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Blockage effect on the flow around a
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Abstract: Flow around a 2 D cylinder pressure probe placed in uniform flow, free jet flow, and wind tunnel

flow was analyzed with potential flow theory and simulated with numerical method. Blockage effect was inves-

tigated under several typical flow Mach numbers. T he result from numerical simulation shows a similar trend

to the one from potential flow method while varies in quantity. Wind tunnel walls accelerate the flow near the

probe and thus produce a blockage effect; Boundary of free jet flow, however, decelerates the flow and thus

produces a “negative’ blockage effect. A maximum incoming Mach number exists"when tlre probe is calibrated

in wind tunnel in high subsonic condition due to choking caused by shocks, and 'shock induced separation. The

critical Mach number varies with blockage ratio, which makes high M ach-number‘\impossible to achieve in large

blockage ratio condition. T he blockage effect itself is unavoidable for calibration or measurement although a

sufficiently small blockage ratio brings minor effect. Correction-can be implemented based' on the numerical

simulation result presented in this paper-and further works.
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Nomenclature

B blockage ratio

G, pressure coefficient

h half width of wind tunnel or jet flow

M a;, incoming flow-Mach number

p local static pressure

Ps far field static pressure

P far field total pressure

T probe head radius

i circumferential velocity

Verr relative error of velocity

0 offset angle

9,,‘ static pressure angle

¢ stream function
Introduction

Higlr accuracy measurement technique needs to
be developed and applied to the experiment in
turbomachinery to meet the increasing demand in

detailed flow information understanding for ad
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vanced aircraft engine design. Owing to the limi-
tation of industrial environment, conventional
instruments such as pressure probes are still the
dominating measurement technique. Pressure
probes are robust and capable of achieving suffi
cient accuracy, at the same time, however, they
are intrusive methods and would distort the
measured flow. Conventionally calibration is
performed in a free jet flow with known velocity
and then relation between flow parameters and
probe placement geometry is established. Com-
pressibility must be taken into account when the
probe is going to be used in turbomachines since
high Mach number is frequently encountered in
these facilities. The probe, therefore, requires a
calibration with M ach number close or identical
to the flow to be measured. Producing a Mach
number as high as the one in a turbomachine in

calibration is often an expensive task since high
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pressure ratio is needed for a high Mach number
free jet flow. Calibrating probes in wind tunnels
seems preferable thanks to their ability to &
chieve high speed with relatively low pressure
ratio provided by a fan or compressor. Blockage
effect becomes a major concern in wind tunnel
calibration; actually it is always a problem in
circumstances such as inter-stage flow measure
ment in smalt sized turbomachines.

Research concerning blockage effect has
been concentrating mainly on wind tunnel exper
iment. Several researchers studied the blockage
effect of pressure probes and no quantitative re
sult is available to identify or compensate the
effect .

used numerical method to study the flow past a
4]

Huang et al and Chakraborty et al
cylinder'™; the Reynolds number in these pa
pers is rather low comparing to the condition in
turbomachinery.

Theoretical and numerical method was used
in this paper to seek a way to quantitatively de
termine the error to a cylinder probe_due to
blockage effect when the probe is placed ina
wind tunnel or free jet\flow. T wo dimensional
potential solution~of a cylinder placed between
two walls was investigated with\conventional im-
age method. Flow speed along the surface of the
cylinder was derived and subsequently surface
pressure coefficient acquired. Numerical simula
tion of a cylinder placed in a free jet or wind turr
nel flow as well as uniform incoming flow was
then performed, which considers viscous effect
in contrast to potential method. The authors ex
pect that compensation for a cylinder pressure
probe working in a wind tunnel could be &«
chieved based on these data and further works on

3D calculation.

