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Abstract: F low around a 2�D cylinder pressure pr obe placed in uniform flow , free jet f low , and wind tunnel

flow w as analyzed w ith po tential flow theor y and simulated w ith numer ical method. Blockage effect w as inves�

tigated under sever al typical flow M ach numbers. T he r esult from numer ical simulat ion show s a simila r tr end

to the one from po tential flow method w hile v aries in quantity . W ind tunnel walls accelerate the flow near the

pr obe and thus produce a blockage effect; Boundary of free jet flow , however , deceler ates the flow and t hus

pr oduces a � negat ive� blockage effect. A max imum incoming M ach number ex ists when the probe is calibrated

in wind tunnel in high subsonic condit ion due to choking caused by shocks and shock induced separ ation. The

cr itical M ach number var ies w ith blockage ratio, which makes high M ach number impo ssible to achieve in larg e

blockage r atio condition. T he blo ckage effect itself is unavo idable fo r calibr ation or measurement although a

sufficiently small blo ckage r atio br ings minor effect. Cor rection can be implemented based on the numerical

simulation r esult pr esented in this paper and f ur ther wo rks.
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Nomenclature

B     blockage r atio

Cp pressur e coefficient

h half w idth o f w ind tunnel or jet flow

Main incoming flow M ach number

p lo cal static pressur e

p s far field st atic pr essure

p t far field total pr essure

r probe head radius

u� circumferential velocity

verr relativ e er ro r o f velo city

� offset angle

�ps static pressur e ang le

� stream function

Introduction

High�accuracy measurement technique needs to

be developed and applied to the experiment in

turbomachinery to meet the increasing dem and in

detailed f low info rmat ion understanding fo r ad�

vanced air craf t engine design. Ow ing to the limi�
tat ion of indust rial env ironment , convent ional

instr um ents such as pressure probes are st ill the

dom inat ing measur em ent technique. Pressure

probes are robust and capable of achieving suff i�
cient accuracy, at the same t ime, how ever, they

ar e int rusive m ethods and w ould distor t the

measured f low . Conventionally calibrat ion is

performed in a f ree jet flow w ith know n velocity

and then relation betw een f low parameters and

probe placement geometry is established. Com�
pressibility must be taken into account w hen the

probe is g oing to be used in turbomachines since

high M ach number is frequent ly encountered in

these facilit ies. T he probe, therefore, requires a

calibr at ion w ith M ach number close or ident ical

to the f low to be measured. Pr oducing a M ach

number as high as the one in a turbomachine in

calibr at ion is of ten an expensive task since high



 第 7 期 WANG H ong�wei, et al. : Blo ckage effect on the flow around a cy linder probe in calibr ation

pressure�rat io is needed for a high Mach num ber

free jet f low . Calibrating pr obes in w ind tunnels

seem s preferable thanks to their ability to a�
chieve high speed w ith relativ ely low pressur e�
ratio provided by a fan or compressor. Blo ckage

ef fect becomes a major concern in w ind tunnel

calibr at ion; actually it is alw ay s a problem in

circum stances such as inter�stage f low measure�
m ent in small�sized turbomachines.

Research concerning blockage effect has

been concentr at ing m ainly on w ind tunnel exper�
im ent . Several resear cher s studied the blo ckage

ef fect of pr essure probes and no quant itat ive re�
sult is available to ident ify or compensate the

ef fect
[ 1�2]

. H uang et al and Chakrabo rty et al

used numerical method to study the f low past a

cy linder [ 3�4] ; the Reyno lds number in these pa�
pers is rather low comparing to the condit ion in

turbomachinery.

Theoretical and numerical method w as used

in this paper to seek a w ay to quantitativ ely de�
termine the err or to a cy linder probe due to

blo ckage ef fect w hen the probe is placed in a

w ind tunnel or f ree jet f low . T w o dimensional

potential solution of a cylinder placed betw een

tw o w al ls w as invest ig ated w ith convent ional im�
age method. F low speed along the surface o f the

cy linder w as derived and subsequent ly surface

pressure coef ficient acquired. Num er ical simula�
t ion of a cylinder placed in a f ree jet o r w ind tun�
nel flow as w ell as unifo rm incoming f low w as

then perfo rmed, w hich consider s viscous effect

in contrast to potent ial method. T he autho rs ex�
pect that compensat ion for a cy linder pressure

probe w orking in a w ind tunnel could be a�
chieved based on these data and further w o rks on

3�D calculat ion.

