137 -4.35 -3262 10.97 -0.50 
-11.63 14.74 -14.73 -15.81 14.28 -4.99 -16.31 13.34 -0.80 

0.00 16.19 -16.16 0.03 16.25 -5.61 0.00 15.08 -1.20 
11.63 16.50 -16.50 15.81 17.46 -6.22 1631 16.20 -1.62 
23.27 15.77 .15.75 31.62 18.04 -6.40 32.62 16.58 -2.02 
34.90 14.14 -14.20 47.43 16.92 -6.23 48.94 15.50 -255 
46.53 10.95 -10.95 63.25 12.68 -5.51 65.25 11.56 -3.11 
52.35 8.19 .8.18 71.15 8.42 -4.80 73.21 7.68 -3.45 
55.26 5.79 -5.81 75.10 5.40 -4.06 77.48 4.78 -3.24 
56.71 3.96 -4.05 77.08 3.25 -331 7932 2.94 -274 
57.28 3.05 -3.05 78.42 1_58 -218 80.94 1.40 -1.87 
58.17 0.00 0.00 79.06 0.00 0.00 81.56 0.00 0.00 
4-4 	s.s. p.s. 

X DIM ymm ymm 
43.47 0.00 010 
40.35 1.59 -0.49 
-57.24 1.65 -0.78 
-51.02 1.74 -135 
-38.58 115 -2.52 
-26.1.3 1.74 -3.93 
-13.69 1.44 -5.55 
-1.24 0.79 -7.25 
11.20 0.25 -9.10 2- -2 
23.65 -1.83 -11.15 
36.09 -4.35 -1357 
48.54 -8.84 -16.69 
54.76 -12.5 -18.65 
57.87 -15.0 -19.83 
59.70 -17.1 -2051 
60.76 -18.5 -19.97 
60.98 -19.55 -1935 

EXPERIMENTAL FACILITY 
The industrial axial fan shown in Fig. 1 was used for the 

experiments. The experimental set-up complies with the 
standard airway type C of the British Standards 848. The rotor, 
powered by a 17 kW electric motor at 1475 rpm, consists of ten 
aluminium alloy blades with tip diameter of 950 mm (tip 
clearance: 5 mm) and hub diameter of 310 mm. Some blade 
geometry characteristics for four blade sections are given in 
Table I. For completeness in Table 2 the blade coordinates at 
these sections are also reported. The blade profiles which are 
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FIG.2 CHARACTERISTIC CURVES AND OPERATING 
CONDITIONS AT DIFFERENT STAGGER ANGLES. 

modified Gottingen 436 for a large part of the blade span, are 

thicker and almost symmetric at the root where the flow suffers 

from high incidence conditions. The rotor blades have 

adjustable stagger angle and in these experiments two values 

(y=62° and y=70°), estimated at the tip between the chord and 

the axial direction, were considered. 

INSTRUMENTATION AND MEASURING TECHNIQUE 
The measurements of the relative flow field behind the rotor 

were made by a constant-temperature hot wire anemometer and 
a periodic multisampling and averaging technique with a 

computerized data acquisition system. 

Two operating conditions corresponding to (M), high flow 

rate and (S) low flow rate (Fig.2), for the selected stagger 

angles y=62°  and y=70°  were considered. The sensors used 

were a 45° slanted single hot wire of 5 p.m diameter (Dantec 

55-P02) to measure instantaneous velocity and an aerodynamic 

five hole probe to measure mean flow characteristics. 

The probes inserted from the casing were moved radially 
through different positions in the measuring plane shown in 

Fig.!. At each radial position 12 hot-wire probe orientations 

were set by rotating the probe axis and for each position 300 
circumferential signals along two blade pitches were acquired 

every rotor revolution for 500 revs. The instantaneous signals 

were acquired at the sampling rate of 37 kHz by means of a 12 

bit A/D converter board and a magnetic pick-up which provides 

the pulse which triggers data acquisition. A low-pass filter and 

an amplifier were also included in the measuring system before 

acquisition to eliminate spurious signals and to improve 

measurement accuracy. The instantaneous cooling velocities, 

which are obtained from the instantaneous signals by analytical 

inversion of the King's law, are summed by the on-line  

computer during the 500 revolutions of the rotor to obtain the 

ensemble average of the cooling velocity. 

