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Sumsry

In conjunction with the design of the high speed
Cooperative Wind Tunnel at the Californis Institute of
Technology an aerodynamic model was built and tested.Methods
of design of the contraction,working section,and diffuser are
explained.

The model test showed that the working section of a
wind tunnel operating at & Mach Number greater than 0.7 must
have adjustable walls to maintain a constant velocity through
the working section.The unsatisfactory design of the diffuser
is demonstrated by both static pressure measurements and visual
observations.

A description is given of visual observations of
supersonic phenomena occurring in the working section and

diffuser of the model.



Introduction

With the advent of higher airplane flight velocities, the
need for aerodynemic laboratories capable of matching full scale
conditions has increased. At airplane speeds greater than 300 milesg
per hour local velocities over some parts of the airplane, such sasg
the upper surface of the wing, may apprcach or even exceed the
velocity of sound. When the Mach Number, the ratic of the local
velocity to the speed of sound, approaches unity, phenomena
completely unexplained by perfect fluid theory considerations occur.
If such "compressibility" effects are possible it is no longer
suf'ficient to extrapolate wind tunnel test results to full scale
Reynolds Number. The parameter upon which the occurrence of such
compressibility effects depends, that is, the Mach Number, has
become as important, or more so, than the scale effect, and it is
necessary to run such tests at full scale Mach Number if the results
are to be useful in the high speed range.

The Cooperative Wind Tunnel now being designed at the
Californie Institute of Technology to meet this research problem is
expected to operate at speeds approaching 750 m.p.he The aercdynamic
design of such a wind tunnel involves problems not encountered with
velocities under the renge in which the effects of the compressibility
of air become important. The present paper is concerned with the
methods of designing the contraction, working section, and diffuser of
the Cooperestive Wind Tunnel, and with an experimental investigation on
a small scals model of these components of the tunnel operated at full

scale velocities.



Before beginning such a wind tumnel design it is necessary

to select a criterio upon vhich desirable charscteristics are knovn,

or assumed, to depend. In general we know from both thecoretical and
empirieal considerations that certein pressure and velocity distributions
along the length of the tunnel will lead to satisfactory flow
characteristics. The first problem iz then to choose the desired
velocity and pressure distributions. Given these it is then possible
by use of the equaticns of flow for & compressible fluid to solve for
the crosgs-section area distribubion along the tunnel which will give

the desired velocity and pressure gradients, The method used will

be outlined below. A suitable list of references 1s included on page 47
so that only the results of the theory of compressible fluid flow

will be given here.



Theory and Method of Design

The effect of the compressible character of air on design

reletions between velocity, pressure, density, and the cross-section
area of a stream tube.

The following notation shall be used:

S = cross-section aresa

p = pressure

f = density

V = velcelty

k = ratic of the specific heat at constant pressure to the

specific hest at constbant volume.

Basic BEquations

Bernoulli's equation for a compressitle fluid is
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From the continuity equation, PVS = constant,
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Substituting 2) in 3) gives
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where ( ) 4
C = velocity of sound

M= K-: Mach Number

Thus the retio between the percentage change of velocity
and the corresponding percentage change of area is dependent upon
the Mach Number, M. It is seen that as M approaches 1, a small change
in area will result in a large change in velccity. From the Bernoulli
relation it is seen that this will in turn cause a large change in
pressure. If we then desire certain velocity and pressure gradients
to be constant regardless of the Mach Number we must vary the area
much more slowly at higher velocities. This fact is the basis of the
design of =a diffuser for a high speed wind tunnel, TFor the same rate
of velocity change as‘in an incompressible diffuser the rate of area
expansion must be very much smaller at high Mach Numbers, and therefore
just aft of the working section a smell divergence angle is used.
As the velocity decreases in the diffuser, the Mach Number similarly

decreases and the divergence angle may be increased even though the



pressure gradient or similar criteria is held constant along the
length of the dif'fuser,

f we add to the Bernoulli equation and the continuity
equation, the adiabatic relation
. Z -4/

7 £

we have set up the fundesmental formulae required for working with
compressible flow at subsonic speeds in a channel assumed for
caléulation purposes to be one dimensional. Except for the region
of large curvature of the walls in the contraction, the assumption
of ors dimensional flow in a wind tunnel is satisfactory and the
Bernculli equetion (1) may be used,

I+ is convenient to use the point along the channel at which
sonic velociéy would be reached as a reference, From equation 4)
we sée that sonic velocity cen exist only at the cross-section of
least area. Actually in this design we do not expect to reach sonic
velocity, but we can consider an imeginary cross-section of smaller
area downstream of the entrance of the working section, so that sonic
velocity is actually reached at this fictitious "minimum" section.
The method is to use this fictitious minimum section as a reference
and then effectively consider the channel only as close to this
minimum section as we wish to go. Then from equation 1) letting

( )y indicate the minimum section where v = Cp

6) (k-1) v + 2 C* = (K+1) C’,:
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Finally from continuity
(3 - (%)
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Substituting from (€)
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This relation(7) determines the ratio between the area at
any section and the area at the minimum section in terms of the velocity
ratio at the two sections, and is the equation used to convert the

desired velocity and pressure conditions into area distribution.