1  Theoretical Analysis

A single�ho le probe is a handy inst rum ent to

acquire f low par am eters in 2�dimensional ( 2�D)

flow , as show n in Figure 1. It simulates a 3�hole

probe by rotating around its axis and taking data

at several angular posit ions. A method to obtain

static pressure is to fit a curv e to the calibr at ion

data w ith measured port pr essure versus yaw an�
g le and then f ind the ang le w here port pressure

equals to static pressure of incoming f low . T his

ang le, w hich is a weak funct ion of Reynolds

number and M ach number as w el l as other f low

parameter s such as tur bulent intensity , is de�
fined as stat ic pressure angle. When measuring,

the probe is to be r otated around its ax is for sev�
eral angular po sit ions ( usually over 11 positions)

and f it a curve to obtain port pressure at any yaw

ang le. The angle w here port pressur e reaches

maxim um is the direct ion facing the incoming

flow and the port pressure represents stagnat ion

pressure of the f low ; the pr essure at the defined

stat ic pressure ang le represents stat ic pr essure.

In a w ind tunnel test o r calibr at ion, w alls inf lu�
ence the f low near the probe and lead to stat ic

pressure ang le shift ing and can int roduce er rors.

F ig� 1 Sing le�hole pr obe measur ing 2�D flow

Assum pt ion of 2�D flow is m ade w hen the

velocity component along a probe! s ax is is mini�
m al. A sim plif icat ion of 2�D flow calculat ion is

therefo re feasible to check the relat ionship be�
tw een blockage and pr essure dist ribut ion on the

surface of the pr obe. Calculation of f low around

a cylinder based on po tential flow theor y w as

performed and the var iat ion o f stat ic pressure

ang le w ith blockage effect is listed.

Unifor m flow passing through a 2�D cylin�
der is a classical problem in t radit ional potent ial

theory , by exert ing a dipole on a uniform f low a

cy linder is simulated and sur face pressure dist ri�
bution is as Equation 1.

Cp =
p - p s

p t - p s
= 1 - 4sin2� (1)

H er e p t , p s , and p are incoming f low total pr es�
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sur e, stat ic pr essure, and cylinder surface pres�
sur e respectively. Stat ic pressure ang le der iv ed

from this solut ion is 30∀ and is an invariant to

any f low par am eter.

Upon calibrat ing in a w ind tunnel, w all

ef fect ex ists and pr essure distribution on a cylin�
der probe is altered. A calibration w ind tunnel

usually has a round or square cross�sect ion and

its ax is is perpendicular to the axis of the probe,

w hich forms a complex geom etry that cannot be

solv ed w ith potent ial flow theory. As a prelim i�
nary study a sim plif ied 2�D model is used as

show n in Figure 2 w here f low can be solved w ith

the so�called im age method as has been used in

w ind tunnel test for decades. An accur ate ana�
lyt ical so lut ion fo r the im age method remains un�
know n, w hile appr oxim ate so lut ions can be

found
[ 5�6]

. C. C. Shih suggested Equation 2:

�= rsin �-
hsin( Bsin �) sinh2  

2h

 - cos
2  Bsin �

2 + cosh
2  Bcos �

2

(2)

B = r / h (3)

H er e �is st ream funct ion, r is radius of the cy l�
inder, h is half w ind tunnel w idth as in Fig� 2,

and B is blo ckage rat io as def ined.

Fig� 2 2�D model of a cy linder probe

calibr ating in wind tunnel

Magnitude of circum ferent ial velocity on the

cy linder is just the part ial derivat ive of st ream

funct ion w ith respect to r adius:

u�=
!�
!r

(4)

  With assumption o f incompressible ideal

flow, the angle �w here circum ferent ial velocity

equal to the flow speed of incom ing undisturbed

flow is the stat ic pr essure angle �ps .

In im age method, inf inite dipoles are placed

on both sides of the cy linder to r epresent the

w al ls, flow near the central dipole that r epre�
sents the cy linder is � squeezed� and the dipole

represents no mor e a per fect cy linder but m ore

like an ellipse. T his is the reason that analyt ical

so lut ions to im age m ethod ar e ex tremely diff icult

to der iv e. T he so lut ion cited above is valid only

w hen blo ckage r at io remains suf f icient ly sm al l.

Furtherm ore, v iscous ef fect is not neg lectable

since boundar y lay er g row th on the cylinder ob�
v iously inf luences the local surface pressure dis�
tribution. W all boundary layer grow th also in�
fluences the flow markedly in high subsonic f low

condit ion due to compressibility. Nevertheless,

Equat ion 2 and 4 pr ovide a perspect ive relat ion

betw een stat ic pressur e ang le and blockage rat i�
o . As show n in Figure 3, static pressure angle

declines w ith blo ckage rat io incr easing. T his is

obvious since f low speed near the cylinder rises

w hen w all is approaching, this speed rise causes

pressure on the cylinder to drop and surface

pressure achiev es the value of incom ing f low

stat ic pressure before the nominal stat ic pressure

ang le ( 30∀) .

