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ABSTRACT

In urder to study effects of velocity and acceleration of a flow

Y

to the pressure on an obstacle, a small sphere with a pressure hole

WSS VANION

was placed in a periodically pulsating jet. Both the instantaneous

1
|
4
1.

pressure on the sphere and the instantaneous velocity of the flow

5 field when the sphere was absent were measured. By using periodic

™

samplirg and averaging techriques, orly periodic or deterministic

AN}

TR

ek component of the signal was recovered and any random component

W

E caused by turbulence suppressed. The measured surface pressure

'.’ was exprassed in terms of this measured velocity and acceleration

it of the flow. A simple inviscid theory was developed and the experimental
3

results were compared with it.
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1. INTRODUCTION

Measurement of the instantaneous value of the static pressure
inside a turbulent flow is still an unresoived problem because the
pressure probe placed in the unsteady flow field represents a solid
boundary and the surface pressure at a point always contains important

contributions from the inertial effccts in the flow around the body. For

Ay

steady flows it is relatively easy to design ''static' probes that read

IMMuns e

the static pressure Ly using potential theory to calculate the pressure

distribution around the body of the probe, but the saine locations do
not give instantaneous static pressure in unsteady flow.

In order to understand better the behavior of small probes placed
in unsteady flows, an experiment was performed in a relatively simple
configuration. A small sphere was placed in a pulsating jet and the

instantaneous surface pressure fluctuations were measured. Since

in such a flow there is a strong random component of fluctuations due

to the turbulcnce, a special signal processing technigue, namely periodic

sampling and averaging was performed on all signals in order to enhance
the periodic (or deterministic) component and to suppress the random
component.

Furthermore, in order to provide a guide for the assessment of

the results a simple inviscid theory was developed and the experimertal

results were compared with it.
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2. EXPERIMENTAL FACILITY AND PROCEDURE

The time-dependent flow for measurements, the pulsating flow,
is produced by the scheme indicated in Fig. 1. The steady air flow
provided by the centrifugal blower is divided into two streams, the
one flowing through the duct D; and the other through the duct D,.

One flow component is discharged through the duct D; and is periodically

S5
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irntercepted by a rotating disc with 16 holes. As a result periodic

R )
b

pressure fluctuations are induced also in the other branch, D,, through

2.
IS PERL kA i)

which the other flow component is discharged and pulsating air jet is

2L

3 produced. The frequency and mplitude of the velocity fluctuation in 3
g
o3 the jet can be varied within limits varying the speed of the rotating :

WA
b

Bilmdhan

TN IAL

disc and the stand-off between the disc and the nozzle attached to Dj.

=

E
5 3
The pulsating velocity of the jet was measured by a constant ‘
3 : (1) . . (2) ¢
3 ] temperature hot-wire anemometer followed by a linearizer. :
b Since hot-wire signal as obtained from the output of the linearizer g
:
e i
- stiil contains random fluctuations due to turbulence in the jet, special 3
2 3
3 signal processing technique, periodic sampling and averaging, was 3
3 :
3 perfoermed by using "Wavefrom Eductor' Model TDH9 of Princeton 3
3 Applied Research. The output of that instrument gives the ensemble F
K y
% i
_ aver=ge of a large number (typically 1000 - 2000) of sweeps and the i
= 3
random comporent is correspondingly reduced by a factor of -\‘ 1000 g
3 J—Z-OGO or 30-40. As the result most of the random components is g
2 i A
3 3 3
3 4 3
LR
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suppressed and only periodic or deterministic component is recovered.

The necessary synchronizing pulses were obtained from the rotating
disc by using a photo-cell pick up. Fig. 2 shows an example of the
periodic velocity fluctuation measured at a distance x = 6 cm from
the nozzle at a pulsating frequency of f = 450 Hz. The same technique
was used to obtain the periodic pressure fluctuation on the sphere as

described below. Schematic diagram of the instrun:entation is shown in

0

T
X

Y

Fig. 3.

