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Abstract

A new version of the concept
of a supersonic wind tunnel
where the Mach number is vari-
able by the control of the mass
flow rate is proposed, and is
studied analytically and exper-
imentally. Numerical analyses
are performed for the two-
dimensional channel flows with
given wall pressure distribu-
tions and the consequent mass
flow reduction in the flow
direction, showing the pos-
sibility of the wind tunnel
with a continuously wvariable
Mach number without changing
the configuration of the flow
path. Preliminary experiments
show the increase in the Mach
number with the reduction of
the mass flow rate. The more
detailed experimental study by
using the porous duct with the
initial Mach number of 2 also
shows promising results and
further discussion will be
given in relation to its appli-
cation to the wind tunnel.
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1. Introduction

The recent development of the
aeronautical science and tech-
nology requires more highly
qualified and 1large scale
ground test facilities. The
wind tunnels covering a wide
range of parameters such as the
Mach number, the Reynolds
number and so forth are espe-
cially important for the devel-
opment of the next generation
of transports.

For the conventional super-
sonic wind tunnels, the Mach
number is fixed by the selec-
tion of the nozzles and/or
variable in a limited range by
adjusting the nozzle walls
variably. In order to do away
with the existing state of
things and to find the possi-
bilities of the new version of
the facility, i.e., the contin-
uously variable supersonic Mach
number wind tunnel, we need to
study the establishment of the
supersonic flow from a differ-
ent point of view.

The purpose of the present
paper is to investigate the
potential of the continuously
variable Mach number flow for
the supersonic wind tunnel by
the control of the mass flow
rate, analytically, numerically
and experimentally.
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2. Analysis
2.1 One-dimensional Analysis

The basic concept of the
compressible flow is given by
the following equations(1)-(6);

a__ 4 (1)

(2)
(rap e 2 (3)
(4)
(5)

3 (6)
where p, p, T, s, R, y, M, A
and m are the static pressure,
the density, the static temper-
ature, the entropy, the specif-
ic gas constant, the specific
heat ratio, the 1local Mach
number, the local cross-sec-
tional area of the flow path,
the local mass flow rate,
respectively, and ¢=1+(y-1)mf/2.
The subscript 0 denotes the
stagnation condition., The
conventional wind tunnels are
operated based on the relation-
ship between the changes of
flow quantities (left hand
side) and the change of the
cross~-sectional area (dA/A)
for a constant mass flow rate
(dm/m=0).

For the uniform flow in the
test section of the convention-
al wind tunnels, the contour
nozzles are designed for the
specific Mach numbers, which
inevitably leads to the con-
struction of numerous wind
tunnels with corresponding Mach
numbers to cover the necessary
Mach number range.

The present idea is to aim
for the possibility of applying
the change of the mass flow
rate (dm/m<0) so that the flow
quantities can be controlled
continuously in the flow path.

Figure 1 shows the change of
the Mach number in a duct with
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a constant cross-sectional area
(dA/A=0) from the inlet (suffix
1) to the exit, where the mass
flow rate reduces from m to m.
These curves correspond to the
different initial Mach number
M, i.e., Mi =1,2 and 3, where
y=1.4. The results show the
remarkable increase in Mach
number M with the reduction of
the mass flow rate m, especial-
ly for a higher M. The hyper-
sonic Mach number is seen to be
attainable with reasonable mass
flow reduction.

From Egs. (5) and (6), it is
noticed that the mass flow rate
reduction increases the stagna-
tion pressure and reduces the
entropy, which is considered to
correspond to the work done
from the outside of the system
through the mass extraction.
Thus the flow field is not
isentropic and the static
pressure is expected to be
higher than the isentropic case
at the same Mach number. Actu-
ally as shown in Fig. 2, the
reduction of the static pres-
sure with an increase in M is
less than that for the isentro-
pic expansion. As a favorable
effect, the higher pressure
results in a higher Reynolds
number at the same Mach number.

Another noteworthy point is
that the suction stabilizes the
boundary layer on the ductz,
which is important for the
reduction of the noise in the
test section of the wind tun-
nel.

2.2 Basic Concept of the Wind
Tunnel

Figure 3 shows the basic
concept of the wind tunnel
derived from the above analy-
ses. The conventional superson-
ic nozzle producing M: is
followed by the variable mass
flow path with the porous wall
which controls M at the inlet



of the test section. Sucked air
will be discharged into the
ambient with the blow-down type
wind tunnels or returned into
the upstream of the settling
chamber with the continuous
type wind tunnels,.

