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Pressure-Correction Method for Low-Speed
Pressure-Sensitive Paint Measurements

Tianshu Liu¤

NASA Langley Research Center, Hampton, Virginia 23681

An iterative pressure-correction method is developed that can be used to recover the incompressible pressure-
coef� cient distribution from pressure-sensitive paint (PSP) results obtained at two suitably higher subsonic Mach
numbers. The pressure-correction method provides an alternative approach to overcome the well-known dif� culty
of using PSP in low-speed � ows. For validation, this method is applied to � ows over a circular cylinder, sphere,
prolate spheroid, transonic body, and delta wing. Limitations and uncertainty of the pressure-correction method
are discussed.

Introduction

P RESSURE–SENSITIVE paint (PSP) is an optical sensor for
global pressure measurements based on the oxygen-quenching

mechanism of luminescence. PSP is particularly effective in high
subsonic, transonic, and supersonic � ow regimes. However, PSP
measurement in low-speed � ows where the Mach number is typi-
cally less than 0.3 is a challengingproblembecausea small pressure
change is dif� cult to be suf� ciently resolved by PSP. The major er-
ror sources,notablythe temperatureeffect, imagemisalignment,and
charge-coupleddevice (CCD) camera noise, must be minimized to
obtain acceptable quantitative pressure results in low-speed � ows.
The resolution of PSP measurements is eventually limited by the
photon-shot-noiseof CCD cameras at low limiting Mach number
(Ref. 1). Previous work on low-speed PSP measurements focused
on pushing the boundary of instrumentation to the limit to resolve
a small pressure change. Using a 14-bit CCD camera and carefully
controllingtheerrorsources,Brown2 obtainedreasonablygoodPSP
measurements on a NACA 0012 airfoil at speeds as low as 20 m/s.
However, becausemany error sourcesare stronglydependenton en-
vironmental testing factors, the cautious measures used by Brown
in a small wind tunnel cannot be generally applied to PSP mea-
surements in large-productionwind tunnels. Some low-speed PSP
measurements were conductedon the upper surfacesof delta wings
where a relatively large pressure change is inducedby leading-edge
vortices.3¡5 Using a PSP with low temperature sensitivity, Le Sant
et al.5 measured the pressure distributionson car models at speeds
as low as 40 m/s. In general, because PSP is an oxygen sensor, the
capability of PSP is severely limited in applications of low-speed
aerodynamics,and instrumentation issues are increasinglydif� cult
as the � ow velocity decreases. In this paper, we propose a pressure-
correctionmethod applied to low-speedPSP measurementswithout
directly addressingthe intrinsicdif� culty of PSP instrumentationin
low-speed � ows. This method extrapolatesthe incompressiblepres-
sure coef� cient from PSP measurements at higher Mach numbers
(Mach 0.3–0.6) by removing the compressibility effect. Although
this work is motivated by the dif� culty in making PSP measure-
ments at low speeds, the developed method can be applied to other
relevant measurements and computations.

Sensitivity
Sensitivityanalysisindicatesthatwhen the freestreamMachnum-

ber is increased a small amount, the performance of PSP can be
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considerablyenhancedwhile thechangein thenondimensionalpres-
sure coef� cient remains small for low Mach numbers. There is a
signi� cant difference between the responses of pressure p and the
pressure coef� cient, C p D .2=° M2

1/.p=p1 ¡ 1/, to the freestream
Mach number M1 , where ° D 1:4 is the speci� c heat ratio for air.
According to the Prandtl–Glauert rule, C p D Cpinc=

p
.1 ¡ M 2

1/, we
have an estimate for the pressure coef� cient C p ¼ Cpinc.1 C M 2

1=2/
for M2

1 ¿ 1, where Cpinc is the pressure coef� cient in incompress-
ible � ow. The relative sensitivity of the pressure coef� cient C p to
the Mach number for M 2

1 ¿ 1 is estimated by

SCp D
M1

C p

dC p

dM1
¼ M2

1 (1)

In contrast, the relative sensitivity of pressure to the Mach number
is approximately

Sp ¡ p1 D
M1

.p ¡ p1/

d.p ¡ p1/

dM1
¼ 2 (2)