In order to correctly determine the three components of the 

mean local velocity it is very important to know the angular 

response of the hot wire probe. 

As reported by Puddu (1993), to characterise angular 
behaviour, the response of the hot wire was experimentally 

evaluated changing its orientation with respect to a known flow. 
The calibration curves thus obtained were approximated by the 

expression 

V2 a 	 KbCti 	 (1) 

where ICt„lc,IC, are the directional sensitivity coefficients, 

that are calibrated as a function of pitch and yaw angles and not 

regarded as constants, and C b ,C„,C, are components of the 

velocity vector with respect to the intrinsic probe coordinate (n-

t-b). The sensitivity coefficients are expressed analytically 

using second degree polynomials of the type: 

2 

(2) 

whereas other workers (l_ofdahl, 1986; Perdichizzi et al., 1990) 

assume them to be constant. These coefficients are determined 

using the least square method, comparing experimental data 

with the values calculated using Eq. (2). Following the same 

procedure described by Puddu (1993), we get the expression for 

determining mean flow that relates non linearly the mean flow 

components C i  to the measured mean cooling velocities V. 

33 — — 
V i■ 22 A iJ c i 	 (3 ) 

where the coefficients Aii are a function of the directional 

sensitivity coefficients and of the probe orientations. 

The mean velocity components can be calculated, from the 12 
mean cooling velocities, by solving the system of non-linear 

equations (3). 

The iterative procedure, used to solve this system, also takes 

into account, for each iteration, the variations of the sensitivity 

coefficients with probe orientation. 

Using this technique, accurate mean velocity components can 

be obtained for a duct flow in the calibration wind tunnel 

(Puddu, 1993). Here in the mean flow field measurements the 

following uncertainties were estimated: 

• mean velocity 
	

±2.5% 

• flow angle 	 22° 

• probe position 	 z 0.7.3mm 

EXPERIMENTAL RESULTS AND DISCUSSION 

The flow pattern up and downstream of the rotor has been 

determined along the blade span using aerodynamic probes as 

well as hot wire probes. 
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FIG.3 MEAN AXIAL VELOCITY AND PITCH ANGLE 
AT THE ROTOR INLET 

Figure 3 shows the axial velocity component and the pitch 
angle distribution at the rotor inlet (measured with five hole, 
probes). As can be seen, significant pitch flow angle variation 
exists in the hub region, aided also by hub geometry, which 
gives rise to strongly radial inlet flow. The axial velocity , 
distribution exhibits large variation associated to the curvature 
of the streamline near the hub region and to the development of' 
the wall boundary layer along the duct at the tip. 

The mean exit flow has been obtained by pitchwise averaging 
the hot wire measurements. Velocity distributions along the 
radius for different loads and stagger angles are plotted in 
Fig.4. The three velocity components are characterized by a 
constant gradient in the primary flow region but at the casing 
and at the hub stronger gradients appear. The hub is 
characterized by an extended separated flow region that 
broadens as the load and the stagger angle increase. 

The contour plots of radial tangential and axial velocity 
components are presented in Fig.5 for the smaller stagger angle 
and highest flow rate Om. 