Contraction Design

It was decided to design the contraction on the assumption
of a Mach Number of 0.9 at the entrance of the working section.
The subscript "w" shall indicate conditions at the entrance of the

working section. We are then given

Dividing equation (6) by\C gives a relation between ijbm
and the Mach Number at the working section. It is now possible to
£ind the ratio of V4 (at any point, x, along the tunnel axis)
to Cp, the velocity at the fictitious minimum section. This is given

since



VX _ __‘_/5_ »® z‘!l x Cw

Of the terms on the right-hand side, the first is assumed
when we choose the velocity distribution, the second is simply the
Mech Number at the working section, and the third is a function of
this Mach Number as given by equation (8).

Before assuming the curve of Z§ it is necessary to
Vi

determine the endpoints of the curve. At the working section the

ratio equals 1 by definition. We cennot proceed further until we

V’w

find VX at the beginning of the contraction.

First, the area of the cross-section et the beginning end
end of the contraction must be determined. This is, of course, a
funetion of the contraction ratio and the area of the working section.
For this design a rectangular working section 8.5 ft. by 12 ft. with
filleted corners haed been selected. Its cross-secticn area was
95.7 ft.2. The contraction ratio was 8,21 so that the area of the
section at the entrance of the contraction was fixed at 779 £t.2.
In addition the axial length of the contraction was specified as
being 26 fte

It was convenient te work with effective dismeters rather

then areas. Effective diameter is defined as the diameter of the

~10-



circular cross-section which has the ssme ares as the section of

. N N 1
the tunnel in question. A curve of EE as & function of iﬁ, was

Dm Cm

computed from equation(7). This will be useful only when Dy is

knowne Solving for Xﬁ we find

Cm
K'il_ = __V_”‘_/_ x _Q.LV..
Cri Cw Cm

From the curve of equation (7) we can find Dw  and then
' Dim

solve for Dy since Dy is known.
Knowing the diameter at the section ahead of the

contraction to be equal to 31.5 ft. we calculate D31.5 and find

Tm

M v
31.5 « We can then calculate 8le5 .
Cm Vo

The endpoints of the velocity distribution curve have now
been determined. It remains to draw a smooth velocity curve between
these endpoints. The purpose of a contraction is to asccelerate the
air and to deliver a flow with uniform velocity distribution across
the section at the entrance of the working section. It would seem
that a smooth and continuous acceleration would be desirable to
achieve this. Thus a velocity curve was selected which gives a
constant acceleration over most of the contraction with a gradusal
rats of chenge of acceleration at the beginning and end of the

contraction. This curve is shown in Fige 1 .



We now have 25

Vor

at every point in the contraction, By

Vx . .
equation 8) we find _£ . From the curve of equation 7, we pick off
m

o . . . P $n s .
ZX . Multiplying by the effective diameter at the minimum section

v
=

gives the desired diamebter at svery station. The curve of effective

radius is also shown on Fige 1 &

Diffuser Design

The selection of s diffuser is a compromise between the
diffuser with the least energy loss during the transformation of
kinetic into pressure energy and the diffuser with the lsast length,
The optimum diffuser has a divergence angle of about 6 degrees,
Diffusers with divergence angles of greater than ¢ degrees are
likely to produce a separastion of the flow from the walls with an
ettendant loss of energy. At the same time the diffuser with the
smaller angle must be considerably longer in order to achisve the
same snergy transformetlion from kinetic to pressure energy. The

first cost of increasing the overall length of a wind tunnel of a

pes]

longer diffuser uway outwelgh the saving in operating costs due to an
increase of the energy ratio., In addition the longer diffuser has
greater frictional losses.

For the Cooperative Wind Tunnel & compromise diffuser weas

selected, From early estimate of the tumnel dimensions the overall

lzngth of the diffuser was spscified. In order to reduce the high



losses at the first corner after ths diffuser, as low a velocity as
possible was desired at the end of the diffuser so that s diameter

of 18,5 ft. was chosen. Thus the length and the end dimensions were
given and the problsm was to design, if possible, a suitable diffuser
to fit these conditions,.

