
AIAA JOURNAL, VOL. 39, NO. 12: TECHNICAL NOTES 2417

Accurate Calibration of Low-Speed
Wind Tunnels, Including Humidity

and Compressibility

Eugene E. Covert¤ and Frank H. Durgin†

Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

Introduction

IMPROVEMENTS in instrumentation and sensors have the im-
proved measurement accuracy of wind-tunnel data to the 0.1%

level.The assumptionsand limitsunderlyingthemodelsof the phys-
ical processes must be clearly understood to ensure the additional
digits in the output are meaningful. Historically, a steady incom-
pressible working � uid has been the model for steady, low-speed
� ow, and so the relationbetweendynamic pressure,stagnationpres-
sure, and static pressure is

q D 1
2 ½U 2

1 D pT ¡ p1 (1)

By convention, the dynamic pressure has been adopted as an aero-
dynamic reference pressure. Thus the relation between q , the rela-
tive velocity V1 , and Mach number M1, and the � ow parameters
is important. The � ow properties include not only total and static
pressure, total and static temperature, but also humidity and turbu-
lence level. The following section addresses setting limits for the
validity of the assumption of incompressibility during low-speed
wind-tunnel testing.The subsequentsectionsaddress the correction
to humid, unsteady � ows.

Compressibility Effects
A gas that is calorically and thermally perfect allows Eq. (1) to

be rewritten in the form

q D .° =2/ p1 M 2
1 (2)

and the square of the Mach number is found from the isentropic
pressure-Machnumber relation1:

M 2
1 D [2=.° ¡ 1/]

£
.pT =p1/.° ¡ 1/=° ¡ 1

¤
(3)

Here pT is the stagnation pressure, p1 is the static pressure, and °
is the speci� c heat ratio. To calculate the dynamic pressure based
upon the differencebetween pT and p1, which is usuallymeasured
very accurately in low-speed wind tunnels, de� ne

pT =p1 D 1 C . pT ¡ p1/=p1 D 1 C " (4)

Thus Eq. (3) can be written approximately M2
1 D 2=° ¢ "[1 ¡

"=2° C o."2/ C ¢ ¢ ¢ ¡ ]; o."2/ implies term in the series is constant,
when divided by "2. The term is said to be of the order "2 as " ! 0.
Thus

q D . pT ¡ p1/[1 ¡ .1=2° /" C o."2/ ¢ ¢ ¢] (5)

Once the Mach number, the static temperature,and the gas constant
R are known, the speed of sound is known, and the wind speed
follows by multiplication, i.e.,

U1 D
p

° RT1 D
p

2RTT "[1 ¡ 0:45."=° / C o."2/]M1 (6)
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Shapiro, who solves Eq. (3) for pT and substitutes into Eq. (1) and
expands the bracket, � nds

.pT ¡ p1/ D q[1 C M2=4 C o.M4/ C ¢ ¢ ¢] (7)

In both cases q is function of pT ¡ p1 and a correction term. Thus,
if the effect of compressibilityon dynamicpressureis to be less than
0.1% the second term in Shapiro’s series must be less than 0.001.
This implies the Mach number is less than 0.063, or the wind speed
is less than roughly 22 m/s.

Correction for Humidity
Customarily the calculations just described are based upon air

being a mixture of nitrogen, oxygen, and argon. Thus the value of
the gas constant R is 287 (m/s)2 per degree Kelvin.2 The speci� c
heat ratio in the temperature range of 4 and 32±C may be taken as
1.400 to within 0.04%.

The changes to the gas properties, i.e., the speci� c heats and
the gas constant, are calculated from Dalton’s law,3 which states
that gas static pressure is the sum of the partial pressures of the
gas’s constituents, and from the de� nition of the speci� c humidity
! D ½H20=½d (Ref. 2), ! as water vapor density divided by the dry
air density.

After carryingout the impliedcalculation,thehumiditycorrection
factorscanbe expressedin termsof!.Thus if the subscripth denotes
humid conditions and the subscript d denotes dry conditions, the
density is

½h D ½d.1 C !/ (8)

½h can also be computed directly (Ref. 4, p. 8; the authors thank
Michael Sturgeon of the National Weather Service and a reviewer
for this correction procedure). The dry value for the gas constant
and the speci� c heat ratio are corrected for the effects of humidity
by multiplying each by a single term. Thus for the gas constant

Rh D Rd.1 C 0:609!/ (9)

and for the speci� c heat ratio

°h D °d .1 ¡ 0:1!/ (10)

The valueof! can be foundusinganapproximationgivennext.This
requires measurements of relative humidity and static temperature.
The saturation pressure is given in Table 1.2

If Á is the measured relative humidity, then

! D 0:622
ÁPSAT

p1 ¡ PSAT

(11)

where p1 is the measured static pressure. From Eq. (5)

@q

@!
D @q

@°

@°

@!
D . pt ¡ p1/"

° 2.° ¡ 1/2
.¡0:1/ (12)

The combined compressibility and humidity correction is

q D .pT ¡ p1/meas

1 ¡ ."=2° /[1 C 0:1!=° .° ¡ 1/2]
(13)

Because ! is usually less than 3%, the correction term is less
than 0.013. In the temperature range of 20±C (68±F) and a relative

Table 1 Saturation pressure of water vapor

Saturated Temperature,
pressure, kPaa ±C

10 45.8
20 60.1
30 69.1
40 75.9
50 81.4
60 86.0
80 93.5
100 99.6

aThe saturation vapor pressure can be deduced using the
pressure correction term in Eq. (1.19) of Ref. 4.