Three spheres of the same diameter but with a pressure hole at

A, o
P A e "

Ny

different locations along the meridian were used as models. They are

AT

v

designated as S, O and R as shown in Fig. 4. The diameter of the

ol (o Tat P

4.
ALY

sphere is 6.35 mm and the diameter of the pressure hole is 0.5 mm,

located at the meridian angle 8 = 0° (opposite stem), 45° and 95° for
13

., vy
TR S i

S, O, and R respectively. The pressure hole is connected to a frequency

£ Sy

3
3
3
2
2
3

modulated condenser micrphone through the stem as shown in Fig. 4,

o 03

and the pressure flactuations is converted to the electrical signal. In

Ao

earlier period of the experiment a transistiorized version of the circuait

} used by Finstein and Li (1

was used as the FM oscillator and the detector.

YR
g il

g

In later period an improved circuit with the carrier freguency within the

Jqben s

it

Ll

range of commercial FM broadcast was built into the probe as shown in

Fig. 4 and an FM receiver EICO CORTINA 3200 was uscd as the detector.

e The sphere was rotated around its center by a lathe turn table up
-
& to a maximum angle of + 20° (Fig. 5) so by using all thrce models it
&

ﬁ'&
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was possible to oricnt the pressure holes on the sphere at every 57 g
between-20° to 110°. The overall static sensitivity was found to be

57 and 2. 4}:.V/};.bar respectively. The overall frequency characteristic.
of the pressure probe depends on the diameter and length of the pipe
leading to the microphone as well as on the volume of the cavity in

front of the rnicrnphone diaphragm. Fig. 6 shows the calculated

frequency characteristics for the combination of a pipe of diameter

1. ¢ nim and length 20. 5 mm and for two values of the cavity of volume

e T YT T TS DT A AT T T RN AR S

1. 65 and 89.1 mm3, respectively. Resonances occur around 800 Hz
Z and 2500 Hz respectively. The dynamic sensitivity of the probe would
bt have been kest obtained by the Coupler Method, which is bascd on a

comparison with a standard microphore. Unfortunately, however, no

standard microphone wes available, so an alternative procedure was used
A
3 by utilizing a theoretical relation obtained for a sphere. According to the
theoretical calculation given in a later section, the pressure fluctuation
,_ on a spheie is made up of two terms, cne being proportional to the
« fluctuating velocity itsclf and the other one proportional ts the time derivative
of the :luctuating velocity. At the forward stagnzation point the non-
, dimensional cocfficients of the two terms calculated by the theory are 1. 0
and 1.5 respectively. By assuming a phase lag in the measured pressure
3
: fluctuation due to the lead pipe and the cavity volume, the ratio of the two
\ [ 4 coefficients,dynamic sensitivity,for the stagnation point was calculated
as described in the following chapter from the fluctuating velocity and its
: time derivative obtained by 2 hot-wire placed at the location of the sphere
; K center but in the at:scnce of the sphere. 5.2 phasc lag so determined .
4
S \\ :
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varied between 1° and 30°, and the dynamics sensitivity was found to be ]

e dA ey

! 10% - 40% higher than the static sensitivity.