Fig� 3 Static pressure angle versus blockage r atio

If blockage ef fect is no t considered in cali�
brat ion, stat ic pressure ang le is alw ays regarded

as 30 degree, therefore, the reco rded port pr es�
sure as w ell as resulted velo city w il l v ar y with

blo ckage ratio. A s show n in Fig� 4, v elo city er�
ror is approx im ately 1% for blockage ratio of

0� 15.

For fr ee jet f low calibration, potential theo�
ry is invalid since the f low is essent ially ro tat ion�
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al. An observat ional analy sis indicates that the

free jet calibrat ion has a � negative� blo ckage

ef fect, w hich is to say that the presence o f the

shear flow boundary slow ers the flow near the

probe. Static pressure at any point of the free

boundary of a jet f low equals to the static pres�
sur e of incom ing undisturbed f low , w hile at the

same point under uniform f low condit ion, static

pressure is low er because of the presence of the

probe, w hich explains the reduct ion of the f low

speed near the probe by jet f low free boundar y.

F ig� 4 Velocity err or due t o blo ckage effect

2  Numerical Simulation

2. 1  Model and grid generation

A comprehensive numerical simulation w as

performed to invest igate the blo ckage effect of

the w alls of w ind tunnel or free boundary of jet

flow to a 2�D cylinder in order to acquire a rela�
t ion betw een blockage rat io and stat ic pressure

ang le under various incoming M ach number.

Computat ional models used to sim ulate a

cy linder probe in uniform f low , w ind tunnel

flow , and free jet flow w ere built . A f ixed diam�
eter of 6 m m w as chosen to have an invariant

Reynolds number w ith differ ent blockage rat ios.

Five blockage ratios of 0. 06, 0. 1, 0. 15, 0. 2,

and 0. 3 w ere set by chang ing the w idth of the

w ind tunnel. T hr ee w idths of fr ee jet f low w ere

set w ith � negat ive� blockage rat io s of 0. 06,

0� 12, and 0. 5 ( def ined as rat io of the diameter

of the cylinder to the w idth of the jet f low ) . U�
nifo rm flow condit ion was calculated for compar�
ison by having a suff icient large distance of side

boundaries and set t ing them as pressure far

field. Six Mach number s ( 0. 2~ 0. 7, w ith inter�

val of 0. 1) w as calculated for the above blockage

ratios. M ach num ber w as altered by chang ing

inlet flow to tal pressur e; Reynolds number,

therefo re, varies w ith M ach number as w el l.

Based on diam eter of the cy linder, Reynolds

number r anges f rom 3 # 104 to 1 # 105 co rre�
sponding to the six Mach numbers.

Commercial sof tw ar e Fluent
�

w as used

w ith unsteady Reynolds averag ing method

( URAN S) , second�order upw ind schem e, and

Reynolds St ress tur bulence m odel w ith enhanced

w al l t reatm ent . Str uctured gr id w as used for all

the cases and tw o typical ones of them are pr es�
ented in Figur e 5 and Figur e 6. Grid dependency

w as invest ig ated and a grid w ith 150 nodes on

the sur face of the cylinder is proved suf ficient to

have a f ine resolut ion of surface pressure dist ri�
bution. In high subsonic incoming f low cases

shocks may ex ist and special gr ids m ust be built.

Adapt ive mixed grid is employed to captur e the

shocks and a fine st ructur ed g rid w ith sect ional

refinem ent is then created based on the adapt ive

result, as in Fig� 6. Grid in boundar y layer is

carefully refined since the thickness o f boundary

layer on the cyl inder plays an im po rtant role in

the surface pressure dist ribution, and the

boundary layer on the sidew alls play s an im po r�
tant role in f low dischar ge capacity. y

+ of the

first g rid to the w alls is kept clo se to 1 fo r all the

com putat ional cases.

Fig� 5 Grid for free jet or unifo rm flow

2. 2  Results and discussion

Unsteady vo rtex shedding is a typical char�
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F ig� 6  Gr id and caculat ed velocity vector for

w ind tunnel flow w ith Ma in = 0. 7

acteristic o f f low passing a cy linder, w hich is the

reason that unsteady com putat ion w as perform ed

instead of RANS. Nevertheless, data reduct ion

technique of a cy linder probe is based on steady

state f low ; the unsteady result must be aver�
aged. An averag ing over tw o periods of flow r ate

variat ion y ields the � steady state� so lut ion. The

reason that tw o periods w as used is based on the

know ledge of symmetric v ort ices shedding f rom

bo th side of the cy linder r esults in tw o periods of

flow rate variation co rresponding to one period

of cy linder surface pressure f luctuat ion. Fo r the

condit ions in this paper, a corresponding Strou�
hal number of 0. 2 is suggested in literatures.