2418 AIAA JOURNAL, VOL. 39, NO. 12: TECHNICAL NOTES

humidity of 60%, ! D 0:0085, and so the humidity correction term
is 0.0038, which is quite small compared to the compressibility
correction term but is large at the 0.1% level.

The corrected value for the velocity is

U1 D
UMEAS

1 ¡ .1 C 0:22=° /!
(14)

Tunnel Turbulence Level
In the case of randomly � uctuating velocty, the total pressure

probe can act to recify the turbulent � uctuation. Thus if u 0 is a
random velocity,

pT D p1 C q C 1
2 ½u 02 (15)

where

u02 D `im
t ! 1

1
t

Z t

¡t

³
1

2
½

´
u 02.t/ dt

and because

`im
t ! 1

1
t

Z t

¡t

³
1

2
½

´
u 0.t/ dt D 0

Thus, the corrected steady � ow value is

pT D
pTmeas

1 C u 02
¯

u2
1

(16)

Effects of Condensation; Stagnation Pressure
If the relative humidity level is nearly one, it is possible that a

few degrees of cooling in the low-speed wind-tunnel nozzle could
lead to condensation of water vapor in the nozzle. For example,
an isentropic expansion to M D 0:10 reduces the static temperature
by about 0.44±C; expansion to M D 0:3 reduces the temperature
by about 5±C. Depending on the initial humidity level, if there is
condensation, the working medium will be a two-phase � ow down-
stream of condensationonset (for a deeper discussion, see Ref. 5).

If all of the water vapor is condensed, the heat released is com-
puted from h`, the latent heat of condensation.Thus the entropy rise
across the condensation region, from state 1 to state 2, is

S2 ¡ S1 D h`½d !=RT (17)

For the purpose of this calculation, the saturation temperature is
assumed to be the static temperature at the onset of condensation.

The condensationcausesa departurefromthe isentropiccondition
of less than 0.1% whenever the saturation temperature is less than
24±C.

The effects of condensationappear to be reversable along a stag-
nation streamline because compression of the gas mixture on that
streamline reevaporatesthe condensedwater as the stagnationpoint
is reached. Thus it seems likely that the effect of condensation on
the stagnationpressuremeasurementwill be less than the instrument
resolution.

Effects of Condensation, Static Pressure
The effect of condensation on static pressure is estimated by

Shapiro’s one-dimensional � ow equation6 and the assumption that
after condensationtakes place the water vapor volume goes to zero.

The problem is made more accessible by the fact that the Mach
number is small so that the in� uence coef� cients can be given their
low-Mach-number limiting forms [i.e., as (1 ¡ M 2) ! 1].

The net pressurechangeresults from the temperaturerise because
the change in mass � ux is negligible:

dp

p
»D ° M2

µ
¡dTt

Tt

¶
(18)

If ! were as large as 3%, the temperaturerisewould be about0.42±C.
Thus even at M D 0:4 the fractional pressure rise is about 0.032%
and is thus negligible. Using Eq. (5), it is easy to show the effect
of condensation on Mach number squared and on the static and
dynamic pressure is neglible in the speed range under discussion.
The change in the velocity is of the order of

p
.±TT =TT /.

Table 2 Examples of the size of the correction of dry air
parameters to wet air parametersa

Temperature Relative
dry bulb, ±C humidity, % ! Comment

0 50 0.002 No humidity correction
needed at 0.1% level.

20 40 0.006 0.2% correction to velocity;
q and M1 do not need
correction.

20 65 0.010 0.35% correction to velocity
¡0.1% correction to q; M1
does not need correction.

30 90 0.026 0.9% correction to velocity
¡0.26% correction to q; M1
does not need correction.

aThe measured static and total pressures include the partial pressure of the water vapor.
Because the Mach is independentof humidity, the dynamic pressure includes the water
vapor. Hence the corrections cause the measured humid air properties to be reduced to
dry air values.

Instrument Uncertainties
Modern pressure sensors usually have an accuracyof about 0.1%

of full scale.Similarly temperaturesensorsare capableof measuring
a fraction of a degree F , which at room temperatures is also about
0.1%. The rms error in Mach number can be estimatedfrom Eqs. (3)
and (5) to be

±M1

M1
D ° ¡ 1

2°

1

1 C . pT ¡ p1/=p1 ¡ [1 C .pT ¡ p1/=p1]1=°

£

"
±.pT ¡ p1/2

p2
1

C
³

pT ¡ p1

p1

´2³
±p1

p1

´2
# 1

2

(19)

If the value .pT ¡ p1/=p1 is 0.1 (about 480 km/h) and the trans-
ducers have a 0.1% full-scale error, then

±M1

M1
’ 1

2

p
2 £ 10¡3

1 C 0:0357 ¡ 0:0015 ¢ ¢ ¢
’ 0:68 £ 10¡3 (20)

which is negligible in most circumstances.
So the error in dynamic pressure and velocity depend upon pres-

sure and temperature transducer error, which is about 0.1% of full
scale for pressure and about 0.2 deg for temperature. The error in
the relative humidity sensor is of the order of a few percent. The
size of ! and its effects on the sensitivities is small enough that
the consequences of a few percent error in the relative humidity is
neglible.