1 Theoretical Analysis

A single hole probe is a handy instrument to
acquire flow parameters in 2-dimensional ( 2-D)
flow, as shown in Figure 1. It simulates a 3-hole
probe by rotating around its axis and taking data
at several angular positions. A method to obtain

static pressure is to fit a curve to the calibration

data with measured port pressure versus yaw an-
gle and then find the angle where port pressure
equals to static pressure of incoming flow. This
angle, which is a weak function of Reynolds
number and Mach number as well as other flow
parameters such as turbulent intensity, is de-
fined as static pressure angle. When measuring,
the probeis to berotated around its axis for sev-
eral angular positions (usually over 11 positions)
and fit a curve to obtain port pressure at any yaw
angle. The angle where port pressure reaches
maximum is the direction facing the incoming
flow and the port pressure represents stagnation
pressure of the flow; the pressure at the defined
static pressure angle represents static pressure.
In a wind tunnel test or-calibration,\ walls influ-
ence the flow near the probe and lead to static

pressure-angle shifting and can’ introduce errors.

o

]
/L/ > 2-D planar flow
=

T

Flow

Fig 1 Single hole probe measuring 2 D flow

Assumption of 22D flow is made when the
velocity component along a probe’ s axis is mini
mal. A simplification of 22D flow calculation is
therefore feasible to check the relationship be-
tween blockage and pressure distribution on the
surface of the probe. Calculation of flow around
a cylinder based on potential flow theory was
performed and the variation of static pressure
angle with blockage effect is listed.

Uniform flow passing through a 2D cylin-
der is a classical problem in traditional potential
theory, by exerting a dipole on a uniform flow a
cylinder is simulated and surface pressure distri-
bution is as Equation 1.

C,= === 1- 4sin’0 (1)
pi= ps

Here p., ps, and p are incoming flow total pres-
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sure, static pressure, and cylinder surface pres
sure respectively. Static pressure angle derived
from this solution is 3¢ and is an invariant to
any flow parameter.

Upon calibrating in a wind tunnel, wall
effect exists and pressure distribution on a cylir
der probe is altered. A calibration wind tunnel
usually has a round or square cross section and
its axis is perpendicular to the axis of the probe,
which forms a complex geometry that cannot be
solved with potential flow theory. As a prelimr
nary study a simplified 2D model is used as
shown in Figure 2 where flow can be solved with
the so-called image method as has been used in
wind tunnel test for decades. An accurate ana
lytical solution for the image method remains urr

known, while approximate solutions can be

found”™. C.C. Shih suggested Equation 2:

hsin( TBsin 0) sinh® X
b= rsin 6- 2h
]_[t 2[T[Bsin9J 2[]'8005 QJJ
— cos > |+ cosh )
(2)
B=r/h (3)

Here ¢ is stream function, r'is radius of-the cyt

inder, h is half-wind tunnel width ‘as in Fig 2;
and B is blockage ratio as defined.
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Fig 2 2D model of a cylinder probe
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calibrating in wind tunnel

Magnitude of circumferential velocity on the
cylinder is just the partial derivative of stream
function with respect to radius:

_ o
w= (4)

With assumption of incompressible ideal
flow, the angle 6 where circumferential velocity
equal to the flow speed of incoming undisturbed

flow is the static pressure angle 6.

In image method, infinite dipoles are placed
on both sides of the cylinder to represent the
walls, flow near the central dipole that repre-
sents the cylinder is “ squeezed” and the dipole
represents no more a perfect cylinder but more
like an ellipse. This is the reason that analytical
solutions to image method are extremely difficult
to derive. The solution cited above is valid only
when blockage ratio remains sufficiently small
Furthermore, viscous effect is not neglectable
since boundary layer growth on the cylinder ob-
viously influences the local surface pressure dis-
tribution. Wall boundary layer growth also in-
fluences the flow markedly in high subsonic flow
condition due to compressibility. Nevertheless,
Equation 2 and 4 provide a perspective relation
between static pressureangle and blockage rati-
0. As shown in Figure 3, static pressure angle
declines-with blockage ratio increasing. This is
obvious since-flow_speed near the cylinder rises
when wall is approaching, this speed rise causes
pressure on the cylinder to drop and surface
pressure-achieves the value of incoming flow
statie-pressure before the nominal static pressure
angle (307).