Strouhal number w as checked over all the com�
putat ion cases and a range of 0. 15 ~ 0. 19 w as

found, w hich demonst rates that the calculated

unsteady phenom enon is of the f low natur e in�
stead of numerical o scil lat ion.

Figure 7 gives averaged pressure coef f icient

( Cp , as defined in equat ion 1) dist ribut ion at the

surface of the cylinder w ith blockage rat io of

0� 06. In the f igure, 0 deg ree of fset ang le co rre�
sponds to stagnat ion point. The angle w here Cp

equals to 0 is the def ined as stat ic pressure an�
g le.

As a compr ehensive com parison, Figur e 8

presents stat ic pr essure angle variat ion w ith

blo ckage r at io and incoming flow Mach number

fo r w ind tunnel calibration. M aximum incoming

flow M ach number w as encountered for high

blo ckage ratio cases because o f choking , there�
for e no t all the Mach num bers can be calculated

fo r al l the blockage cases. T he phenomenon of

choking and m aximum incoming f low M ach

number w ill be discussed later.

Fig� 7  Sur face pr essure coefficient distr ibution

Fig� 8  Static pressure var iation w it h Blo ckage

r atio fo r w ind t unnel calibr ation

In Figure 9, relat ion betw een stat ic pr es�
sure angle and incom ing flow Mach number is

plo tted for differ ent blo ckage ratio. Data f rom

Fig� 7 as w ell as data f rom free jet flow and uni�
for m f low are plot ted. As show n, fr ee jet f low

has a � negat ive� blockage effect , a jet f low w ith

B= 0. 12 has a similar effect as a w ind tunnel

flow w ith B= 0. 06 but w ith a negat iv e shift .

F ig� 9  St atic pressur e variation w ith M ach number
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In the theo retical analysis above, w e had

the conclusion that stat ic pr essure ang le does not

vary w ith any f low parameter . T hat conclusion,

how ever, w as reached fo r irrotat ional inviscid

flow. With viscosity presence, boundary layer

ex ists and g row s f rom the stagnat ion point on.

The outside irrotational f low � feels� a smaller

curvatur e near the cy linder ther eby stat ic pres�
sur e ang le is lar ger compar ing to potent ial f low

solut ion. Furthermo re, separat ion is unavo ida�
ble for a f low around a cylinder, w hich may have

an inf luence on the stat ic pr essure ang le. Since

Reynolds number rises w ith the increasing of

Mach number, bo th viscosity and compressibili�
ty ar e account for the var iat ion of the static pres�
sur e ang le. M ach number, how ever, should be

the m ajo r factor since Reynolds num ber is rela�
t ively high and is in a relat ively small range.

From the abundant calibrat ion data of different

sized cy linder pr obe in the Laboratory in BU AA

that w or ks in the sam e range of Reynolds num�
ber, static pressur e angle w as found to be f rom

33 to 46 deg ree and the stat ic pressure ang le in�
creases w ith M ach number. T hese experim ental

results agr ee w ith the curr ent com putat ion result

w ell.

For a flow passing a cy linder, a crit ical in�
coming f low M ach num ber of 0. 466 can be de�
r iv ed w hich results a maxim um M ach number

near the cylinder of 1. 0. T hat is to say, for an

incoming f low M ach number of 0. 5 or higher,

the f low may contain shocks. T his critical M ach

number decrease w ith the incr easing of blo ckage

ratio since f low near the cylinder is accelerated

w ith the appro aching of the w alls. Continue to

increase the incom ing f low M ach number w ill re�
sult in a second crit ical M ach number. F ig� 10 is

the case of incoming flow M ach number of 0. 7.

Max im um Mach number in the f low field a�
chieves 1. 85 som ew her e af ter off set angle of

90∀. Shocks arise betw een w ake and w alls, and

the ref lected shocks for m a norm al shock.

Shocks interact w ith boundar y layer on the w alls

of w ind tunnel and induce separat ion. T he sepa�
r ated boundar y lay er s together w ith the w ake

narrow the f low passage and choke the flow;

consequent ly a second crit ical M ach number of

the incoming f low is decided. T he second crit ical

Mach number is the highest incoming f low M ach

number that a w ind tunnel can have in probe cal�
ibrat ion. T his second cr it ical Mach num ber de�
creases w ith the incr easing o f blockage rat io with

apparent reason. As show n in Fig� 8, a w ind

tunnel calibration w ith blockage rat io of 0. 15

has a max im um incoming M ach number of 0. 57;

a higher M ach number cal ibrat ion is impo ssible

in this case.