For M2
1 ¿ 1, Sp ¡ p1 is much larger than SC p . For example, for

M1 D 0:3 and dM1=M1 D 10%, the fractional change of pressure
difference is d.p ¡ p1/=.p ¡ p1/ ¼ 20%, whereas the fractional
change of C p is only dCp=C p ¼ 0:9%. This analysis is supported
by pressure measurements on a semispan wing and a high-wing
transport model.6;7

Clearly,PSP can take advantageof the relative insensitivityof the
pressure coef� cient C p to the Mach number to achieve the initial
approximate incompressible pressure-coef�cient distribution from
suitably higher-Mach-numberdata. Furthermore, the compressibil-
ity effect for Cp can be correctedby using the classicaland proposed
pressure-correctionmethods. The classical pressure-correctionfor-
mulas are normally applicable to two-dimensionaland axisymmet-
rical � ows. In this paper,we developan iterativepressure-correction
method for general three-dimensional � ows, allowing recovery of
the incompressible pressure coef� cient Cpinc from PSP measure-
mentsat two differentsubsonicMachnumbers.For validation,the it-
erativepressure-correctionmethod is applied to � ows over a circular
cylinder, sphere, prolate spheroid, transonic body, and delta wing.

Classical Pressure-Correction Formulas
Historically,the pressure-correctionformulas were derived to ex-

trapolate the pressure coef� cient to subsonic compressible � ows
from incompressible � ow theory and low-speed pressure measure-
ments. In contrast, for PSP application, the pressure-correctionfor-
mulasareused to transformthecompressiblepressurecoef� cientC p

to the correspondingincompressiblepressure coef� cient Cpinc. The
theoretical foundation for pressure correction in two-dimensional
potential � ows is well established. The linearized theory for sub-
sonic compressible � ow gives the Prandtl–Glauert rule (see Refs. 8
and 9)

906



LIU 907

C p D Cpinc

¯p
1 ¡ M 2

1 (3)

The Laitone rule with local Mach number correction (see Ref. 8) is

C p D Cpinc

¿»p
1 ¡ M2

1 C
µ

M 2
1

¡
1 C [.° ¡ 1/=2]M2

1

¢

2
p

1 ¡ M2
1

¶
Cpinc

¼

(4)

The use of a hodographsolution of the nonlinear potential equation
gives the von Kármán–Tsien rule (see Ref. 8)

C p D Cpinc

¿µp
1 ¡ M2

1 C
³

M 2
1

1 C
p

1 ¡ M2
1

´
Cpinc

2

¶
(5)

For M2
1 ¿ 1, the approximate expressionsof the classicalpressure-

correction formulas are as follows.
Prandtl–Glauert:

C p ¼ Cpinc C M2
1Cpinc

¯
2 (6a)

Laitone:

C p ¼ Cpinc C M2
1Cpinc.1 ¡ Cpinc/

¯
2 (6b)

von Kármán–Tsien:

C p ¼ Cpinc C M2
1Cpinc.1 ¡ Cpinc=2/

¯
2 (6c)

Strictly speaking, these classical formulas are valid only for two-
dimensional � ows although they are sometimes used for three-
dimensional� ows. For a slenderbodyof revolutionat zero incidence
where the compressibility effect is weaker, the pressure-correction
formula based on the linearized theory is9

C p ¼ Cpinc ¡
d2.R2/

dx2

p
1 ¡ M 2

1 (7)

where R.x/ is the radius of the cross section of the body of revolu-
tion.

In higherapproximationsfor solvingthenonlinearpotentialequa-
tion, the velocity potential Á is expressed by the Janzen–Rayleigh
expansion in powers of the Mach number (see Refs. 10 and 11)

Á D U 2
1

¡
Á0 C M2

1Á1 C ¢ ¢ ¢
¢

(8)

The equations for Á0 and Á1 are r2Á0 D 0 and r2Á1 D
rÁ0 ¢ r[.rÁ0/

2=2] with the boundary conditions of zero normal
velocity and approaching freestream velocity at in� nity. Explicit
solutions exist for two simple cases: circular cylinder and sphere.11

For M 2
1 ¿ 1, the expression for Cp for the cylinder and sphere,

respectively,with unit radius are

C p ¼ 1 ¡ 4 sin2.µ/ ¡ M2
14 sin.µ/[2 sin.µ/=3 ¡ sin.3µ /=2]