After much consideration of the problem it was decided to
choose a diffuser known to be satisfactory for an effectively
incompressible fluid, such as air at relatively low speeds, and to
mateh some parameter, which would be assumed to determine roughly st
lesast the separation characteristics of the diffuser, in a diffuser

design for a compressible fluid, such as alr at high velocities,

L A%
The parameter selscted was - % « B
P Y A X 4
differentiating Bernouilli's squation for an incompressible fluid
= 4
it is seen thet this parsmeter is proportional to iﬁiz .
%

Although there is no generally accepted separation criteris which is

e

would
5V

readily usable in diffuser design, it was felt that

<

be sufficiently representative of the pressure and velocity gradients

in a diffuser to serve as an approximate guide., It should further

. A%
be noted that the parameter, A, € X , is proportional
w

to the ratic of the pressure gradisnt to the dynamic pressurs only
in an incompressible fluid. Differentiating Bernouilli's equation

for a compressible fluid and solving for j%;y shows that with the

same velue of the selscted parameter, the pressure gradient is greater



in a compressible fluid than in an incompressible fluid due to a
term dependent upon E;éz o Thus using this method of design will
give a diffuser for a compressible fluld that is less conservative
than the incompressible fluid diffuser upon which it 1s based,

The actual procedure used was to layout a six degree
diffuser. From the arsa at each section and the continuity equation

for an incompressible fluid a curve of fﬁ can be drawn. Then the

Vi

method is identical with that described for the contraction design,
The parameter used in the contraction desizn was actually the same
as in the diffuser with the exception of the fact that the wvalues
of the parameter used were assumed in the contraction design while
they were chosen from a known incompressible case in the design of
the critical diffuser.

During the course of the investigation of the diffuser area
distribution several other parameters were considered, In addition
the diffuser desipgn was carried through in part for various Mach
Numbers in the working section using the method outlined above.
Unfortunately time did not permit the preparation of these results
in a readily presentable form. It is interesting to note however that
seventy feet downstream from the entrance of the diffuser the diameter
of the diffuser varied from 18.4 ft. for the straight six degree
incompressible diffuser to 14.9 ft. for the compressible fluid diffuser

based on a six degree incompressible fluid diffuser and a Mach Number

of 0.95 in the working section. It is quite clear that to achieve the

wldw



game velocity and pressure conditions for a high speed diffuser as
in a diffuser satisfactory at low speeds, the length of the diffuser
must be considerably increased.

It has been mentioned that the length and the end diameters
of the diffuser were essentially fixed. Therefore in the lizht of
the above discussion selection of a diffuser was difficult. It was
decided to use the design of the diffuser based on a Mach Number of .85
in the working section for the first twenty-five feet of the length,
and then to fair the diffuser smoothly into such a divergence angle
as wes necessary to meet the 18.5 ft. diemeter near the first corner
some 71 ft. downstream from the end of the working section. The
resultant divergence angle was 8.2 degrees. In view of the fact
that the design velocity in the region where the 8.2 degree diffuser
started was of the order of 500 miles per hour, the Mach Number being
about 0.7, this is quite large and corresponds to an incompressible
filuid divergence angle of well over 9 degrees. The effective radius

distribution is shown in Fig. 2

Working Section Design

The vertical walls of the working section were designed to
be slightly divergent to correct for the thickening boundary layer
in the section. The amount of divergence was calculated for a
velocity of 300 m.p.h. using the displacement thickness of the

expanding boundary layer as a measure of the effective area decrease



in the working section. The walls were displaced .625 inches and

corrected for an effective area decrease of 0.,92%.

The Aerodynamic Model

Because of the non-conservative design of the diffuser,
the large accelerations in the contraction, and the high Mach Numbers
at which the tunnel is expected to operate, it was considered
advisable to construct an aerodynamic model of the contraction,
working section, and the diffuser. The model was designed to
reach the same velocities as the full scale tumnel. The power
for the model was to be furnished by an sir compressor system used
at the GALCIT for high speed research. The scale of the model
was determined by the capacity of the air compressors and was
calculated to be 1: 46.5,.

The geometry of the working section has already been
described as being rectangular. As the simplest procedure, and one
allowing the use of only single curved surfaces in the full scale
tunnel, geometrical similarity of the cross-section was maintained
in both the contraction and the diffuser. The working section
cross-section was in effect expanded so that the area distribution
along the tunnel followed the calculated distributions. The
sontraction section was allowed to run into the 31.5 f£t. cylindrical

section upstream of the contraction. The flat walls of the diffuser

similarly expanded until they disappeared in the 18.5 ft. cylinder



at the end of the diffuser, The only disadvantage of this system
is that the vertical walls disappear first so that in the last part
of the diffuser all the area expansion is teken up only by the top
and bottom of the tunnel. This results in a rather large slope of
these portions of the tunnel wall. The layout of the tunnel is

shown in Fig. 3.
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Description of Equipment

The model of the tumnel was essentially a duct in a bleck
of plaster-of-paris, From the layout of the contraction, working
section, and diffuser, a male pattern of the tunnel wss made. This
pattern was constructed in two parts, with the parting line along
the center of the vertical walls. (The upper half of the pattern
is shown in Pig. 17 .) Castings of the upper and lower halves were
made of plaster-of-paris. The two halves were placed together so
that the final result was a block of plaster approximately three feet
long with a cross-section area of about one square foot, and with the
duct running through it. Cast in the upstream end was an 18-inch
length of 8 in. diameter pipe which served as an entrance section.