2.3 Iwo-Dimensional Analysis

In order to proceed with the
further design, the numerical
analysis has been conducted by
using the two-dimensional Euler
equations. The second order
non-muscle symmetric TVD scheme
and the Euler explicit method
were adapted as the space
difference scheme and the time
integral, respect ivelymm .

The two-dimensional flows
between two parallel plates can
be computed for a given M: and
various wall pressure distribu-
tions, p ., from the inlet to
the exit &f the channel. In the
following, M: is set at 1 and
the nine cases shown in Table 1
are investigated. p_ /p is
assumed to change ¥n low
direction as the function of
the non-dimensional distance
x/D, as shown in Eqg. (7), where
a, b, ¢ and D are non-dimen-
sional channel length 12.5,
pw/pO at Mi=1 (0.528 for y=1.4),
jo) /pO at the exit of the chan-
n&1,” and the width of the
channel.

(x/D) n
(——-a—-——) +(

{Pu/Po) —c N
———-5—_—0——*—) =1 (7)
Various distributions of p /pO
can be given by changing n. v
In Table 1, ¢ is smaller for
cases (1)-(3), corresponding to
the higher M at the exit, while
for the cases (7)-(9), ¢ is
larger corresponding to the
lower M. For cases (4) and (5),
the same pw/pO as obtained from
the contour "'nozzle analyses
corresponding to the uniform
flow at the exit and to the
constant gradient Mach number
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increases, respectively.
Figures 4(a)-4(c) compare the
given distributions of pw/p
with the resultant distribu-=
tions of the pressure along the
center between the channels,
/Pn- It can be seen that p
dgcrgases following pw/p with
relaxation. When the pw9p0 is
properly designed for the gilven
c, p../p can catch up with
pw/pgzin the upstream of the
exit, and thus the uniform
pressure distribution is ob-
tained in the cross section at

the exit((l), (4), (5), (8) and
(9)). When pw/p changes too
slowly ( (2)¥ €3) and (6)),

p./pn does not overtake pw/p0
a% the exit, or when p /po
changes too rapidly((7)), iV/p
shows the non-uniform reductiofl
in the downstream direction.
Some examples of the Mach
number distributions are shown
in Figs. 5(a)-5(c). The incre-
ment AM of the Mach number
contours is 0.05. As can be
seen from these results, it is
generally not difficult to get
uniform Mach number distribu-
tions at the exit axially as
well as cross-sectionally for
the lower Mach numbers ( Figs.
5(b) and 5(c) ). At higher Mach
numbers, on the other hand,
more careful control of p /p
is needed to establish unifor
flows at the exit (Fig. 5(a)).
The flow field along the
center 1line is seen to be
isentropic from the comparison
of M and p /pPn-
The masS Qlow rate m/m
decreases in the downstream
( except for (7) ) and the
effect of the change in m/m on
the increase in M is dominant
with the higher M. This tend-
ency coincides with the result
of one-dimensional analysis,
but the effectiveness of the
suction on the increase of the
Mach number is less for the
two~dimensional flow, probably



due to the fact that the entro-
py in the latter case is
highly associated with the flow
curvature induced by the suc-
tion.

In order to estimate the
viscous effects, the Mach
number contours obtained from
the Navier-Stokes code” and the
Euler code are compared in Fig.
6 for a given p /pO. The bound-
ary layer sta¥ts” to develop
near the inlet, but does not
grow by the suction ( Fig. 7 ),
and the effect on Mach number
distribution is negligible. An
extensive analysis has been
performed for the stepwise
p /po distribution as shown in
F?g. 8. The corresponding
distributions of p /p. and the
Mach number contodr ghow that
this kind of practical approach
is, if properly applied, also
useful for our purpose.

3. Experiment

3.1 Experiment in the Superson-
ic Wind Tunnel Model

A preliminary experiment was
performed by using a small pipe
flow.

Figure 9 shows the schematic
view of the preliminary experi-
ment. The throat diameter is
28mm , and the diameter in the
test section is 40mm. The
original design was that the
test section 300 mm in length
is located just after the
supersonic nozzle of design
Mach number 2, considering the
boundary layer displacement
thickness. A diffuser system
is connected in the outlet to
decelerate the flow to the
subsonic regime.

In the present experiment,
the test section length is
nearly doubled, and the up-
stream half is made of porous
material. An annular suction

chamber is equipped outside the
porous tube, and the air is
extracted from this chamber by
a mechanical 2-stage vane-type
vacuum pump of 600 l/min class.

