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The Hartmann air jet generator (Hartmann 1939) is a sound wave generator in
which the sound is generated by oscillations of a shock developed in an over-
expanded air jet by means of a blunt body: a resonator. A theory for the insta-
bility mechanism is advanced, and it is found that the results calculated from
the theory are in good agreement with the experimental observations.

1. Introduction

The Hartmann generator is made of an axially symmetrical convergent
nozzle and a resonator (figure 1). Axially symmetrical resonators of different
size and form can be used. The resonator with bore shown in figure 1 was used
by Hartmann (1939) to obtain a high acoustical efficiency of the generator.
During the investigations presented here plane resonators, i.e. resonators without
bore, but with plane terminal surface, were principally used.

The frequency and the acoustic power of the generator depends on the dia-
meter of the nozzle d,, the resonator type, the resonator/nozzle ratio d,/d,,
the distance from nozzle to resonator xres and on the stagnation pressure p, of
the air supplied to the generator.
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Fieure 1. Hartmann generator (resonator with bore).
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In the free supersonic air jet, i.e. the air jet without resonator, a shock will
be created at some distance from the nozzle by convergence of Mach lines. This
Mach shock is stable, but if a resonator is inserted into the jet at such a position
that a blunt body shock—the resonator shock— is produced in the supersonic
jet upstream of the position where the Mach shock is created in the free jet,
then shock instability may occur.
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Ficure 2. Flow pattern in the Hartmann generator.

2. Experimental investigations

The experimental investigations of the Hartmann generator were carried out
with a 12:0mm nozzle. A stagnation pressure p, determined by pz/p, = 0-261
(pg = atmospheric pressure) was chosen for all experiments.

When the distance between nozzle and resonator xres, and thus the distance
between nozzle and shock xsn, exceeds a certain value the shock produces periodic
oscillations of large amplitude. For the case of a 12-3mm resonator with
12-:0 mm bore the course of one oscillation is shown in figure 3, plate 1. The pic-
tures show that between the oscillating resonator shock and the bottom of the
resonator a secondary shock wave travels. Measurement of the pressure oscilla-
tion at the bottom of the resonator with a quartz transducer also indicates that
reflexion of a shock wave occurs.

Instability of the same type is found with plane resonators. The only difference
is an increase of frequency and a decrease of shock amplitude.

If 2ye is smaller than the above-mentioned limit the large amplitude shock
oscillations do not occur, and it is then found that the shock form and position
are almost independent of whether a resonator with or without bore is used.
Further, the angle 6 (figure 1) is unimportant if the position of sonic point at the
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resonator surface is at the sharp front edge of the resonator. This implies that 6
must not be too large. The parameter which is decisive for the shock form and
position is the resonator diameter at sonic point. This is equivalent to what is
found for blunt body shocks in parallel flows (Vaglio-Laurin 1962).

The shock-resonator positions are given in figure 4 for plane resonators of
different diameters. The shock positions zsn are measured in the axis from nozzle
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Fiaure 4. Shock-resonator positions for plane resonators of different diameters inside

region of stability and weak instability (mean shock positions in case of unstable
shocks).

to shock. The curves are shown to the point where large amplitude shock oscilla-
tions start. During the investigations with plane resonators, however, it was
noticed that weak instabilities can occur inside the apparently stable region. The
amplitude of oscillation for the resonator shock at these instabilities is very
small. In the subsonic region behind the resonatorshock small pressure oscillations
are produced and these oscillations are able to create a weak oscillating oblique
shock in the outer part of the jet downstream of the resonator shock (figure 5,
plate 1) where the velocity has again become supersonic (figure 2).

With a 7-0mm plane resonator, pressure oscillations at the resonator plane
were registered with a built-in quartz transducer. Oscillograms of the pressure
oscillations are shown in figure 6. It is found that the pressure oscillations may be
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composed by two superimposed frequencies, but normally one frequency is domi-
nating, The dominating frequencies are shown in figure 7{a). The curve of lowest
frequency corresponds to large amplitude shock oscillations (zres > 18-1 mm)
and the other frequency curves to small amplitude shock oscillations. The cor-
responding pressure oscillations at the resonator plane are shown in figure 7 (b).
It is reasonable to assume that the mechanism of instability is a resonance
phenomenon. In the central region of the jet, the resonator shock is practically

N
Jﬂl‘ﬂ

Ay

. !