Inserted in the lower half of the casting, flush with the
floor of the working section of the tunnel, was a2 brass bearing
into which could be inserted plugs carrying various types of
experimental equipment. The two plugs designed and used included one
with a2 total heand tube for boundary layer meassurements, and one
vith a small pitot-static tube for velocity measurements. In one
vertical wall, along the parting line of the casting, another brass
besring was installed at the same section as the bearing in the floor
in order that surveys could be made both horizontally as well as

vertically across the tunnel working section. A similar provision



for surveys across the tunnel was made at a section several inchss
upstream of the entrance to the contraction. Here a total head
tube for determining the velocity profile was used.

Static tubes with 1/32 inch internal dismeter holes were
set flush with the surface of one vertical wall and were spaced
approximately every two inches from a point in the eight inch
diameter section at the entrance to the conitraction to a station
+5 ineh  from the end of the diffussr. A total of 18 such tubes
were used. The tubes consisted of 1/8 in. outside diameter tublng
cast directly in the plaster,

The upper wall of the working section was a piece of plate
glass cast with the model so that the pitot tubes in the section
could be observed. A channel was cast from the top of the plaster
block to the glass window. Similar chammels were cast opposite the
stations at which the brass inserts for the pitot tubes were installed
to allow accessibility to the instruments.

The total head tube installation in the working section was
designed for boundary layer measurements. The tube itself was of
hypodermic tubing with & flattened entrance. Its position relative
to the wall was adjusted by means of a micrometer head which fitted
into the frame supporting the stem of the total head tube,

The pitot static tube was of unususlly small dimensionse.
The overall diameter was .05 inch. Ths tube was not & standard design.

The four static holes were placed about .25 inch back of the leading



edge and were spaced 45 degrees apart around the tube, Ths

stem consisted of two concentric tubes, the outer one being the
static tube and the inner one the total head. A special fitting
was designed to allow convenient attachments for the rubber tubing
conaecting the pitot-static to the manometer. The pitot-static
tube is shown in Fig.4 .

A total head tube on a traversing arm was arranged at
the exit of the diffuser. Traversss across the exit could be taken
in both horizontal and vertical directions.

The finish of the inside surface of the model varied
considerably in different portions of the tunnel. The difficulties
with the surface arose chiefly from the parting line where the two
halves of the casting joined,and from small Imperfections in
the castings themselves. In all cases wax was used as a filler. The
wax was carefully rubbed flush with the surface, shellaced, and then
lightly sandpapered. The contraction and the working section were
in good condition. Some parts of the diffuser, however, had small
surface waves along the parting line. MNost of these disturbances were
confined to the exit end of the diffuser where they were least
likely to prove troublesome.

A multiple mercury manometer was used to obtain the
static pressure readings where the pressure wes below atmospheric

pressure, Other static pressure readings as well as those of the



traversing pitot tubes and the pitot-static tube were read on
U~tube manometers.

As mentioned sbove the air supply for the model was
furnished by the high pressure tesnk and air compressor system.
The 8 inch dismeter pipe was Jjoined to an outlet on this tank
through a gete valve. Downstream of the gate velve were three
8 inch diameter screens to smooth out the flow at the entrance of
the contraction. Pressure in the tank is maintained by the rotary
air compressor. Speed control is cobtained by a valve at the

intake of the constsnt displacement compressor.



Experimental Results and Discussicn

The tests made on the model were divided into the following
Zroups:
1) Velocity distribution along the axis of the tunnel at
varicus Mach Numbers,
2) Velocity surveys across the entrance of the contraction,
3) Velcecity surveys across the working section.
4) Boundary layer surveys in the working section,.
5) Velccity surveys across the exit of the diffuser.
6) Visual observations of flow in the diffuser.
The first group, the velocity distribution along the axis
of the tunnel casts considerable light upon the results of some
of the other tests. It will be considered separately, however,

and referred to whenever necessarye.

1) Velccity distribution along the axis of the tunnel at various

Mach Numbers.

The turmel wes operated at various constant velccities and
the static pressure along the tunnel was recorded. The data are
presented in several ways. Fige6 shows the variation of p/bo along
the tunnel. p is the absolute static pressure at the wall and pg
is the stagnation pressure. The latter was found by measuring the

static pressure upstream of the entrance of the contraction and adding

to it the dynemic pressure at that section.