In Fig� 10, the oblique shocks jo in the w ake

at a distance of tw o diam eters of the cy linder,

w hich phenomenon had been observ ed by Zheng

et . al. [ 7] . In that paper, a sphere instead o f a

cy linder w as placed in a supersonic flow , still 2�
D flow af ter the body is compar able to the case

in this paper. As has been stated in potent ial

theoret ical analy sis, free jet f low has a � nega�
tive� blo ckage ef fect on the probe. As show n in

Fig� 11, the fr ee boundary of the jet has an inf lu�
ence to the f low near the cylinder by a constant

pressure boundary, w hich is different from the

case o f uniform f low . An observat ion can be

made by car eful observing of velocity vecto r

graph ( not show n here) that the flow curves at

the boundary bo th sides of the cy linder and pro�
v ides a � lar ger� passage, which slow ers dow n

the f low near the cylinder. It is suggested there�
for e that even though a f ree jet flow has a sm al�
ler blockage ef fect , care st il l need to be taken to

retain a m uch larger jet f low dimension over the

size o f the probe.

Fig� 10 M ach number distr ibut ion for Main = 0. 7

in wind tunnel flow with B= 0. 06
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Fig� 11 M ach number distr ibut ion for Main = 0. 4

in free jet flow w ith B= 0. 06

Correct ion of blockage effect in convent ion�
al test had been studied fo r year s; an ef fect ive

method is w all signature m ethod. By registering

static pressure along the sidew all, f low disto r�
t ion near the model can be derived w ith some

simplificat ions. Sidew all pressure dist ribut ions

fo r blockage ratio of 0. 06 are show n in Fig� 12.

Unit of the abscissa is nor malized by the diame�
ter of the cylinder, cylinder is located at l/ d= 0.

Not only cylinder it self but also the wake from it

have blo ckage effect on the f low . For Main = 0.

6, shocks emerge near the cy linder and inf luence

the recovery of pressur e although no shock is

found near the sidew alls. As show n in Fig� 10,

st rong shocks presence at Main = 0. 7, w hich is

also show n in Fig� 12 w ith a sudden pr essure rise

at a locat ion 7 t imes cyl inder diam eter af ter the

cy linder.

Fig� 12 Sidewa ll pr essure variation

Pr essure dist ribut ion along the sidew all

should be monito red in a w ind tunnel calibrat ion

to ensure that no such st rong shocks presents in

the f low field. T his kind of f low is not g oing to

be meet in a test w ith ident ical st ructure and

therefo re can result in an invalid calibr at ion.

Curve fit t ing is perform ed to the data f rom

Fig� 8, and a relat ionship betw een the stat ic

pressure ang le and blo ckage ratio under different

Mach number is acquired. By com pensat ing the

blo ckage effect , �ps�Ma in relat ions nearly inde�
pendent to blockage rat io can be obtained, as

show n in Fig� 13.

F ig� 13  Static pressur e var iation w ith M ach number

w ith blockage effect cor rected

3  Concluding Remarks

Blockage ef fect is invest igated in this paper

through potent ial f low theory and num er ical

simulat ion. Image method based on potent ial

flow theo ry that had been used in w ind tunnel

test is inappropriate in the case in this paper

since boundary layers on the probe and sidew all

play a m ajo r role. Follow ing conclusions can be

draw n from above results.

First ly, Numerical simulation is capable of

revealing the complex flow phenomenon in a

w ind tunnel calibration and therefore a pow erful

tool for error co rrect ion.

Secondly, Blockage ef fect needs to be con�
sidered for blockage ratio larg er than 0. 06,

w hich causes a stat ic pressure ang le err or of 1o

in scale. Jet f low is with a � negat ive� blockage

ef fect and the ef fect is smaller than the one f rom

w ind tunnel w alls; st ill co rrect ion is needed for a

blo ckage rat io o f 0. 12 o r m ore.

Furtherm ore, blo ckage effect limits the in�
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coming flow M ach num ber upon calibrat ing a

probe in a w ind tunnel. Since high subsonic

Mach num ber is o ften met in turbom achines, a

large enough w ind tunnel should be used in cali�
brat ion.

The 2�D com putation in this paper is just a

preliminary study , 3�D effect m ight be strong

fo r an actual w ind tunnel calibrat ion and a 3�D
com putat ion is under w ay.
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