C p ¼ 1 ¡ 9 sin2.µ/=4 ¡ M2
13 sin2.µ/

£ f0:1924 ¡ 0:2813[1 ¡ sin2.µ /]g (9)

Replacing sin2.µ/ by .1 ¡ Cpinc/=4 and 4.1 ¡ Cpinc/=9 in Eq. (9) for
the cylinder and sphere, respectively, we obtain the approximate
pressure-correctionformulas for M2

1 ¿ 1:

C p ¼ Cpinc C M2
1

¡
2 C Cpinc ¡ 3C2

pinc

¢¯
6

Cp ¼ Cpinc C M2
1

¡
¡0:048 C 0:215Cpinc ¡ 0:167C2

pinc

¢
(10)

For M2
1 ¿ 1, the pressure-correctionformula for two-dimensional

� ows and axisymmetrical � ows can be generally written as

Cp ¼ Cpinc C M2
1 F.Cpinc/ (11)

where the correction function F.Cpinc/ can be approxi-
mately expressed as a second-order polynomial F.Cpinc/ D a0 C

Fig. 1 Correction function F(Cpinc) in the classical pressure-correction
formulas for small Mach numbers.

a1Cpinc C a2C2
pinc. Given an aerodynamic body, the constant coef-

� cients a0, a1 , and a2 can be determined experimentally from pres-
sure tap data. Figure 1 shows the correction function F.Cpinc/ in
different pressure-correctionformulas for small Mach numbers. In
Cpinc 2 [¡1; 1], the difference between Cp and Cpinc is about 0.05
at M1 D 0:3 without any pressure correction. For PSP measure-
ments on two-dimensional airfoils, the Prandtl–Glauert rule and
von Kármán–Tsien rule are suf� ciently accurate to recover the in-
compressiblepressure coef� cient. Nevertheless, for complex three-
dimensional� ows, a generalpressure-correctionmethodis required,
which provokesthe developmentof the followingiterativepressure-
correction method. Note that the general Prandtl–Glauert transfor-
mation allows pressurecorrectionfor a three-dimensionalthin wing
at the cost of changing the wing aspect ratio. Clearly, changing the
wing planform is impractical for wind-tunnel testing.

Iterative Pressure-Correction Method
The Janzen–Rayleigh method of expansionhas been mainly used

for potential � ows (see Refs. 10 and 11). Nevertheless, the expan-
sion method in powers of the Mach number is generally valid for
viscous � ows when the Mach number is small. Dimensional analy-
sis of the compressible Navier–Stokes equations indicates that the
solution for the velocity � eld and temperature � eld depends on the
Reynolds number Re, Prandtl number Pr, and Eckert number E.
The Eckert number, representing the effect of compressibility, is
proportional to M2

1 . In the case where the Mach number is small
and the effects of Reynolds number Re and Prandtl number Pr can
be neglected, the velocity � eld and temperature � eld can be ex-
panded as a power series of M2

1. Accordingly, the pressure � eld
can also be expressed as a power series of M 2

1. For M 2
1 ¿ 1, in

an arbitrary coordinate system, the pressure-correctionformula for
a three-dimensional surface Z D S.X; Y / has a general functional
form

C p ¼ Cpinc C M 2
1 F[X; Y; S.X; Y /] (12)

Equation (12) is valid for not only potential � ows, but also for
complex viscous � ows over a three-dimensional body. Because
Cpinc D Cpinc[X; Y; S.X; Y /] is a function of X and Y , we can, in
principle, eliminate X in the correction function F[X; Y; S.X; Y /]
usingCpinc and Y . Becausethecorrectionfunction F[X; Y; S.X; Y /]
is not speci� ed yet, an equivalent form to Eq. (12) is written as

C p ¼ Cpinc C M 2
1 F.Cpinc; Y / (13)

Equation (13) indicates that the pressure correction in three-
dimensional � ows depends on not only Cpinc, but also one space
coordinate Y . Note that the functional form of Eq. (13) remains



908 LIU

valid after the coordinate Y is switched to another coordinate X .
When C p does not change along one coordinate, Eq. (13) is natu-
rally reduced to Eq. (11) for two-dimensional and axisymmetrical
� ows.