BT T RPN

3. EXPERIMENTAIL RESULTS

[T

First measurements were made within the jet which is discharged

from the duct D, through a contracting nozzle to the ambicnt air (Fig. 1 ), i

for a mear. velocity of about 20 m/s at the jet axis. Fig. 7 shows the %

= velocity distribution across the steady non pulsating jet at two stations, ‘?
£ x = 3 and 6 cm dovmcirearn from the nozzle. The core of the jet, %
3 =
s defined as the region in which the velocity is greater than 90% of the §
5 velocity on the axis (I bhas a diameier 1.55 cm at x = 2 cm and 1.28 cm f
2 z
E at 6 can, respectively. Fig. 8 shows the instantaneous velocity profiles kS
Z
across the fluctuating jet at a station x = 5 cm for a frequency of 450 Hz. %‘
S £
The core diameter defined as above is about 1. 20 cm, which is a little %
B less than that of the steady jet. Fig. 9 skows the streamwise variation .i:
cf the amplitude and phase velocity of the velocity fluctuation along the %
e | :
S jet axis. Circles are described to indicate the location and size of the $
‘ sphere. When the sphere is placed at x = 3 cm, the ratio of the core %
= 3
: diameter of the steady jet to the sphere diameter is 2.4, but the amplitude %
3 of velocity fluctuation still varies by about 30 per cent over the region £
=5 =
E |
] occupied by the sphere. When the sphere is placed at x = 6 ¢m, the g
3 Z
3 ratio of the diameters is reduced to 2.0, but the variation of th: amplitude é
> 3
b cf the velocity fluctuaticr becomes negligible. The phase velocity determined "{
2 ¥
by two-hot wires separated by a fixed streamwise distance is approximately §
2 2
;‘ c - e R v :, ) P
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constant over the region covered by experiment. The actual value was
13.2 m/s, about two thirds of the mean velocity at the jet axis. The
phase velocity is regarded as the velocity of the travelling vortex ring
produced at the nozzle traveling downstream.

Fig. 10 shows the mean (D. C.) nre sure distribution on the sphere
placed at x = 3 cm in the steady jet. The calculated value are also shown.
The Reynolds number based on the sphere diameter and the velocity on th2
axis is -;7438. 8 x 103. As shown later in the theory, the instantaneous

surface pressure at a point can be expressed as
= + .'?.- . a -ég'
P=p +ASU* + BFaST

where U is the instantanenus streamwise velocity component )2 is
the diameter of the sphere, A and B are the coefficients of
the contribution from the instanteaneous velocity and frcm the
instantaneous acceleratica re:spectively,

The coefficients A and B are strong functions of the coordinates

(the azimuth angle) and they may also weakly depend on the Rrynolds

number.

For the periodically pulsating flow, the abcve equation can be written

more specifically as

PIT) = A-L-’—;‘-?-’- + BaU(T)

where P'=(P-P.)/§, T=1/T, T

= Period
. _ du
U=+
dt
for a particvlar location on the sphere. After the periodic sampling and
averaging, values of all of P’( Ty, UXT) anc U(T) were
2
I ooy D e e e T AN A i gt e IS St 2 N SR 2 e

P
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sampled at ten equally spaced points over the entire period, and the

coefficient A and B were determined by the method of least square

so that the mean square error

L o A _ 2

% | 2 [ P(T) — (—;U (Te) + BQ.U(T«:))]

; (=i

-; ; becomes minimum.

. 5 Fig.1ll to14 show the experimental values of A and B, the tv o coefficients
: l of influence. The values determined on the three models S, Oand R are
indicated in these figures by the symbols of square, circle and triangle,

P respectively. Solid curves give the theoretical prediction based on the

: assumption of inviscid irrotational flow described in the following chapter.
"3 4. THEOPRV

} ;, With a view {o gaining an insight into the problem, a theory is
developed to predict the pressure acting on a sphere placed in a time-

Z dependent flow of an inviscid fluid. A solution of the problem relevant

_ to the subject was treated by Lamlg4a)ts follows. The pressure p ona

. . sphere moving with time-dependent velocity V in an infinite mass of

fluid at rest ai infinity is given as Jv

E PfP._( 5_+2c0519)2 -—é—csﬁ adt (1)

£ ; ~vhere P, is the pressure at infinity, t the time, ‘P the densiiy of fluid,
= i

. a the radius of the sphere, and ¥ the meridian angle measured from the
9

, rear stagnalion point. Unfortunately, however, the problem treated there
if does not exactly .correspond to the present experiment, since the time-