.mmmmmﬁmw: hﬂlﬂﬁlﬂlﬂ‘
B I l..UIIWI

©®) ()

Ficure 6. Oscillograms of pressure oscillations at the resonator plane for 7-0 mm plane
resonator (z-sweep: 50 usec/div). (¢) @, = 148 mm, v,, = 35 ke/s; (b), (¢) x,, = 181 mm
(jump position), v,, = 21-5, 7-24 ke/s.
a normal shock—at least if it is not too near to the nozzle (figure 8, plate 2)—
and during its oscillations nearly plane waves must be emitted into the subsonic
region between resonator and shock. These waves will be reflected from the plane
terminal surface of a plane resonator or from the bottom of the bore in case of a
resonator with bore. When the waves return to the shock adaptation is necessary
for the shock oscillation to continue. The time 7 used for a wave to travel from the
shock to the reflecting surface and back to the shock depends on the distance
between shock and reflecting surface and accordingly the resonance frequencies
must be different for a plane resonator and a resonator with bore and for plane
resonators of different diameters.

The over-expanded supersonic air jet in the Hartmann generator is character-

Ficure 3. The course of one oscillation in the Hartmann generator with 12-3 mm resonator
with bore 12:0 x 120 mm. v,, = 4-5 kefs, #,,, = 16-0 mm.

Figure 5. The course of one oscillation in the Hartmann generator with 6-5 mm plane
resonator (weak instability). Amplitude of oscillation for the rcsonator shock c. 0-2 mm.
v, = 22 kefs, »,,, = 17-6 mm.
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Freure 8. Schlieren photos of generator with 6-0 mm planc resonator. (a) @, = 5-1 mm;
(b) 1 = 9:5 mm; (¢) ¥, = 13-6 mm; (d) &, = 17-5 mm.
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ized by a varying Mach number in the direction of the axis as well as in cross-
sections perpendicular to the axis. The Mach number in the axis of the free jet
used for the investigations is shown in figure 9, and in figure 10it is given for some
cross-sections of the jet. It is seen that in the region near to the axis the Mach
number varies essentially only in the axial direction and here the flow is nearly
parallel.

For distances from nozzle to shock below about 7-8 mm (zsn/d, ~ 0:6), i.e.,
for Mach numbers in front of the shock below about 2-0, resonance phenomena

Mach number, M,

3
Mach numbers . /7 — .01 Computed
Measured e | Mach numbers

! L
05 0 05
Radial distance from axis, r/d,

Fireure 10. Measured and computed Mach numbers in cross-sections of the free jet.

have been registered only in a few cases and in these cases strong resonance
never occurs.

The maximum Mach number in the axis of the free jet for the case treated was
about 2-7-—when this Mach number is reached the Mach shock occurs. The
Mach shock is displaced in the downstream direction if the stagnation pressure
D, is increased.

Thus resonance phenomena can be expected to occur for Mach numbers in
front of the resonator shock given by 20 < M; < M, 0 ~ 2-7.

3. Theory of instability
3.1, The instability model

A complete theoretical treatment of the instability problem is extremely difficult
and a simplified model is used. As mentioned above, the flow in the region near to
the generator axis can be expected to be of fundamental importance for the
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occurrence of resonance and therefore only this part of the jet is considered. To
further simplify the problem the case of a generator having a plane resonator is
treated.

In the instability model the Mach number of the supersonic jet is thought to
change only in the flow direction (figure 9). The jet is directed at the plane reson-
ator. The resonator shock is a normal shock, the equilibrium position (detach-

Shock

o > x

Ficure 11. Stagnation flow.

ment distance) of which is determined by the resonator diameter. In the central
region between the shock and the resonator the flow is a stagnation flow
(figure 11).

If the normal shock carries out small oscillations in the axial direction, the
pressure and velocity perturbations behind the shock will move as plane waves
downstream to the resonator and after reflexion return to the shock. To find
the conditions of resonance it is necessary (i) from the normal shock relations to
compute the pressure and velocity perturbations behind the oscillating shock, (ii)
to deduce the wave equation for perturbations in a stagnation flow and to
find the solutions to this equation.