When the correction function F.Cpinc; Y / is written as a polyno-
mial, Eq. (13) becomes

C p ¼ Cpinc C M 2
1

NX

n D 0

an.Y /C n
pinc (14)

Note that C p and Cpinc are functions of the location on
the surface Z D S.X; Y /, that is, Cp D C p[X; Y; S.X; Y /] and
Cpinc D Cpinc[X; Y; S.X; Y /]. When the distributionsof C p and Cpinc

areknownas a functionof X alongtheintersectionbetweentheplane
Y D const and the surface Z D S.X; Y /, the coef� cients an.Y / can
be determined using the least-squaresmethod. In wind-tunnel mea-
surements,pressure tap data in subsoniccompressible� ows and the
corresponding low-speed � ow can be used to establish the relation-
ship between C p and Cpinc. However, this approach is not conve-
nient for PSP measurements in wind tunnels because extra pressure
tap data are required. To solve this problem, an iterative method is
proposed to recover Cpinc from C p at two different subsonic Mach
numbers M11 and M12 . The biggest advantage of this method is
that Cpinc can be directlyobtained from two PSP images at M11 and
M12 without additional use of pressure tap data.

Denote C p1 and C p2 as the pressure coef� cients at two differ-
ent Mach numbers M11 and M12 and assume M11 < M12. Given
the distributions of C p1 and Cp2 along the intersection between
Y D const and Z D S.X; Y /, we need to solve the following equa-
tions to recover Cpinc and the correspondingcoef� cients an.Y /:

C p1 ¼ Cpinc C M 2
11

NX

n D 0

an.Y /Cn
pinc

C p2 ¼ Cpinc C M 2
12

NX

n D 0

an.Y /Cn
pinc (15)

An iteration scheme for solving Eq. (15) is described next:
1) Give the initial distribution Cpinc.k/ D C p1 , k D 0, as a function

of X along the intersection between Y D const and Z D S.X; Y / in
the object space (a row or column in the image plane), where k is
the iteration index number.

2) Determine the coef� cients an.k/.Y /.n D 0; 1; : : : ; N / in the
polynomial from a system of equations

¡
C p2 ¡ Cpinc.k/

¢

M2
12

D
NX

n D 0

an.k/.Y /Cn
pinc.k/

using the least-squaresmethod.
3) Substitute an.Y / into

Cpinc.k C 1/ ¼ C p1 ¡ M2
11

NX

n D 0

an.k/.Y /Cn
pinc.k/

to obtain the corrected value Cpinc.k C 1/.
4) Go back to step 2, replace Cpinc.k/ by the corrected

value Cpinc.k C 1/ (k ! k C 1/ and iterate until the converged
results Cpinc D limk ! 1 Cpinc.k/ and an.Y / D limk ! 1 an.k/.Y /,
n D 0; 1; : : : ; N , are obtained.

5) Output the � nal Cpinc D Cpinc[X; Y; S.X; Y /] and an.Y /.
After processingfor a largeset of the intersections,we can recover

the whole distribution of Cpinc on the surface. Unlike the classical
pressure-correction methods for two-dimensional � ows, the itera-
tive method is a nonlocal approach that has to be done along an
intersection.Careful readers may notice that the coordinates of the
intersection are not explicitly involved in the described iteration
scheme. This implies that the iterative method can be applied to any
given line or curve on the surface Z D S.X; Y /. Furthermore, it can
be directly used in the image plane that has a one-to-one perspec-
tive correspondenceto the surface Z D S.X; Y /. This issue will be

discussed in the following section. The selection of the order N of
the polynomial in Eq. (15) depends on the complexity of the Mach
number effect on the pressure distribution along the intersection.
For two-dimensional � ows and near-two-dimensional� ows, N D 2
is suf� cient. For more complex � ows, the order of the polynomial
could be higher. The number of available data points on the inter-
section eventually limits the order of the polynomial.