30.5

i 1 1 1 i 1 J
0 005 010 0.]580.20 0.25 0.30 0.35

Fig 3 Static pressure angle versus blockage ratio

If blockage effect is not considered in cali-
bration, static pressure angle is always regarded
as 30 degree, therefore, the recorded port pres-
sure as well as resulted velocity will vary with
blockage ratio. A's shown in Fig. 4, velocity er
ror is approximately 1% for blockage ratio of
0 15.

For free jet flow calibration, potential theo-

ry is invalid since the flow is essentially rotation-
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al. An observational analysis indicates that the

<

free jet calibration has a “ negative” blockage
effect, which is to say that the presence of the
shear flow boundary slowers the flow near the
probe. Static pressure at any point of the free
boundary of a jet flow equals to the static pres
sure of incoming undisturbed flow, while at the
same point under uniform flow condition, static
pressure is lower because of the presence of the

probe, which explains the reduction of the flow

speed near the probe by jet flow free boundary.
0.04

0.031

002 T
I

0.01

0 1 1 S N IS |
0 005 010 015 020 025 030
B

Fig 4 Velocity error due to blockage effect

2 Numerical Simulation

2.1 Model and grid generation

A comprehensive numerical simulation was
performed to investigate the blockage effect>of
the walls of wind tunnel or free boundary of jet
flow to a 2D cylinder in order to acquire a rela
tion between bloekage ratio and static pressure
angle under various ncoming M ach number.

Computational models used to simulate a
cylinder probe in uniform flow, wind tunnel
flow, and free jet flow were built. A fixed diam-
eter of 6 mm was chosen to have an invariant
Reynolds number with different blockage ratios.
Five blockage ratios of 0.06, 0.1, 0. 15, 0.2,
and 0. 3 were set by changing the width of the
wind tunnel. Three widths of free jet flow were
set with “ negative” blockage ratios of 0. 06,
Q0 12, and 0. 5 ( defined as ratio of the diameter
of the cylinder to the width of the jet flow). U-
niform flow condition was calculated for compar
ison by having a sufficient large distance of side
boundaries and setting them as pressure far
field. Six Mach numbers (0.2~ 0.7, with inter

val of 0.1) was calculated for the above blockage
ratios. Mach number was altered by changing
inlet flow total pressure; Reynolds number,
therefore, varies with Mach number as well
Based on diameter of the cylinder, Reynolds
number ranges from 3 x 10" to 1 x 10’ corre-
sponding to the six Mach numbers.

Commercial software Fluent was used
with unsteady Reynolds averaging method
(URANS), second order upwind scheme, and
Reynolds Stress turbulence model with enhanced
wall treatment. Structured grid was used for all
the cases and two typical ones of them are pres-
ented in Figure 5 and Figure 6. Grid dependency
was investigated and a grid with 150 nodes on
the surface of the cylinder is proved sufficient to
have a fine resolution of-surface pressure distri-
bution. i high subsonic mcoming flow cases
shocks may exist and special grids must be built.
Adaptive mixed-grid is employed to capture the
shocks and a fine structured grid with sectional
refinement is then c¢reated based on the adaptive
result;—as~in Fig 6. Grid in boundary layer is
carefully refined since the thickness of boundary
layer on the cylinder plays an important role in
the surface pressure distribution, and the
boundary layer on the sidewalls plays an impor-
tant role in flow discharge capacity. y* of the
first grid to the walls is kept close to 1 for all the

computational cases.
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Fig 5 Grid for free jet or uniform flow

2.2 Results and discussion

Unsteady vortex shedding is a typical char



1078

22

Fig 6 Grid and caculated velocity vector for

wind tunnel flow with Ma;,= 0.7

acteristic of flow passing a cylinder, which is the
reason that unsteady computation was performed
instead of RANS. Nevertheless, data reduction
technique of a cylinder probe is based on steady
state flow; the unsteady result must be aver
aged. An averaging over two periods of flow rate
variation yields the “steady state” solution. The
reason that two periods was used isbased on the
knowledge of symmetric vortices shedding from
both side of the cylinder results initwo periods-of
flow rate variation corresponding to one Pperiod
of cylinder surface pressure fluctuation.~For-the
conditions in this paper, a corresponding-Strou
hal number of 0. 2 is jsuggested in literatures.
Strouhal number was checked over all the com-
putation cases and-a range of 0. 15~ 0. 19 was
found, which demonstrates that the calculated
unsteady phenomenon is of the flow nature ir
stead of numerical oscillation.