T

§

.
P

3,
AL
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dependent flow that can be readily produced in the laboratory is a steady 7
E

uniform flow with superimposed traveling disturbances with nc associated H
by

pressure fluctuitions in the free strea.mn. z

It is not difficult to illustrate the possibility of such a time-dependent
flow. With the Cartesian coordinates (X, Y, Z), for example, the
momentum equations are satisfied by tal.ing a flow field

v =0, V = f{fx-Ut), V = 0O, p= constant, (2)
o y o z

A BT R TOAT D R Rk A B G S,

A

AL A48 AL ryat . OHACELIR A SR B Rt S AL S i it AT LN

which represent a steady flow of velccity U‘_J on which a two-dimensional

4

traveling disturbance is superimposed. No change in pressure is produced

by the disturbance. Since, however, the disturbance is rotational having

e ) 8
Ly

a component of vorticity in z-direction, the vortex filaments are stretched

3

by the introduction of a three-dimensional body such as a sphere. This
’ means that the '""compensating flow" introduced to satisfy the boundary
conditions on the sphere must be also be rctational. it does not seem to
be impossible to find such a compensating flow, but in view of the limited

range of application of the present theoretical calculation, it is doubtful
whether the solation warrants the extra complication involved.

In order to simplify the calculations it is assumed that the disturbance

»

is fufficiently small, irrotational and traveling v-ith a velocity equal to that

of the steady uniform flow. sing spherical polar coordinates (r, 9, 1

such that

X =rcosf , ¥ = remfcosd, Z - reinPsin L , (3)

Y

IS

the velocity potential is assumed in the ferm

$3=5_+3, + 2. (4)
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where 03
_ ) 5
&, =U,r(1+ 3 3 cos 8 (5)
is the velocity potential for the steady flow of velocity ”o past a sphcre
of radius a witk center at origin. The second term
D, =€al,sink(rcos¥ -Ust) I (krsint) (6)
is the velocity potential for the superimpesed disturbance traveling with

the phase velocity Uo and wave number k, and finally

ntl
$,=€alb f, Cn.‘a;;—,,-:, B, ccos¥) (@)

n={

is the velocity pc 2ntial for the compensating flow, € is a non-
dimensional constant, Io is the modified Bessel function of the first kind,
P,, the Legendre polynomial of order n, and C,, the non-dimensional
constants (n = 1, 2, 3, . . .) to be determined by applying the boundary
conditions on the sphere. If £ is assumed to be small compared to unity,
the disturbance represented by é, gives a velocity fluctuation of order

€ & o U, for finite values of Rrsind , and, when superimpos on the

202,2 2
steady uniform flow, produces a change in static pressure of crder E'&an,

which is second order and is considered negligible. Althcugh the velocity
fluctuation increase indefinitely as belﬂp tends to infinity, this does not
se:em to affect seriously the results provided that the consideration is
limited to the region close to the sphere and an additional assumption is
made that ka is small compared to unity, namely, the radius of the sphere
is small compared to the wavelength of the disturbance. Fig. 15 shows

the instantaneous streamlines (with equi-distant values of the Stokes stream

function ¥/,) for the velocity potential i: for a value & =fa =1/4i0

=

P
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Under the assumption that ka is small, the normal velocity

PRSI

produced by the disturbance on the sphere is given by expanding eq. (6)

PR L TONORI S

and keeping the first two terms

(7_’2'.) W e&a_U,{cosﬁ cos RU,T + i&a(sws'z) -:)sinﬁuot}

or
which must be cancelled by the normal velocity calculated from (BI 3/8r )r=a; ,
The constants in the expression for §z are then determined as
C,=ikacos BUt, C,=5RsinkuU,t, C3=Co=---=0

The pressure on the sphere is obtained from the equation

Piig*, 28 _
J,+2‘l,+_5-£ F(¢)

where
28, _LBE
% (r o8 /r=a *(r V-7 ] r-a Y\ F39/rz=c

= Zufs;nzz?{t t 26 Ra(cos RU. £+ SRacosPsinkU.t }

¢ _r28, /o0&,
2t at)r A*‘\“E)f =a

——¢eBa U, {cos RU.t +2 Ra cosPsin EUot}
F(t) =—% + —'Z U

%
g
2
i
i
™t
3
Z
Z
z
=
=

(8)

ST ¢ AR

Po being the pressure at infinity. The pressurz on the sphere is thus

given by
P-P

LAV r2eRa cosu, t) —Bek'alls sin UL 5)

\Q

where

If the velocity V and the acceleration dV/dt at the location of the sphere

V=U. *(3%), =, (1 hacos RUL)