Processing in Image Plane
The aforementionedanalysis is made in an arbitraryobject–space

coordinate system .X; Y; Z /. For PSP, data processing is typically
done in the image plane rather than in the object space. Therefore,
it is necessary to discuss the coordinatesystem and perspectivepro-
jection mapping because, for convenience, the pressure-correction
method should be used in the image plane. Because the preceding
analysis does not specify the coordinate system a priori, the coor-
dinate system could be a Cartesian coordinate system, a curvilinear
coordinate system, or even a nonorthogonal coordinate system. In
this section, we prove that the iterative pressure-correctionmethod
can be directly applied to rows or columns in PSP images.

For a given simple solid surface Z 0 D S0.X 0; Y 0/ in a Cartesian
object space coordinate system .X 0; Y 0; Z 0/, there is a one-to-one
perspectiveprojectionmapping between the image plane .x; y/ and
the surface that is imaged by a camera. Hence, a curve on the sur-
face Z 0 D S0.X 0; Y 0/ in the object space uniquely maps onto a line
on the image plane. Furthermore as shown in Fig. 2, an orthogonal
mesh (mesh 1) composed of rows and columns in the image plane
has a one-to-one perspective correspondence to a mesh (mesh 2)
on the surface Z 0 D S 0.X 0; Y 0/. Generally, mesh 2 on the surface
is nonorthogonal except for a planar surface parallel to the image
plane. Next, mesh 2 on surface Z 0 D S 0.X 0; Y 0/ is orthographically
projected to a mesh (mesh 3) on a given plane P in the object
space, constituting a two-dimensional nonorthogonal coordinate
system .X; Y / on the plane P . Here, the orthographic projection
is the perpendicular projection of mesh 2 to the plane P . Thus,
mesh 3 with an added coordinate Z normal to the plane P forms
a nonorthogonalcoordinate system denoted by .X; Y; Z/. The sur-
face Z 0 D S 0.X 0; Y 0/ in the Cartesian coordinatesystem .X 0; Y 0; Z 0/
is describedby Z D S.X; Y / in thenonorthogonalcoordinatesystem
.X; Y; Z /. Precisely speaking, mesh 2 is composed of the intersec-
tions between the surface Z D S.X; Y / and the planes X D const
and Y D const. Finally, we establish a one-to-one correspondence
betweenmesh1 (rows and columns) in the imageplaneand the inter-
sectionsbetween the surface Z D S.X; Y / and the planes X D const
and Y D const in the nonorthogonal object space coordinate sys-
tem .X; Y; Z /. Consequently, because of this correspondence, the
iterative pressure-correctionmethod can be directly applied to PSP
images in rows or columns. The pressure correction in the image

Fig. 2 One-to-one correspondence between the image plane and sur-
face in the object space.
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plane considerably simpli� es data processing, and it can be easily
integrated into current PSP image processing software. In fact, fol-
lowing the same reasoning, one can see that the pressure-correction
method can be applied to any given line or curve in the image plane.

Limitations and Uncertainty
There are limitation conditions for application of the iterative

pressure-correction method (actually for any pressure-correction
method). First, the two Mach numbers M11 and M12 should be
lower than the critical Mach number at which the � ow at certain
point on the surface becomes sonic.Second, the pressure-correction
method relies on the assumption that the pressure distribution does
not have a drastic change due to the Reynolds number effect as the
Mach number increases from M1 D 0 to M11 and M12 . Generally,
the pressure coef� cient is also a function of the Reynolds number
Re, that is,

C p ¼ Cpinc C M2
1 F [X; Y; S.X; Y /I Re] (16)

When the Reynolds number effect on pressure overwhelms the ef-
fect of the Mach number, the pressure-correction method cannot
produce correct results because the � ow pattern has been quali-
tatively changed. This situation may happen on a high-lift model
under certain testing conditions in certain � ow separation regions
that are particularlysensitiveto the Reynolds number effect.7 Fortu-
nately, there is a large class of � ows in which the Reynolds number
does not signi� cantly change the surface pressuredistribution,such
as attached � ows and certain separated � ows whose separation and
reattachmentlines are � xed. For these � ows, the pressure-correction
method is applicable.