The large storage tank, the
pressure of 30 bar and the
total temperature nearly equal
to the ambient temperature, is
used as the air supply. The
supersonic flow is created by
opening and adjusting the
valve to set the upstream total
pressure 2.97 bar, which is
monitored by the pressure gauge
during the experiment. The
static pressure is monitored at
x/D=7.5, 11.25 and 15, where x
is measured from the end of the
expansion nozzle and D is the
diameter of the test section.
The suction from +the main
stream +take place between
x/D=0.625 and 5.625. There are
several suction ports around
the outer surface of the annu-
lar chamber, and the air is
sucked from one of them.

A Pitot total pressure tube
is set on the center of the
test section at x/D=15 to
monitor the total pressure
and the Mach number. It was
found that the total pressure
tube disturbed the flow field

at x/D=7.5 and 11.25, and it
was set at x/D=15.
The experimental static

pressure distributions are
shown in Fig. 10. The mass flow
rate is large compared to the
capacity of the suction wvacuum
pump, and the maximum mass
extraction rate is about 1%.
Even with such a small amount
of mass removal, the static
pressure decreases about 0.2
bar at x/D=7.5, where the
suction ends just upstream. The
unexpected effect of the suc-
tion appears at x/D=15, where
the static pressure decreases
noticeably. This is the effect
of the boundary layer suction;
the blockage is reduced, and
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the Mach number is increased.
The shock location in the
diffuser moves downstream.
Although this is not the
original aim of this suction
test, the effect is rather
distinctive. The Mach number
changes at x/D=15, is shown
in Fig.1ll as a reference.

3.2 Mach Number Increase

The above experiment, togeth-
er with the preliminary small
pipe trial test, may be sum-
marized in Figs. 12 and 13.

In Fig. 12, the relative
static pressure change is shown
against the mass removal rate.
The prediction by the inviscid
fiow theory, 1i.e., Eqg.(2)
(dA=0) is also included. In the
supersonic flow, where the
Reynolds number Re=1. 5x10° ., the
experimental data at x/D 7.5
are close to the theory; while
in the lower Reynolds number
experiment(Re=0. 11x10° ), the
static pressure drop at x/D=2.5
is smaller than that in the
theory. This might be attribut-
ed to the viscous effect in the
pipe flow, i.e., the Reynolds
number effect.

The relative Mach number
increase is shown in Fig. 13,
estimated from the experimental
static pressure decrease shown
in Fig. 12 by employing the
1nv1301d flow theory for
Re=1.5x10° and the v1scous flow
theory for Re= O.llxlo, respec-
tively. In the present mass
removal rate of up to about 5%,
the relative Mach number in-
crease is about 15%. The Mach
number increase in these ex-
periments shows a similar trend
to that in the inviscid flow
theory(Eq.(1), dA=0), although
the experiments give slightly
lower values than the theory.
This is considered to be the
viscous effect. This figure
experimentally verifies the
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original intended purpose and
further mass removal is sure to
be effective in realizing much
higher Mach numbers.

3.3 Supersonic Wind Tunnel

A supersonic wind tunnel is
now being constructed. The
detailed flow field measure-
ments are planned. The uniform-
ity of the physical quantities
in the test section may reveal
the quality of the supersonic
wind tunnel after the control
of the suction. Further re-
search efforts might be neces-
sary and useful to provide an
ideal supersonic flow field by
this new technology.

4. Concluding Remarks

The variable Mach number flow
was studied analytically,
numerically and experimentally.

It was predicted in theory
that a very high Mach number
would be possible by the mass
extraction from the main flow .
The numerical experiments also
supported this idea. The longer
the suction length, the higher
the Mach number.

The preliminary experiments
were conducted. The theory was
validated by the actual experi-
ment. The static pressure
decreased and the Mach number,
together with the total pres-
sure, increased with the suc-
tion. The present experimental
data indicated that about a
15% increase in the Mach number
was achieved with about a 5%
mass removal at Mach number

1.5 a?d Reynolds number
1.1x10". Although it was
smaller than in theory, the

experimental result was con-
sistent with the theoretical
prediction.

The large amount of mass
removal from the wind tunnel



test section was necessary, and
is being planned in the future
experiment. One method is to
employ the suction techniques
with a large flow capacity, and
another one could be to in-
crease the suction area. A full
scale supersonic wind tunnel
using this suction technique is
now also being prepared.
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Fig.1l1l Mach number change at
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