10-2
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3.2. Perturbations behind an oscillating normal shock
If the normal shock oscillates sinusoidally at a frequency w the displacement of
the shock from the mean position is given by
Az = Isin wt. (1)

In the mean position the Mach number just in front of the shock is 3, and the
static pressure is p,. If the shock oscillates with a small amplitude / the Mach
number in front of it is

M(x) = Ml+%lsinwt, (2)
and the strength of the shock is given by
M, o =ﬂﬂ+%lsinwt—;ﬂcoswt=]lIl+ZAM. (3)
1

(The index sh denotes that the system of co-ordinates is attached to the shock.)

Pressure perturbation
The static pressure just in front of the oscillating normal shock is given by

p(x) = p1+%lsin wt. (4)

With the equations for adiabatic flow, the normal shock equations (Liepmann
& Roshko 1957), and the assumption of small amplitudes, [, it is found that the
static pressure just behind the shock is

o
_ 2y - ) (1 vM,  dM,, .
Py = D1 (1 +y——+ 1 {(M+ZAM)?2 -1} i I -1 dx Isinwt). (5)

The static pressure behind the shock can be regarded as composed of a stationary
part p,, and a non-stationary part p,,

P2 = Past+ Pon.
Excluding small second-order terms and using (y — 1)/2y <€ M%it is found that

2 2—M? dM,, . 2wl
._ply_'_l 1(1_'_%(7_1)M%d—xlsmwt——a~coswt), (6)

P2y

where q, is the velocity of sound in front of the shock.

Velocity perturbation
The velocity perturbation behind the oscillating normal shock can be found
from equation (3) and the normal shock equation
(vl 2 M,—-2ZAM
Yeen = v+1 y+1 M3

) ay(M, + ZAM). (7)

In the system of co-ordinates fixed to the resonator the velocity perturbation is

Uy = Uy sn+ W] cOS WL,
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and expressing u, as the sum of a stationary part u,, and a non-stationary part
Uan

it is found that

Uy = Ups+ Ugy,

(=2 1
Uy, = (Y+ 1~y 10 a, ZAM + wl cos wt. (8)

In the Hartmann generator resonance is registered for 2-0 < || < 27 and
therefore the first term in equation (8) is insignificant compared with the last

term. Accordingly Uy, = W] COS WE. (9)

3.3. The wave equation for plane perturbations in a stagrnation flow

Tt is convenient for the theoretical computations to use a system of co-ordinates
with starting-point in the centre of the resonator plane and with the z-axis
directed upstream (figure 11). This implies that the axial flow velocities become
negative. The equations for axially symmetrical flow (Schlichting 1960) are used,
and the circumferential velocity is put equal to zero.

As the thickness of the boundary layer at the resonator plane is very small
compared with the distance from resonator to shock it can be neglected. In the
region near the axis the frictional forces occur only in the boundary layer at the
resonator, so that the frictional terms in the Navier-Stokes equations can there-
fore be omitted, giving

ow ouw ou op
P(E*“a&”ﬁ) T T (10)
ov v v op
while the equation of continuity is
ap 0 0 po

As the Mach number in front of the shock |M,;| > 2-0 in the regions where
resonance normally occurs, the Mach number just behind the shock |34,| < 0-58,
and therefore the compressibility effects are small in the stationary stagnation
flow between shock and resonator, and the flow velocities found for incompres-
sible flow can be used for the stationary basic flow (Schlichting 1960; Vaglio-
Laurin 1962):

Uy = ax, vV, =—3iar. (13), (14)
For this low equations (10) and (11) give
atxp, = —op,lox, Latrp, = —op,for. (15), (16)
Now a plane perturbation (index p) moving along the x-axis and given by the
velocity potential Uy = — 0 o (17a)
is superposed on the stagnation flow (Stewart & Lindsay 1930):

U = ug+u, = ar— op/ox. (175)
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From equation (10) it is found that

o*p _o ¢ op
p{—6x6t+( T o )8x(ax 895)}_—55' (18)
In this equation p can be regarded as constant and by first integrating with
respect to « and then differentiating with respect to ¢ and assuming that

|| > [0¢ 0|, (19)
2 2
it is found that P (%tg +ax %%) = %% . (20)