Axial velocity gradients are evident in three regions: near the 
hub, where an extensive separated flow region exists, in the . 
wakes and at the casing region both in the wall boundary layer  

-p=70°  
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FIG.4 MASS-AVERAGED EXIT VELOCITY 
COMPONENTS 

and in the leakage vortex. In the other regions axial velocity 
exhibits a fairly uniform trend without any appreciable 
gradients in the radial and tangential directions. On the other 
hand, in the region outside the influence of viscous effects, the 
tangentail velocity exibits a steep gradient only in the radial 
direction. The radial velocity component shows a steep gradient 
at midspan in both the radial and tangential directions. 
Considerable local variations in radial velocity can be observed 
in the neighbourhood of the separated flow region at the hub, in 
the wake and at the casing where the leakage vortex is located. 

Secondary flows, defined as the difference between the actual 
flow and a reference axisymmetric flow, are obtained 
considering the velocity components perpendicular to the 
relative reference flow direction. The reference direction is 
determined, at each radius, by the angle p ref  in the blade to 
blade cylindrical surface and by the angle xp ref  in the meridional 
plane. These angles are taken equal to the flow angle at 
midpitch in the inviscid flow region, and they are extrapolated 
linearly in the hub and tip regions where the flow departs from 
the inviscid conditions. The reference direction is used to 
determine the reference axisymmetric velocity distribution, 
which is obtained by integrating the radial equilibrium equation 
satisfying the continuity equation in the inviscid part. 

The secondary flow vectors (Fig.6) are better represented if 
the flow is observed by introducing the rotation xp ree the 
behaviour of the radial component at different radii and in the 
pitchwise direction can, therefore, be clearly seen. Near the 
wake radial flow can be observed towards the hub on the 
pressure side and towards the tip on the suction side of the 
wake. This is consistent with the clockwise pattern of the 
vortex that practically fills the entire free stream region and can 
be interpreted by considering the axial component of the vector 

equation V x* 	: 

a(we  r) aw 
+ 	20.r 	 (4) 

ar 	at* 

-1 .0 
	-0.5 	0.0 

W/I.1 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
-0.5 	00 
	

0.5 
WA? 
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The agreement between the different terms of the equation 
and the experimental results in the central region can easily be 
verified. It is worth remembering that in those regions outside 
the influence of viscosity, where inlet flow can be assumed to 
be irrotational, deviation from the free vortex law corresponds 
to the radial velocity gradients in the circumferential direction. 

FIG.5 CONTOUR PLOTS OF VELOCITY COMPONENTS 
AT THE ROTOR EXIT (y=62° 4:1 1,4) 

FIG.6 SECONDARY FLOW (y=62° Om, Ss) 

Regarding the flow field near the hub, with the exception of 
the separated region, the counter-clockwise trailing shed vortex 
can be clearly observed. For the high flow rate condition (O m) 
the trailing vortex is located at h/ho0.25 and is extended for 
25% of the blade height and more than 50% of the pitch. It is 
also possible to recognize the clockwise passage vortex located 
between the neighbouring trailing vortex but characterized to a 
lesser extent. 

When the blade loading is increased (O s) the trailing vortex 
grows larger and stronger, it shifts upwards h/hol.3 and 
practically fill the entire blade pitch. The passage vortex 
disappears because of the stronger interaction between the 
trailing vortices and the large vortex in the free stream flow. 

Near the casing, the leakage vortex strongly affects the flow-
field; its centre is clearly evidenced by the vector plots in which 
the significant radial flows induced in the flow field (Stauter, 
1992) can also be observed. 

The presence of vortices within the flow can also be verified 
through the circumferential distributions of the absolute 
velocity components. As an example, Fig.7 shows the velocity 
distributions for the regions near the casing (h/ho=0.95) and 
near the hub (h/ho4.2) for the stagger angle 1=62° and the 
lower blade loading. For h/ho=0.95, the counter-clockwise 

5 
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Also worth noting is the region with low kinetic energy on the 

suction side of the wake associated with the accumulation of 

low energy fluid transported by the vortices 

trailing shed vortex in the wake and the clockwise leakage 

vortex at midpitch, which correspond with a steeper gradient of 

the velocity components, can be clearly seen. 