At low Mach Numbers the curves are entirely normal with
an essentially constant pressure throughout the length of the
working section. It will be noted that the reading near the center
of the working section is consistently slightly high., Due to the
sensitivity of static pressure readings to the disturbances caused
by surface roughness upstresm from the tube orifice, it is felt that
such smell variaticns cannot be interpreted as being characteristic
of the model design. It is known that since the static tubes were
near the parting line of the model it 1s likely that such disturbances
were present,
As the velocity increases the uniform pressure in the
working section is no longer maintained. At ©/Po less than .65
the pressure decreases graduslly along the length of the working
section., As the velocity is increased the rate of pressure decrease
becomes greater until the change in pressure along the working section
is a considerable percentage of the total pressure drop from the
stegnetion pressure, At the highest velocity the minimum pressure
point cccurs beyond the working section in the beginning of the diffuser.
Now p/bo is a direst function of the Mach Number. The

relation is

AR AT

This equation is plotted in Fige. 5 + The results were

reduced from.p/bo to Mach Number by use of this curve., The variation



of Mach Number was then plotted in Fige 7 « The curves are very
similer to those of the previous figure except that they are inverted.
The results are most useful in this form. It is seen that the
velocity distribution is guite uniform aleng the length of the
working section up to M = C.7. At higher Mach Numbers an increase

in velocity occurse Above M = 0.85 this increasse is very marked,

At M z 0.9 the Mach Number variation through the working section is
about 107%.

These results are consistent throughout and check previously
reported results very well. J. Ackeret (1) has cerried out similar
tests at high velocities and has presented his data in the form of
Fige 6 « Ackeret's curves are very similar to this figure in
sppearance and in the velues of p/'po at which large pressure variations
occur in the working section. It has also been reported that full
scale high speed wind tunnels recently constructed in this country
have experienced the same effect of large variations at velues of
M greater than C.8s

The meaning of this effect is clear if we refer to equation (4).
As ¥ approaches 1 the change in speed resulting from 2 small change in
area becomes very large. Below M = 0.6 this effect is relatively
smell, but at a Mach Number of 0.9 a 1% decrease in cross section
aree will increase the Mach Number by 10%. The decrease in cross-
section area caused by the growth of the bouncary layer is of the

order of 1%. Aithough the working section walls were slightly diverged



to take into account this boundery layer thickening, the calculations
were based on the full scale dimensions at a velocity of 300 me.p.h.
Thus the calculs ted divergence is for & Reynolds Number about 12
times that of the model, and the divergence is accordingly too small,
This effect is not appreciable at low velocities where the percentage
change in velocity is of the order of the percentage change in aresa.
At high velocities, however, it is very considerable,

When a Mach Number of 1 is resched at the minimum crosse
gsection st the downstream end of the working section, the character of
the flow upstream of this point is changed. At lower velocities the
menometer tubes connected to the contraction and working section were
always mildly fluchuating. Most probably this was due to the
trensmission of disturbsnces in the diffuser upstream to the working
section and contraction where variations in velocity resulted. After
¥ reaches a value of 1,disturbences downstream of this point cennot
travel upstream since the air is flowing faster than the disturbances
can tr&vel. The velocity cannot exceed that of sound at the minimum
section and therefore conditions behind the minimum section are
stabilized, This is reflected by the manometer mercury columns,
Those tubes connected upstresm of the point of sonic veloecity becone
completely guiet in marked contrast to their previous condition.
Tubes downstream of the position where sonic velocity exists fluctuate

considerebly, especially the tube just after the point of maximum velocitye



If sonic velocity is reached at the minimum section, the flow becomes
supersonic in the diffuser. A shockwaeve then occurs, and apparently
the shock moves back and forth along the tunnel in the vicinity of
one of the static orifices. This disturbance causes very large
fluctuations in the reading of the static pressure tube affected,

and locates in an approximate manner the position of the shock. The
shock wes placed five to ten feet, full scale, downstream of the

entrance of the diffuser.

f 'f"“'?”w

In Fig. 8 the variation o
Fw

is plotted.

This parameter was chosen because in an incompressible, frictionless
fluid it is dependent only upon the ratio of the cross-secti~n ares
at any point to the working section area. Thus from Bernoulli's

equation for an incompressible fluid,
2
oA =L (Y —V?)

-2 (- (%))

letting PV, = ¢,
z
- Sw|*
72 . /- ()

£ ‘1’"760\1
w

should then coincide for a perfect fluid regardless of velocity.

All curves o vs. position sleng the tunnel

The calculsted incompressible fluid curve is plotted and it is seen

that the deviations of the experimental curves from the calculated

G-



curve are large.

In the contraction the curves approach the celculated
curve with decreasing velocity. The lowest velocity drops below the
caleulated curve., It is difficult to see how this would be possible
since it seemé to correspond to the lowest velocity condition having
less energy loss than a perfect fluid. The low position of the curve
may be some sort of Reynolds Number effect or it may be due to erroneous
reading of the static preséure tubes, particularly those from which
the working section dynsmic pressure is calculated. The working
section dynamic pressure is determined by tsking the difference between
po and the static pressure in the working section. Unfortunetely
there was not sufficient time available to check this run.