The static pressure p and the density p have stationary and non-stationary
components:
P =PstPp P =PstPp (21), (22)

Equation (12) can be divided in a stationary component associated with the
basic flow and a non-stationary component:

g 4 PsYs
[5;: (psus) + 57: (psvs) + r ]

%o 2 oty ot ) 5 (o) +227%] 0. (23
The basic flow component contained in the first square bracket is identically

zero and the remainder of the equation can be rewritten

Ps
o +%

o 1) ”,
ot (Ut up) 9x+ p

+%: [psa;; +Ps é;v + Lo s] (ps+pp)aa—~?;" =0. (29

The compressibility of the stationary basic flow cannot be neglected when it
appears in association with the perturbation, because although it is small it is
of the same order of magnitude as the density perturbation p,,. Accordingly the
square bracket in equation (24) must be transformed with equation (12) before
equations (13) and (14) can be inserted:

Py Bp, . s . Wy
T T Gy Gy T
Po{ _, %Ps_, 9P My _
| Lo B (o) 2= 0. @D

In the region near to the axis v, is small and thus also dp,/dr is small. Further
the perturbation introduced by equation (17a) has no r-component, which gives
dp,lor = 0. Equation (25) can now be reduced to

%Pp . Pp_ (9 Pp )3ps o
~ (% =0. 2
a e N p, ) o Pl (26)
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With ¢2 = dp,/dp, equations (15) and (18) give

opp _ PP PP P\ _Pos
P (3xat+ 2 T 32:) 2 &% (27)
Equation (20), with equations (15), (26), (27) and p, ~ p, gives
¢ Ph a0 TP o 5 0P
3_t2+2axéx—at—(c —ax)@+2axa—x—0, (28)

which is the wave equation for a stagnation flow.
The coefficients in equation (28) depend only on x and the solutions must have

the form ¢ = etF(z), (29)
and the complete solution can be written

¢ = e(Cy ¥ +CpFp), (30)
where C, and Cp are constants. Introducing equation (29) into equation (28)

the latter is reduced to an ordinary differential equation of hypergeometric
type (Kamke 1942),

d*r dF
2 __ 202\ T T = —m —
(¢? — a?x?) iz 2(0'+a)axdx o?F = 0. (31)
With p=—cle=—(0,+ioy)|a = n+if, (32)
and 2y = (axfc)+1, (33)

equation (31) is transformed into
d?F dF
—1)z= - (1 — ) 2F
x(x l)dx2 +[2=-24) x— (1—p)] iy T F = 0. (34)

A solution to this equation is given by

pp+1)...(p+n—-1)qlg+1)...(¢g+n-1) (35)
n! rir+1)...(r+n-1)

Where p+q+1=2——2,u, rzl—ﬂ: pq:ﬂzﬁ

FA(P:QJ X) = 1+ Z

from which g} =3-u+t}-pt

Then equation (35) can be written
P2+ —2p) ... (p—m)+2pu—m)

) =14 3 e e
2
14 z An_l%é)‘-—”x, (36)

where A, _; denotes the (n— 1)th term of the series and 4, = 1.
A second solution is

Fp(x) = x*"F(p—r+1,9—r+1,2—1,%)
_ XHE (P+ﬂ)(1’+ﬂ+111! .(p+p+n—1)

@+u)(g+p+ . lgtatn=1) .,
(I+p)(2+p)...(n+p) ’

X
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which can be rewritten

o M2+p)...(MP-ntp)
Fp(x) = Xﬂ(1+2n'(l+ﬂ)(2+ﬂ) - (n+p) )

_ ni—n+p

where B,,_, denotes the (n — 1)th term and B, = 1.