FIG.7 CIRCUMFERENTIAL DISTRIBUTION OF 
ABSOLUTE VELOCITY COMPONENTS (y=62° ) 

In the region of the hub (h/ho4).2) a similar trend can be 

observed though the pitchwise gradients are gentler. Here both 

the trailing vortex and the clockwise passage vortex can be 

recognized. The latter vortex can be identified from the 

pitchwise distortions existing in the distribution of the velocity 

components. 

To examine the flow from the kinetic energy point of view 
let us consider the contour map of the kinetic energy defect 

ref2  
w 2 ref   

where the relative velocities W and Ac tr  indicate actual and 

reference flows respectively. 

The dashed lines denote the regions of high kinetic energy. In 
Fig.8 the wake, the hub boundary layer as well as the leakage 
vortex and trailing vortex are clearly evidenced by the high 

energy defect. 

FIG.8 KINETIC ENERGY DEFECT (y=62° Ow  es) 

Effects of changing blade loading and stagaer angle  
The secondary flow pattern described above for operating 

condition close to the design one varies substantially when load 

and stagger angle are changed. With increasing loading (stagger 

angle y=62 °) the regions affected by the trailing vortex and by 

the leakage vortex extend over a wide part of the pitch and at 

the same time the separation region at the hub slightly 

increases. The vortices keep the same structure but they exert a 

greater influence on the overall flow field. 

The kinetic energy defect contour maps allow to estimate the 

extent of the regions affected by the vortices in question and 

their position. In particular at low blade loading a region with 

high kinetic energy defect on the suction side will increase in 

size at higher blade loading. This latter effect is due to the 

interaction between the enlarged trailing vortex and the 

separation zone. 
Interesting results were obtained for the other stagger angle 

(1=700) shown in Fig.9. Here too the effects of trailing vortices 

on the flow field can be clearly recognized and are accentuated 

at higher blade loading. At the 0 1,.4  operating point the trailing 

(5 ) 
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vortices are less extended over the pitch than in the previous 
case and, therefore, the passage vortex gains more importance 
and it is placed at midpitch between the other two with the 
centre at about 40% of the blade height. 

The leakage vortex after rolling-up can be observed in this 

case in the region shifted towards the blade pressure side. 

As the blade loading is increased, the flow structure 

undergoes an interesting modification which calls for more 

detailed analysis. The separation zone at the hub is more 
accentuated causing a radial displacement of the centre of the 
trailing edge vortices which are now located at 40% of blade 

height. Radial velocity differs substantially (Figs.10,11) and 

also the pitchwise gradients over the whole flow field. The 

presence of a wider separation zone at the hub is also 

responsible for the appreciable variation of the inlet pitch 

angles. As for the smaller stagger angle tested, the passage 

vortex cannot be clearly defined at high blade loading. 

For y.700 , 	the secondary vorticity components 

(tows  — ur n() are also reported, in Fig.12, through their 

projections along the average relative flow directions (s, T, n). 

The secondary vonicity is here defined, (Smith, 1955), as the 
difference between the absolute vorticity of the actual flow and 
the absolute vonicity of the axisymmetric reference flow. 

orr■.. 

FIG.10 CONTOUR PLOTS OF VELOCITY 

COMPONENTS AT THE ROTOR EXIT (y=70 ° 0 1,4) 

The vorticity components w z ,we  and CO T , Were estimated by 

numerical differentiation then smoothed and projected along 

the s, T, n directions of the reference flow (see appendix). 

The dashed lines characterize the regions with negative 

vorticity values (counter-clockwise). As can be observed, the 

trailing vortex IS essentially characterized by strong positive 
streamwise vorticity. In the casing region strong transverse 

vorticity exists and this can be attributed above all to the 

leakage vortex and its interaction with the flow beneath it. 
While the streamwise vorticity component is influenced by the 

leakage vortex rolling up, the transverse component affects 

more or less 20% of the blade span, yielding a more accurate 

measure of the interaction region of the tip secondary flows 

with the free stream region flow. 