In the working section the curves are alsc consistent,
approeching the calculated curve as the Mach Number decreases. The
effect of the velocity increase through the werking section at
high Mach Number is clearly shown with the rate of increase becoming
very much greater after M = C.84.

The effect of velocity decrease is still consistent in the
diffuser but in addition there is another trend which is independent
of the velocity. Although the lower velocity curves are approaching
the calculated curve in the upstream end of the diffuser, their
siopes decrease and fall much below it after a point about 25 ft.

downstream from the beginning of the diffuser. This would indicate



that o considerable energy loss occurs in the diffuser between

this point and the exit. The curves draw closer together toward
P~ P
Fov

the exit, with the exception of the two highest speed runs., Both

the end of the diffuser and have almost the same valus of at
of these runs have exceeded a Mach Number of 1., They must then
have suffered an energy loss in the shoclkwave required to restore the
flow to the subsonic regime. This energy loss is reflected in the
considerably lower position of the curves. The lowest speed curve is
somewhat lower than would be expected, The explanation of this is
probably the same as that suggested for the position of this curve
in the contraction.

The main deviation of the curves from the calculsted curve
in the diffuser is the result of & separstion in the diffuser. This
result was confirmed by flow observations discussed below,

2) Velocity surveys across the entrance of the contraction.

Total head surveys across the entrance of the’ccntraction
showed & uniform velocity distribution across the entire section.
Surveys were both vertically and horizontally at several air speeds,
All the runs gave a constant value of total head across the section
from one wall to the other,

3) Velocity survey ecross the working section.

It was originally planned to use the small pitot-static

tube for this purpose. The instrument was calibrated at relatively



low velocities and
conducted with the

results than were expected,
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at angles up to sbout 15 degrees after wh

found to read about 3% %oo low,

Thess results
Vach Number the rea:
tion of the dis
of the amount of pitot

than ebout 1.5

fots

The actusl tests

pitot-static tube produced rather different

appear in

Pige 9 &

3 3,

ing of the

the hesd of the

o Fad
tance of

E tube

£

inches from the

f the tube was probably

increased rapidly as more

high velocity airstream,

reading
sh th Adrme A A
ch the reading decrsased,

Tt is believed that this vawing of the deflected ftube accounts for
the "hump" on the right side of the curve for Run 43, At the
furthast point from the wall the pitot wes yawed about 20 degrses
to the tunnel csentsarline., It appears that the effect of i asing
the amount of pitot in the tunnsl tends to reduce to difference
between the total hesd and the static reading of the pitot-static
tube, Sidce the alr compressor was a conshant displacement device
it is~believed that the actual veloclty did not changs due Lo the

presence of the pitot, The error was probably due to a variable

distortion of the static readin

o
& ®



These tests demonstrated that at high Mach Numbers velocity
surveys must be made by instruments which do not alter the effective
cross=-section area as they meke a traverse. The solution to the
problem is to mount the head of the pitot tube on a stem that extends
completely across the tumel, In effect the pitot stem must have a
dummy extending to the far side of the tunnel so that the effect of
constantly ch&n ing area is removed. Such a tube was constructed for
this model, Its installation reguired the drilling of a hole in
the wall opposite the built-in pitot plug. This is somewhat difficult
both becsuse of the difficulty of accurately locating the relatively
inasccessibles hole, and becauss the hole had to be drilled in the
plaster. Time did not permit the completion of this installation.

Total head readings were taken for a short distance
outside the boundary layer with the boundary leyer pitot, These
indicate a uniform velociby profile existed at least out to .25
inch from the wall. Due to the limits of the boundary lsyer
traverse a complete coverage of the tunnei was not possibls. The
total head reading outside the boundary layer agreed with the total

nead reading in the entrasnce of the contraction within 1%, Thu

‘

o]

the loss in the contraction seems to have been small and the welocity

distribubion is almost certainly satisfactory. It would be expected
that any energy losses would occur close to the wall., Since the loss

is small at a distence as close as .1 inch from the wall, it may be

@
]
o

umed that the velocity profile is uniform scross the section., Because
N

of the very small curveture of the downsitream portion of the contraction
it is unlikely that any curvature of the streamlines exists in the
working ssction. ~

“30=



4) Boundary layer surveys in the working section,

Tetal head surveys of the boundary layer were made at two
speeds on the {loor of the tunnel and checked at one of these speeds

on the verticsl wall., Corrsctions for compressibility werse made to %the

5]

total head readings. The profiles are shown in Fig. 10 The

»

results are plotted on semi-logarithmic graph peper in Fig.ll

and the linear curves indicate that the boundary layer is turbulent,
The curves are very similar in *the three cases as would be expected.
The boundary layer sppears to be slightly thicker on the wall which
has the grester curvature. This would be a consistent result but

the effect is of the order of the experimental error. The full scals
boundary layer thickness would be about 3 inches, a result which is
rd