3.4. Equations for determination of resonance

A plane perturbation was defined by the velocity potential equation (17a).
The corresponding pressure potential is found from equations (15) and (18)

(32 ()25

As |ax/c| is small and p ~ constant, the equation can be integrated to

(% ¢)
Pr =7 1+ 3(ow/c)? ( i (38)
The complete solution to the wave equation gives
op dFA dFB)
P (CA . +Cx ) (39)

At the resonator plane
(#p)s—0 = — (00/02)g = O,

. c _o
from which Cy= Wm, Cp = W}U')o ,
¥, 7
¢ =e 0{ aF,jdz), (dFjdx)o}’ (40)
and
09 _ o( AEildz _ dFgldz \ o _ F, __F
i =, ari) % = amm, am )
' (41), (42)

From equations (36) and (37) it is found that

dr _ cdF, 2 (p—m)2+2u—n
(@) =% - wmm [ Sty W

where A,,_; denotes the (n—1)th term and 4 = 1, and

* ne—
(2)" - L4z = 5w 1+ B Bin i ] (44)
where B,_; denotes the (n—1)th term and B; = 1.

In forming the wave equation (28) it was required that |«z| > |0¢/éz|. From
this an estimate of the constant C can be obtained.

From equation (40) the disturbance caused by a downstream moving perturba-
tion—the 4-component—and by the corresponding upstream moving perturba-
tion developed by reflexion at the resonator——the B-component—can be found
at any point inside the subsonic region between shock and resonator.
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If a perturbation moves from the resonator upstream to the normal shock
it will cause the shock to move. However, normally the pressure and velocity
perturbation behind the unstable shock cannot be satisfied by the upstream
moving perturbation alone and therefore a downstream moving perturbation is
produced (reflected) by the shock. As the boundary conditions at the shock are
different from those at the resonator, equation (40) is not valid there, but the
total disturbance from the upstream moving perturbation (B-component) and
the downstream moving perturbation produced by the shock (4-component)

is given by 7 F
=etClk ot — ———tha) , 45
=0 (¥ g, @y )
. 9 dF,ldx dFB/dai)
from which 3 = ¢ C (k @7 jdz),” @Fyfdr),)’ (46)

o o F, Fy
o= 7 (= ) “n
where k is a factor expressing the ratio between the amplitude of the down-
stream moving wave and the incident upstream moving wave.

The amplification factor k must be determined from the boundary conditions
at the shock. The velocity and pressure perturbations immediately behind the
shock can be found from the real parts of u, and p, (equations (17a) and (38))
as well as from u,, and p,, in the shock equations (9) and (6). As the real part of
u,, contains a cosine as well as a sine term the oscillation of the shock must be
the sum of a sine and a cosine oscillation, and equations (9) and (6) must be
rewritten to take account of this:

Az = [, sin wt + 1, cos wt, (48)

from which u,, and p,, are found.
Just behind the shock we have

c=ay oaxjc=DM, p=p,.

These are introduced into equations (36), (37), (38), (43) and (44). According

to equation (32), o is complex. The real component o, is a damping term. whereas

the imaginary component o; gives the frequency of oscillation, which must be

equal to w. Here the damping is neglected and thus ¢, = 0 and ¢ = ¢§ = —iw/a.
The coefficients to cosine and sine in the equations

Rewu, = u;, and Rep, = p,, (49), (50)

give four equations for the determination of possible resonance frequencies £,
the factor of amplification k./, and [,.
From the equations for the normal shock and for adiabatic flow it is found

that P12y 4a}

pay+1717

=GRy
Further the quantities
L,=wl,/C and L,=wl/C

are introduced.
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Then equation (49) gives for the coefficients of the cosine

[ (dFde)* _ (dFp/dz)*]

Fa= =R | M GF, Jaus ™ @Fpfan | (51)
and for the coefficients of the sine
. [, (&F,/dx)* (dFg/dx)*] .
Lo =vIm |k GF jaoyt ~ @Fpfdot) (62)

and equation (50) gives for the coefficients of the cosine
g Mi-2  dia, _2@L)
(Y+12Mya \1+3(y—1) M} dw o™ " “a, " °

! (—ﬁhnp Fa 2l ]_MJQ, (53)

_ B
(@dF,/de)y  (dFp/dz)]

IREEYE
and for the coefficients of the sine

4 a, ME2—2 aM, a, a, )

. i Uy YR Bl

(y+ 1)1, a, (1+%(y— V)G de af et g
1 F F,

= — k A _ B
15300 (’5 Re [ @F, de); (dFB/dxxr] +ILL). (o9

These are the final equations for determination of resonance frequencies. If at
a certain position of resonator and shock L, and L, are computed (as functions of
£) and inserted into equations (53) and (54) each of these equations will give k
as a function of £, and where the functions are equal to the same value, a solution
to the system of equations is found.