%%:-&&‘au.lsinﬁuat (11)

é center (r = o) are introduced by
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the pressure on the sphere is expressed in the form

P-P. _ s V2 vV
5 A 2 +B“’§E (12)

Eq. (12) indicates “nat the pressure on the sphere consists of two terms,
the one being proportional to the instantaneous dynamic pressure (1/2) sz,
and the other proportional to the time derivative of velocity Pa(dV/dt). The
coefficient A of the first term is the same as for the classical solution (1),
but the coefficient B of the second term is considerably different.
On writing
d=% -6 V=0Uo tu (13)

where @ is the meridian angle measured from the forward stagnation
point, and u is the velocity fluctuation, (12) and (10) are written in the
form

2
_-P:-é—&’ :A%—'— +AUoU.4’Ba-%%

(14)
A:-jl;(—j' +9cos?6) B=cos®(-315cos’8)

’

5. DISCUSSION

In the theoretical calculation it was assumed that £ and ka are
small compared to unity, namely, the amplitude of velocity fluctuation is
small compared to the mean velecity on the jet axis, and the radius of
sphere is small compared to the wavelength of velocity fluctuation. These
conditions were not exactly satisfied in the experiment, where the
maximum values of € and ka are 0.40 and 0. 63, respectively. Morecover,
the observed phase velocity of velocity fluctuation was only 2/3 of the mean

velocity, whereas in the theory the phase velocity is assumed tc be equal

Jmmnmmu‘“m'mzmu).mm.mmnm‘m‘-i'm')lmmmm«:ne.mmmmr.r.‘wm-m.vmm_* T Ty T L L g R Ty
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to the mean velocity.

In spite of these circumstances, however, the experimental vai-es
of the coefficients A and B agree fairly well with theoretical results
for the sphere location at x = 6 cm (Figs. 13 and 14). The agreement is

nct as good for the locationat x = 3 cm (Figs. 11 to 12), and this may be

ALY TSR XSRS IR N b YR

due to the undesirable variation of the velocity fluctuation amplitude around
that location.

As seen from Fig. 2, the observed velocity fluctuation is not exactly
simple sinusoidal, but a slight distortion in the wave form is apparent that
results in higher harmonics. The distortion increases as the fundamental
frequency decreases. This seems to account for the fact that the root-
mean-square residual error of representing the observed pressure fluctua-
tion by two terms amounts to 10.2, 9.7 and 6. 9 per cernt of the fluctuation
amplitude for the fundamental frequency f = 300 Hz (x = 3 cm), 350 Hz
{(x =6 cm) and 450 Hz (x = 3 and 6 cm), respectively.

No measurement on pressure was made on the rear side of the sphere,
where the separation of flow is expected to modify the pressure distribution.

The eifect of separation can be traced in the pressure distribution for

meridian angle greater than @ = 70°, where the experimental value of

A begins to deviate from the theoretical curve (Figs. 13 and i4). On the

AT T A RS LA S TR L LKL, U e e A D0 AN S A BBt 21 B L B SO K A e L G Pt et b

othe: hand, the ~xperimental value of B agrees fairly well with the

theoretical result up to as iaras @ = 90° (Figs. 13 and 14). It is not

certain whether the agreement is real or fortuitous.

.
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13.

6. CONCLUSIONS

Measuremenis of the instantaneous vaiues of the surface pressure
were carried out on a small sphere in a periodic pulsating flow and the
experimental values agrced moderately well with a concurrently developed
inviscid theorv. It is apparent from the above theoretical and experimental

work that similar calculations can be performed on bodies other than

LA D I RN SR st s

spherexz or even on a combination of bodies. By judicious choice of

such bodies points may be found on the surface where the coefficienta

g A = B = O s=othe measured pressure has nc contribution from the

h acceleration. Pressure transducers at such points or appropriately

' coupled to pressure holes at such points would indicate static pressure

; fluctuations in the flow corresponding to the location of the body but with
‘ | the body absent quite similarlrly to rtatic probes used in steady flows.
‘ The principal cifference is that two terms must be cancelled instead the
usual one in steady flow.
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