of the correct r of megnitude,

(¢}
@

5) Velocity surveys across the exit of the diffuser

A total hesd tube mounted on a traversing arm that exbended
completely across the exit of the diffuser was used for this purpose.
Traverses were run both horizontally and verbtically. The horizontal
traverses were carried out at three speeds. The profiles are shown
in Fig. 12 , and in dimensionless form in Fig, 13 . The lack of
symmetry indicates a separation has occurred. This separation
appears to De more severe on the right side of the tunnel, looking

downstream. The visual flow observations confirmed this. When

plotted in dimensionless form the effect of higher velocity is



clearly showne The separstion is more pronounced for M = 0.74 than

for ¥ = 0.50., The large additional detrimental effect of a further

increase in speed is shown by the curve for ¥ = 0.90, The separation

would be expected scener with the higher velocity, It is possible

that the occurrence of obligue shockwaves in the diffuser is also

partially responsible for the rounded profile of the highest speed run.
The vertical traverse, shown in Pigs. 14 and 15 , revealsd

a very severe separation on the floor of the tunnel with a definite

reverse flow in this region. In an effort to locate this separastion

wax strips were placed at various positions in ths diffuser, They

did not appear to have much effect except for one placed on the

floor of the tunnel upstream of the point later seen to be the

separation point. The unusual affect of this wax strip was to eliminate

the reverse flow at the exit as is shown in the vertical traverse plots.

The velocity profile is very definitely improved and the separation

much redused, The flow of maximum velocity, however, been moved

further toward the top of ths tunnel so that Fig.lS , a plot of

the dynemic pressure at this station, shows little reduction in

energy loss due to the wax sirip. The effect of the strip seems to be

due to a local separation behind the strip which draws a part of the

flow closer to the lower surface and prevents the large separation

from the floor,

8} Visual observations of flow in thse diffuser.

The separation in the diffuser indicated by seversal of the

2 »

above results was investigated visually. First a probe consisting

[¢&]



ust

oy

of some light tufts was used. The reverse flow, originatin

s

z
about where the vertical well runs into the cylindrical section and
2ll the expansion is teken up by the top and bottom flat surfuces,
was clearly seen. The separation seemed to ccour chiefly on the
floor where the rate of curvature of the floor was sharply increassd,
A wax £illet was bullt in this region in an effort to desrease the
rate of expansion of the floor, and to extend this surface further
downstream before it terminates in the circular section. The effect

of the fillet was negligible, It was then extended further upstream

but still no improvement was noticeable, The fillet may be seen in

\"»J

‘ig. 20

To further investigate the flow, oil was spread over the
diffuser walls for the greater part of its length. The model
was then run up to speed. The flow patterns obbained were extremely
instructive. The oil flowed upstream in the region which probing

had indicated to be one of reverse flowe. The flow was reversed over

0

of Fig. which indicate & separstion in the same region. The
flow patterns observed with the oil showed thet separation started

shortly after the diffuser broke into the 8.2 degree divergence and

that the stesp slope of the floor and ceiling at the end of the

55 -



diffuser merely irritated an already bad situation. This explained
why the wax fillets extending the floor of the tummel produced
practically no result,.

The oil flow pattern with the wax strip placed on the
floor upstream of the first separation point showed a very much
improved flow picture. Separation of a moderate character appeared
immediately behind the strip but elsewhere the flow was always in a
dovnstream direction. The improvement seemed just as pronounced with
the oil pattern as with the probe. It will be remembered, however,
that the energy gain over the duct as a whole is probably very
much smaller than the improved conditions at the walls indicate,

Observations made with a screen across the exit, to simulate
the resistance that the full scale diffuser will have at its exit
due to the preseﬁce of the corner, produced no noticeable change in

the flow pattern.



Conclusions

From the tests described above the following conclusions

may be drawie

Contraction

The entrance profile was satisfactory so that any effects
observed would be due to the tunnel itself rather than to unfavorsble
entrance sonditions., The small total head loss observed in the
working section seemed to indicate that the contraction was satisfactory

from the standpoint of both energy loss and velocity profile.

Ylorking section

The boundary layer is turbulent and of the correct order of

magnitude, The large increase in veloclity through the working
section at hizh MNach Numbers shows thet if the tunnsl is to be

'~

operated in this range somg method of adjusting the walls is

s

wmitive is & method of continual boundary

!

necessary. The only alter
layer removal. . Even with such an adjustment the Mach Number
at which successful wind tunnel tests may De made 1s limited,
however, since the model airplane's displacement arsa will

have a large effect on the velocity of the [low in the immediate

viecinity of the model. Just as small changes in areas due to the

—3 e



boundary layer have large effects on the velocity, so will the

changes in area due to the model have the same effect, It is

difficult to see how the latter can be corrected. The practicsl

range of Mach Numbers can possibly be increased somewhat by adjusting
the walls, but probably e Mach Number of 0485 is the upper limit for
models of any reasonsble size, For special experiments in which very
small models are used higher Mach Numbers may be reached before the
wall interference effect becomes intolerable.