To estimate the uncertainty of the iterative pressure-correction
method, we consider the iterative relation in step 3 in the preceding
section:

Cpinc.k C 1/ D C p1 ¡ M2
11 F

¡
Cpinc.k/; Y

¢
(17)

where k is the iteration index number and the correction function
F.Cpinc.k/; Y / is

F
¡
Cpinc.k/; Y

¢
D

NX

n D 0

an.k/.Y /Cn
pinc.k/ D

¡
Cp2 ¡ Cpinc.k/

¢

M 2
12

(18)

The uncertainty 1Cpinc.k C 1/ in calculating Cpinc.k C 1/ at the (k C 1)
iteration satis� es the error propagation equation derived from
Eq. (17),

¡
1Cpinc.k C 1/

¢2 D .1C p1/2 C M4
11.1F/2 (19)

where 1C p1 is the measurement error of C p1 and 1F is the least-
squares estimation error in step 2 for determining the coef� cients
an.k/.Y /; n D 0; 1; : : : ; N , in the polynomial correction function.
Furthermore from Eq. (18), we know

.1F/2 D
h
.1Cp2/

2 C
¡
1Cpinc.k/

¢2
i

M¡4
12 (20)

Therefore, substitutionof Eq. (20) into Eq. (19) leads to the follow-
ing relation:
¡
1Cpinc.k C 1/

¢2 D .1C p1/
2C.M11=M12/

4
h
.1Cp2/

2C
¡
1Cpinc.k/

¢2
i

(21)

When the limit 1Cpinc D limk ! 1 1Cpinc.k/ D limk ! 1 1Cpinc.k C 1/

exists, a � nal estimate for the uncertainty 1Cpinc is

.1Cpinc/
2 D

£
.1Cp1/

2 C .M11=M12/
4.1Cp2/

2
¤

£
£
1 ¡ .M11=M12/

4
¤¡1

(22)

For a � xed ratio of the two Mach numbers M11 and M12, the com-
putational uncertainty 1Cpinc is mainly determined by the errors
of the given pressure-coef�cient distributions C p1 and C p2. Equa-
tion (22) indicates that the Mach numbers M11 and M12 should be
considerably different. When M11 approaches to M12 , the uncer-
tainty 1Cpinc is rapidly increased.

Test Cases
Cylinder and Sphere

To validate the iterativepressure-correctionmethod, we � rst con-
sider classical cases: � ows over a circular cylinder and sphere.
Figure 3 shows the incompressible Cpinc distribution on a cylinder
recovered by using the iterative pressure-correction method along
with results obtained by using the Prandtl–Glauert rule and von
Kármán–Tsien rule. The iterative method gives excellent recovery
of Cpinc. The von Kármán–Tsien rule also gives a good correction,
whereas the Prandtl–Glauert rule is not accurate in the low-pressure
region C p 2 [¡3; ¡2]. The iterative method uses the distributions
of Cp at M11 D 0:4 and M12 D 0:6. The order of the polynomial in
Eq. (15) is N D 2, and the solution for Cpinc converges after 10 iter-
ations. Both the von Kármán–Tsien rule and Prandtl–Glauert rule
use C p at M1 D 0:4 to recover Cpinc. Figure 4 shows recovery of
the incompressible Cpinc distribution on the sphere. Again, the it-
erative method produces excellent results. Interestingly, in contrast
to the � ow over the two-dimensional cylinder, the Prandtl–Glauert
rule works better than the von Kármán–Tsien rule in this three-
dimensional case, where the compressibilityeffect is much weaker.
Certainly, for two-dimensional subsonic � ows, the von Kármán–
Tsien rule derived from the two-dimensional nonlinear potential
equation is more accurate than the Prandtl–Glauert rule. However,

Fig. 3 Pressure correction for cylinder.

Fig. 4 Pressure correction for sphere.
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the accuracy of the von Kármán–Tsien rule is not assured for three-
dimensional � ows.

Prolate Spheroid and Transonic Body
Figure 5a shows the pressure correction for a prolate spheroid

of � neness ratio of 6 at an angle of attack of 5.6 deg and the el-
lipsoidal coordinate ! D 0. Here, the iterative method uses C p data
at M11 D 0:6 and M12 D 0:8 that are collected from the scanned
� gures in Ref. 12. Even though the Mach numbers are not small,
the iterativemethod still produces good results because these Mach
numbers are less than the criticalMach number of 0.904 in this case.
Figure 5b shows similar pressure correction for a transonic body at
zero angle of attack.12 In Ref. 12, data at M1 D 0 were obtained
by directly extrapolating the pressure coef� cients at higher Mach
numbers to the Mach number of zero. The accuracy of this simple
extrapolation is not known. Because the measurement uncertainty
of the pressure coef� cient is not provided in Ref. 12, we cannot
directlyuse Eq. (22) to give the uncertaintyof the iterativepressure-
correctionmethod.Nevertheless,undercertainassumptions,a rough
estimate for the uncertainty1Cpinc can be given based on the least-
squares estimation error 1F in step 2. Under the assumptions that
.M11=M12/