A perturbation, which moves downstream from the shock to the resonator
and is reflected there returns to the shock after a time

0 dx J‘Mz(c/“) dx 1. 1-M,
=—In-= .
0 ax+¢ —a 1+ M,

T = Tagown T Tup = (55)

M(cla) XX —0C
After reflexion at the shock the amplitude of the perturbation, which has the
frequency of resonance w, will be multiplied by the factor k. If |k| < 1 the ampli-
tude will decrease at each reflexion unless an impressed perturbation of frequency
w and of sufficiently large amplitude and suitable phase is also present.

As the shock position changes during the oscillation the value of 7 also oscil-
lates, but for small amplitudes of shock oscillation this can be disregarded.

Experimentally large-amplitude as well as small-amplitude shock oscillations
have been found. Calculations carried out from the theory (see §3.5) show that
—1 < k < 1. Thus an impressed perturbation must exist, but how it arises is
not explained. A possible mechanism of generation will now be outlined.

The resonance oscillations in the central part of the jet can be expected to
make the shock oscillate about a mean position as shown in figure 12(a).

When the resonator shock is stable its position is found to be determined
essentially by the sonic line between the edge of the shock and the sonic shoulder
of the resonator (figure 2). A small axial change in the position of the resonator



The Hartmann air jet generator 155

does not affect the form of the shock significantly, but causes a small change
in its axial position. In the ihstability theory the perturbation introduced
by equation (17a) was only x-oriented, i.e. a radial component of the disturbance
superposed on the basic flow was not considered, but such a component must
exist, which is proved by the radiation of acoustic energy from the resonant
system. When such radial waves reach the above-mentioned sonic line its posi-
tion is changed, and thus the position of the shock is changed. If the waves are
sinusoidal it can be expected that the shock produces sinusoidal oscillations
around a mean position as shown in figure 12 (b), superposed upon the resonance

| NNANNA

®

Ficure 12.(a) Shock oscillation expected from resonance perturbations in the central
region of the jet downstream of the shock. (b) Shock oscillation expected from perturbations
passing the sonic line between the shock edge and sonic point of the resonator.

oscillations shown in figure 12(a). The shock oscillations caused by sonic line
oscillations shown in figure 12 (b) will result in impressed downstream moving
perturbations originating at the shock.

When a perturbation P, of circular frequency o corresponding to the A-
component of equation (45) leaves the shock, a short time At will elapse before
the radial component reaches the above-mentioned sonic line and thus the
impressed perturbation P, which is also of circular frequency w, is delayed
compared with its origin. In fact the impressed perturbation has the same nature
as the normal 4-component perturbation and their simultaneous values will be
added. Itis assumed that F;is approximately proportional to P, and accordingly

(Bd=t, = 9 Ps+ Py —ar = 9 Poy—nt + 93 L)y 2ns+ - (56)

where g is a positive constant. If (P,),_, = sinwt,, the total downstream moving
perturbation will be

P4 total, =ty = (Py+ I})Hl = 8in wt, +gsinw(t; — At) + g%sin w(t, — 2A¢) + ...

After the time 7, Py (o4a1 1y, Will appear again as a downstream moving per-
turbation but multiplied by the factor k:

(2, A)t=11+r =kP A, total, =t *
Here the damping by radiation of sound is disregarded. Amplification will occur

if -
[(Padimty i/ Paimy| = | K| > 1,
i.e. if |(sin wt, + g sin w(t; — Af) + g2 sin w(f, — 2A8) +...)| > | sin wty|.
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If & < 0 it is necessary that
T~ (mlw)(1+2m) (m=0,1,2,...
and if k > 0, T~ (27/w)(1+m) (m=0,1,2,...). (67b)
Normally it is not possible to obtain the sign of equality in equations (57 a, b)

and then, for example, pressure measurements at the resonator plane will show
oscillations not of frequency w/2m but of frequency (27) 1 for k < 0 and 7 for