Generally speaking, the instrument sensivities are of the same
order or smaller than the humidity effects. A typical size of the
correctionto Mach number,dynamicpressure,and velocityis shown
in Table 2.

Conclusions
The use of the Mach number and static pressure[Eqs. (2), (3), and

(5)] provide an accurate value of dynamic pressure for the whole
range of low-speed testing. The use of the isentropic formula for
Mach number [Eq. (3)] is effectively independentof humidity. Fur-
ther the results show that the classical determination of dynamic
pressure [Eq. (1)] is in error at the 0.1% level whenever the Mach
number exceeds 0.063. The calculation of dry air and steady-state
valuesof velocityanddynamicpressureneeda correctiondependent
upon the speci� c humidity and turbulence level if these parameters
need to be known to the 0.1% level of accuracy.
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I. Introduction

E LECTRONIC speckle pattern interferometry (ESPI) was pro-
posed in the 1970s1 as a method of producing interferograms

without using a traditional holographic technique.2 The main dif-
ference between ESPI and holography is the interferometric image
processing.The image data are digitizedby a video camera and dig-
ital signal processor for the ESPI method, which eliminates time-
consuming chemical development.Because the interferometric im-
age is recorded and updated by the video camera every 1

30
s, ESPI

is faster in operation and more insensitive to environmental noise
than holography. The comparative advantage of operation allows
ESPI to extend its applicationcomparedwith other optical measure-
ment techniques.To increase the visibility of the fringe pattern and
to reduce the environmental noise simultaneously, an amplitude-
� uctuation ESPI method was proposed by Wang et al.3 for out-
of-plane vibration measurement. In the amplitude-�uctuation (AF)
ESPI method, the referenceframe is recordedin a vibratingstate and
subtractedfrom the incomingframe.Ma andHuang4 and Huang and
Ma5 used the AF-ESPI method to investigate the three-dimensional
vibrations of piezoelectric rectangular parallelepipeds and cylin-
ders; both the resonant frequencies and the mode shapes were pre-
sented and discussed in detail.

The study of the vibration behavior of plates with a crack is a
problem of great practical interest. Only a few papers have been
published on the vibration analysis of a � nite cracked plate. This
problem combines the � elds of vibration analysis and fracture me-
chanics. If the cracked plate is in resonance, the crack can prop-
agate either explosively or faster than in the early stage. To avoid
the mentioned fracture produced by vibration, it is necessary that
the vibration characteristicsof the cracked cantilever plate be clar-
i� ed. Nevertheless, compared with studies in the past, there is little
research on the in� uence of cracks on the vibration behavior of
plates.

In this Note, we employ an opticalmethod based on the AF-ESPI
to study the resonantpropertiesof rectangularcantileverplates with
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cracks. The rectangular cantilever plate is clamped along one edge
and free along the other three edges; a straightcrack is locatedalong
the clamped edge. The advantage of using the AF-ESPI method is
that resonant frequencies and the corresponding mode shapes can
be obtained simultaneously from the experimental measurement.
In addition to the AF-ESPI method, numerical computationsbased
on a � nite element package are presented, and good agreement is
found in comparisonwith experimental results for both the resonant
frequency and vibration mode shapes. The quantitativemagnitudes
of the full � eld vibration displacements are also indicated in the
experimental results, which are in the order of a micrometer.

II. Experimental Measurements
and Numerical Results

The optical arrangement for out-of-planevibrating measurement
by ESPI is shown schematically in Fig. 1. If the image is taken after
the specimen vibrates periodically, the light intensity detected by a
charge-coupled device (CCD) camera is indicated as I1. The AF-
ESPI method is employed in this study by taking two images while
the specimen vibrates and assuming that the vibration amplitude
of the second image has changed from A to A C 1A due to the
unstability of apparatus. The light intensity of the second image is
indicated as I2 . When these two images (I1 and I2 ) are subtracted
and recti� ed by the image processing system, the resulting image
intensity can be expressed as4

I D I2 ¡ I1 D
p

IA IB

¯
2
­­.cosÁ/02.1A/2 J0.0 A/

­­ (1)

where IA is the object light intensity, IB is the reference light inten-
sity, Á is the phase differencebetween object and reference light, J0

Fig. 1 Schematic diagram of ESPI experimental setup for out-of-plane
measurement.

Fig. 2 Geometric dimensions and con� guration of cracked rectangu-
lar plates: thickness h = 1 mm and crack length a = 20, 35, and 50 mm.