4 ¿ 1 and1C p1 ¼ 1C p2, when the iterationconverges,
comparing Eq. (19) with Eq. (22) yields a rough estimate:

a)

b)

Fig. 5 Pressure correction for a) prolate spheroid and b) transonic
body.

.1C p1/
2
¯

M4
11.1F/2 ¼ .M12=M11/

4 (23)

When the iteration index k is large enough, substitutionof Eq. (23)
into Eq. (19) leads to

.1Cpinc/
2 ¼

¡
M4

11 C M4
12

¢
.1F/2 (24)

The error bars on the calculated curves of Cpinc in Fig. 5 show the
uncertainty 1Cpinc estimated using Eq. (24).

Delta Wing
To examine the capability of the iterative pressure-correction

method for complex vortical � ows where two-dimensional meth-
ods cannot be used, it is used to recover Cpinc on the upper surface
of a 65-deg delta wing with a sharp leading edge.13 Figure 6 shows
the spanwise Cpinc distributionsobtained using the iterative method
at the chordwise locations x=cr D 0:6 and x=cr D 0:8 at an angle of
attack (AOA) of 20.5 deg, where cr is the root chord of the wing.
In Fig. 6, C p data at M11 D 0:4 and M12 D 0:6 are used for the it-
erative pressure correction.Because the Mach number effect on the
pressuredistributionis more complicated in this case,we choose the
order of the polynomial N D 8 with 20 iterations.Data at Mach 0.4
and 0.6 are obtained from tests on a 65-deg delta wing with a root
chord of 25.734 in. and a wingspan of 24 in. in the NASA Langley

a)

b)

Fig. 6 Spanwise pressure correction for a 65-deg delta wing at an AOA
of 20.5 deg at two chordwise locations: a) x/cr = 0.6 and b) x/cr = 0.8.
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ResearchCenter NationalTransonicFacility (NTF).13 Because low-
speed pressure data are not available in the same NTF tests, data at
Mach0.2and the same nominalAOA on a smaller 65-degdeltawing
with cut tips obtained in the NASA Langley Research Center Basic
Aerodynamics Research Tunnel (BART) are used for comparison.
The error bars on the calculated curves of Cpinc in Fig. 6 show the
computational uncertainty 1Cpinc . The recovered distributions of
Cpinc show the correct trend as the Mach number increases.13¡15

In this paper, the pressure-correctionmethod is not directly ap-
plied to actualPSP databecausetheauthordoesnothavePSP images
at suitable subsonic Mach numbers and the corresponding reliable
incompressibleresultsfor comparison.To validate this new concept,
however, it is appropriateto apply this method to a numberof classi-
cal � ows for pressure tap data. Future researchwill focus on the use
of the iterative pressure-correctionmethod in PSP measurements at
low speeds.

Conclusions
The iterative pressure-correction method is developed for low-

speed PSP measurements in three-dimensional� ows. This method
is basedon a generalexpansionof the pressurecoef� cient in powers
of the freestream Mach number. The pressure-correction function,
which is modeled by a polynomial, is determined using an itera-
tion scheme. This method can recover the incompressiblepressure-
coef� cient distribution from PSP images obtained at two different
subsonic Mach numbers. Unlike the classical pressure-correction
formulas, the iterative pressure-correction method can be used in
general three-dimensional� ows. The computational uncertainty of
the method is mainly a result of the errors of the given pressure-
coef� cient distributions at higher Mach numbers. Without pushing
a PSP system to the limit, the pressure-correctionmethodology al-
lows the extension of the current PSP technique to a large class of
low-speed � ows where the surface pressure � eld is not sensitive
to the Reynolds number. This method is validated for � ows over a
number of basic aerodynamic con� gurations.
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