Remarks 
Looking at the experimental results for both the mean flow 

and relative flows in the blade vane it is possible to draw some 

further considerations, comparing the flow angles and the blade 

angles. 
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Rail CONTOUR PLOTS OF VELOCITY 
COMPONENTS AT THE ROTOR EXIT (1=70 0  GO 

The axial flow fan, which was designed some decades ago 
placing greater enphasis on manufacturing requirements than 
on achieving the accomplishment flow radial equilibrium, has 
geometry and operating conditions that generate a large region , 
of separated flow at the hub. 

The extent of such a region, however, depends both on the 
aerodynamic load and the stagger angle and also influences the 
free stream flow region. 

The mean relative flow angle distribution is strongly ' 
influenced by the three-dimensional effects produced, to a large 
extent, by the spanwise variation of the blade circulation. 
Comparing the relative flow angle with the blade angle, a 
strong distortion can be observed near the trailing vortex 
location. In Fig. 13 for y=70° and low flow rate O s  the angle of 
deviation (13-ptiad ) is almost constant between Who4.9 and , 
Who=05, decreases from h/ho0.5 down to h/hol.35 and then 
increases. Similar behaviour, also observed in the other test 
conditions, suggests that the secondary flows affect the angle of 
deviation and the blade loading for an extended region of the 
blade height. Furthermore for this last test condition the pitch , 
flow angle at the rotor inlet and exit, exhibits a different trend 
along the radius compared to the other flow conditions. This 
behaviour is significant because, when the stagger angle and  

the load are increased, the structure of radial flow is seen to 
alter in the hub region and this phenomenon is also associated 
to the displacement of the trailing vortices 

This flow pattern is interesting because it can be related to 
the different behaviour of the flow in regard to the instability 
phenomena as can be verify throttling the fan. 

FIG.12 SECONDARY VORTICITY 
COMPONENTS (7=70 0  4,$) 
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CONCLUSIONS 
The relative flow in an industrial axial fan with 0.3 hub/tip 

ratio has been studied using the well-known phase-locked 
ensemble averaging technique with a slanted hot-wire 
anemometer. 

Flow measurements were performed for two different stagger 
angles and blade loading conditions. The following conclusions 
may be drawn: 
• mean flow over the blading exhibits a strongly three-

dimensional nature: an extensive separated flow region 
exists at the hub which increases at higher blade loading; 

• secondary flows are present throughout the flow field and 
have a strong influence on flow pattern in the test 
conditions examined; 

• in the midpassage region a vortical pattern, explained in 
terms of relative vorticity, can be clearly observed. This 
was consistent with the radial flow toward the hub on the 
pressure side and toward the tip on the suction side of the 
wake. Near the hub this vortical flow interferes with both 
the passage vortex, with which it partly merges, and the 
large trailing vortex; 

• at higher loading the trailing vortices affect a broader 
region and because of the low hub/tip ratio may interact 
with each other (see y=t62°); 

• the secondary flows and in particular the trailing vortex 
strongly affect the deviation angle distribution, 

• the rolling up leakage vortex is well defined and can be 
clearly recognized in the secondary flow. Interaction of the 
tip leakage vortex and the trailing edge vortex with the 
free stream region flow determines a fairly broad region of 
strong vortidty that increases at higher stagger angle and 
blade loading; 

• for stagger angle of y-70° and the higher blade loading, 
the separated flow region at the hub as well as the strong 
vorticity region at the tip are accentuated. 
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APPENDIX 
The absolute vorticity components are thus defined: 

a –r —dr krCeJ roe  
ac, acz  

(0 
az 	dr 

dC, dCo 
roe 	az 

They can be trasformed in the streamwise, transverse and 
normal direction by the following relation: 

{tus  

nJ 

– [T] 
(oz
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where [1] is the conversion matrix 
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