Figure 7 gives averaged pressure coefficient
(Cy, as defined in equation 1) distribution at the
surface of the cylinder with blockage ratio of
Q 06. In the figure, 0 degree offset angle corre
sponds to stagnation point. The angle where C,
equals to O is the defined as static pressure amr
gle.

As a comprehensive comparison, Figure 8
presents static pressure angle variation with
blockage ratio and incoming flow Mach number
for wind tunnel calibration. M aximum incoming

flow Mach number was encountered for high

blockage ratio cases because of choking, there-
fore not all the Mach numbers can be calculated
for all the blockage cases. The phenomenon of
choking and maximum incoming flow Mach

number will be discussed later.

Fig. 7 Surface pressure coefficient distribution
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Fig 8 Static pressure variation with Blockage

ratio for wind tunnel calibration

In Figure 9, relation between static pres-
sure angle and incoming flow Mach number is
plotted for different blockage ratio. Data from
Fig 7 as well as data from free jet flow and uni-
form flow are plotted. As shown, free jet flow
has a “negative” blockage effect, a jet flow with
B= 0. 12 has a similar effect as a wind tunnel

flow with B= 0.06 but with a negative shift.
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40F o et B=0.06
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Fig 9 Static pressure variation with Mach number



7 WANG Hong wei, et al. : Blockage effect on the flow around a cylinder probe in calibration 1079

In the theoretical analysis above, we had
the conclusion that static pressure angle does not
vary with any flow parameter. That conclusion,
however, was reached for irrotational inviscid
flow. With viscosity presence, boundary layer
exists and grows from the stagnation point on.
The outside irrotational flow “feels” a smaller
curvature near the cylinder thereby static pres
sure angle is larger comparing to potential flow
solution. Furthermore, separation is unavoida
ble for a flow around acylinder, which may have
an influence on the static pressure angle. Since
Reynolds number rises with the increasing of
Mach number, both viscosity and compressibilr
ty are account for the variation of the static pres
sure angle. Mach number, however, should be
the major factor since Reynolds number is rele
tively high and is in a relatively small range.
From the abundant calibration data of different
sized cylinder probe in the Laboratory in BUAA
that works in the same range of Reynolds num-
ber, static pressure angle was found to-be from
33 to 46 degree and the static pressure-angle iir
creases with Mach number. \T hese experimental
results agree\with-the current ‘com putation result
well.

For a flow passing a cylinder, a eritical irr
coming flow Mach number of 0. 466 can be de
rived which results a maximum Mach number
near the cylinder of 1.0. That is to say, for an
incoming flow Mach number of 0. 5 or higher,
the flow may contain shocks. This critical M ach
number decrease with the increasing of blockage
ratio since flow near the cylinder is accelerated
with the approaching of the walls. Continue to
increase the incoming flow M ach number will re
sult in a second critical Mach number. Fig 10 is
the case of ncoming flow Mach number of 0.7.
Maximum Mach number in the flow field a
chieves 1. 85 somewhere after offset angle of
90°. Shocks arise between wake and walls, and
the reflected shocks form a normal shock.
Shocks interact with boundary layer on the walls
of wind tunnel and induce separation. The sepa

rated boundary layers together with the wake

narrow the flow passage and choke the flow;
consequently a second critical Mach number of
the incoming flow is decided. T he second critical
Mach number is the highest incoming flow M ach
number that a wind tunnel can have in probe cal-
ibration. This second critical Mach number de-
creases with the increasing of blockage ratio with
apparent reason. As shown in Fig. 8, a wind
tunnel calibration with blockage ratio of 0. 15
has a maximum incoming M ach number of 0. 57;
a higher Mach number calibration is impossible
in this case.