)s (67a)
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Ficore 13. Examples of pressure oscillations caused by a casual resonance perturbation
sin wt (duration ~ 7). For convenience the curves are made for [K| = 1 and it is assumed

that K is proportional to k.

k > 0 (figure 13). However, practically it may be very difficult to determine
anything but a dominating mean frequency »,,, figure 7(a), given by
v, = (211 (1+2m) for k<0, and »,=71(1+m) for k>0
If several resonance frequencies are possible according to equations (53) and
(54), the one for which the total amplification is the strongest will dominate the

perturbations. A rather small change in the position of the resonator may
influence o, k, g and At sufficiently to cause a complete change of the dominating

resonance frequency.
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3.5. Hzample of calculation

The theory for resonance in the Hartmann generator has been applied to the
case of the Hartmann generator with 7-0 mm plane resonator for which the shock-
resonator positions are given in figure 4. This figure, together with figure 9,
supplies sufficient information to determine at any position of the resonator the

kg

o = — 37,000 sec™ 1

Fiaure 14. Values of &, and kg computed for 7-0 mm plane resonator
at x,, = 14-8 mm (z, = 10-0 mm).
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Ficure 15.(a) Resonance frequencies w/27 for 7-0 mm plane resonator computed from
equations (53) and (54). (b) Corresponding values of the amplification factor k.
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values of M,, dM,|dx, M,, ayja,, a,/a, and . As the generator is supplied with
atmospheric air v = 1-4. The stagnation sound velocity is a, = 345m/sec.

The values of the amplification factor £ found from equations (53) and (54)
are denoted k5 and kg respectively. In figure 14, k and kg are computed for the
case Tres = 14-8mm, z,; = 10-0mm in the interval { < £ < 15. The points of
intersection give the resonance frequencies for the shock. In figure 15(a) these
frequencies are given as functions of the resonator position and in figure 15(b) the
corresponding values of k are found.

50
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w~curve 2 (fig. 15a) l\\\
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Ficure 16. The reflexion time 7 Ficure 17. Dominating mean frequencies v,, com-
computed from equation (55) puted for 70 mm plane resonator. Computed:
for 7-0 mm plane resonator. — — —; measured: — —— —.

It is seen that |k| attains the largest value for the lowest resonance frequencies.
The values of At and g from equation (56) cannot be determined from the general
outline of the theory of impressed perturbation presented, and therefore a final
determination of the dominating resonance frequency  is not yet possible.

It is found experimentally that the dominating mean frequency v, at certain
positions of the resonator jumps from one value to another (figure 7(a)) which
can be explained as shifts from one resonance frequency w/27 to another
(figure 15 (a)).

Computation of 7 from equation (55) gives the curve shown in figure 16.
As mentioned above (figure 13), 7 will always be a multiple of half the period of
the mean frequency, and a jump of this frequency will occur with factors as
2,2, 2, 3,.... This conclusion is supported by the jumps in figure 7(a) except at
Zres = 17-3 mm—the only resonator position at which two dominating frequencies
are unmistakably superposed.

If the measured positions for frequency jumps (figure 7 (a)) are used together
with figures 15(a) and 16 an attempt can be made to compute the dominating
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mean frequencies v,,. This has been done in figure 17. The measured jump-
factors were kept except at zres = 17-3mm, and it is then found that this point
is a special one because the frequencies for 16-1 < xres < 17-3mm and for
173 < Zres < 18-1mm are caused by the same resonance curve (figure 15(a),
curve 3, m = 1), and no jump should be expected at all. Further for

Zres < 1 7’3 mm,
the measured frequencies are higher than the computed ones and for
Xreg > 17'3 mm,

they are smaller than the computed ones. The computed value of 7 (equation
(85)) cannot be expected to be exact—especially for the largest amplitudes of
oscillation, but it is possible that at xres = 17-3 mm the sign of the deviation just
changes and this may explain the measured jump.

The author wishes to express his gratitude to Prof. K. Refslund, Prof. R. E. H.
Rasmussen and Mr H. Saustrup Kristensen for valuable discussions and support.
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