In Fig 10, the oblique shocks join the wake
at a distance of two diameters of the cylinder,
which phenomenon had been observed by Zheng
et. al.'"”". In that paper; a sphere\instead of a
cylinder was placed in a-supersonic flow, still 2
D flow_after the body is‘\comparable to the case
in-this_paper. As has been stated in potential

«
nega-

theoretical analysis, free jet flow has a
tive” blockage effect on\the probe. As shown in
Fig 11, the frée boundary of the jet has an influ-
ence to-the Tlow near the cylinder by a constant
pressure-boundary, which is different from the
case of uniform flow. An observation can be
made by careful observing of velocity vector
graph (not shown here) that the flow curves at
the boundary both sides of the cylinder and pro-
vides a “ larger” passage, which slowers down
the flow near the cylinder. It is suggested there-
fore that even though a free jet flow has a smal-
ler blockage effect, care still need to be taken to
retain a much larger jet flow dimension over the

size of the probe.

|
!
{
|
|
)

Fig. 10 M ach number distribution for May= 0.7

in wind tunnel flow with B= 0. 06
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Fig. 11 M ach number distribution for Ma,= 0.4

in free jet flow with B= 0. 06

Correction of blockage effect in conventiorr
al test had been studied for years; an effective
method is wall signature method. By registering
static pressure along the sidewall, flow distor
tion near the model can be derived with some
simplifications. Sidewall pressure distributions
for blockage ratio of 0. 06 are shown_in Fig-12.
Unit of the abscissa-is normalized-by the diame
ter of the cylinder, cylinder is located at I/°d=_0.
Not only cylinder itself but also the wakefrom it
have blockage effect on the \flow\ For Maa= 0.
6, shocks emerge near the cylinder-and influence
the recovery of pressure dlthough no shock is
found near the sidewalls. As shown in Fig. 10,
strong shocks presence at Man= 0.7, which is
also shown in Fig 12 with a sudden pressure rise
at a location 7 times cylinder diameter after the

cylinder.

Fig. 12 Sidewall pressure variation

Pressure distribution along the sidewall

should be monitored in a wind tunnel calibration
to ensure that no such strong shocks presents in
the flow field. This kind of flow is not going to
be meet in a test with identical structure and
therefore can result in an invalid calibration.
Curve fitting is performed to the data from
Fig 8, and a relationship between the static
pressure angle and blockage ratio under different
Mach number is acquired. By compensating the
blockage effect, 0. Man relations nearly inde
pendent to blockage ratio can be obtained, as

shown in Fig. 13.

Fig 13 _-Static\pressure variation with Mach number

with blockage effect corrected

3_ Concluding Remarks

Blockage effect is investigated in this paper
through potential flow theory and numerical
simulation. Image method based on potential
flow theory that had been used in wind tunnel
test is inappropriate in the case in this paper
since boundary layers on the probe and sidewall
play a major role. Following conclusions can be
drawn from above results.

Firstly, Numerical simulation is capable of
revealing the complex flow phenomenon in a
wind tunnel calibration and therefore a powerful
tool for error correction.

Secondly, Blockage effect needs to be con-
sidered for blockage ratio larger than 0. 06,
which causes a static pressure angle error of lo
in scale. Jet flow is with a “ negative” blockage
effect and the effect is smaller than the one from
wind tunnel walls; still correction is needed for a
blockage ratio of 0. 12 or more.

Furthermore, blockage effect limits the in-
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coming flow Mach number upon calibrating a
probe in a wind tunnel. Since high subsonic
Mach number is often met in turbomachines, a
large enough wind tunnel should be used in calr
bration.

The 22D computation in this paper is just a
preliminary study, 3D effect might be strong
for an actual wind tunnel calibration and a 3D

computation is under way.
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