Diffuser

The present diffuser has a separation at a point about one-third

of its length from the entrance. It is definitely unsatisfactory,.

In an attempt to maintain the same end dimensions while reducing the
meximum angle of divergence, another diffuser design has been suggested.
t is showm in Fig. 2 o It may well be, however, that the only
satisfactory solution will be to extend the length of the diffuser,
To determine whether or not this will be necessary it is suggested
that another model be bullt embodying the design of the new diffusere.

General experimental method

Application of an aserodynamic model to the problem of
experimentally studying the charascteristics of a high speed wind tunnel
seems to have been satisfectory. Several features of the present
model{have demonstrated the need for improvement. As a result of this

experience the following elterations in the model design are proposed,



Although the static orifices seem to have been satisfactory,
it is probably desirable to reduce the size of the openings to
1/64 inch.

The static orifices should be placed along & smooth surface.
Positions near a parting line should be avoided,

Traversing pitots in the high speed region should have
a dummy stem so that no area change accompanies the carrying out of
the traverses

Static orifices should be spaced every inch or every 3/@ inch
in the region of the working section and the first 6 inches of the
diffuser,

An sdjustable wall should be included in the working section
to permit investigation of the practicability of correcting for the
boundary layer thickness incresse by similsr methods in the full
scale design., A design for such an adjustable wall has been developed
by Mr. J. C. Schwarzenbach and has been discussed in his A.E. thesis

at the California Institute of Technology, 1842.
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Visual Observastions of Supersonic Phenomena

Although a plate glass window was built into the roof of
the working section of the model, no special visual tests were
contemplated in ﬁhe original experimental program. The window was
included in the model design chiefly to allow easy aligmment of the
velocity measuring instruments placed in the working section at various
times, and to permit observation of possible excessive vibration or
other disturbances of the pitot-static or total head tubes., During
the first few runs it was noticed that a small quantity of oil was
present;in the air. This oil originated in the compressor and
apparently penetrated the oil filters. At first considered an
objectionable characteristic of the system, the o0il proved to be a
means of visually observing local shock waves occurring in the working
section because of the interference of the pitot static tube,

The initial observations of the oil flow showed that the
0il, being of rather high viscosity, moved slowly along the floor
and roof of the working section following the streamlines of the
air flow. It would, of course, be expected that the slowly moving oil
cwould be moved only by viscous interaction with the air and would
follow the path of the adjacent airstream. Introduction of the
pitot-static tube through the floor of the tunnel produced the
equivalent of a two-dimensional circular cylinder, namely the stem
of the tube, in the lower region of the working section. The oil
stream pattern on the floor of the tunnel in the region of the tube
at low velocities was similar to that of potential flow around such

a cylindrical body. The wake behind the stem formed just as would be

=33~



expected behind a bluff body. As the Mach Number in the working
section approached 0,7, the pattern bvehind the pitot stem assumed
a wedged shaped or triangular character, the apex of the triangle
being just at the rear surface of the stem., This wedge line appeared
to form a barrier past which most of the oil would not pass. Since
this line was very close behind the pitot stem and in its immediate
wake, the oil, after reaching the barrier, reversed its flow direction
and traveled toward the pitot, apparently piling up into a small
globule. It then appeared to flow back into the stream, either
passing downstream beyond the small wedge, or else repeating its
vortex-like path behind the stem. The wedge barriers were at an
angle of about 45 degrees to the freestream velocity. Their length
at this stage was about one diameter of the stem. It will be noted
that the pitot stem has a diameter of about .05 inches while the
width of the tumnel is close to 3.1 inches at this station,
Increase of velocity until a Mach Number of .9 was reached
caused a gradual widening of the barriers described above, Their
form changed somewhat in that as they extended further from the
immediate region of the stem, and away from the wake, they became
thicker and stroﬁger. At the highest speed the two barriers trailed
behind the stem at an angle of about 45 degrees from the freestream
flow direction, started about one-eighth inch from the pitot and had
a length of the order of a quarter inch. Instead of just a small

line, a considerable accumulation of oil appeared, giving the oil



patch & thiskness of approximately one-~sixteenth inch. The faster

lowing fluid p

®

ssed through the oll patches but most

.

did not appear to have had the ensrgy to do so. Instsad

(o8

of the flui
it traveled tangent to the oil patches in the direction leading
dovnstream snd to the side, and away from the pitot stem, and after

reaching the enl of the o

il patches flowed straizht downstream again.
The small initial barriers close to the pltot remsined but appeared

very small compared to the larger oll patches.

The nature of this phenomencn 2
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the presence of shockwaves caused by local supersonlc velocities

in the region of the pitot stem. The freestream Mach Number was

approximetely 7 to «9 in the speed range at which the flow irregularitie

appeared. Thus the velocity in the potential [leld affected by the
aviindricsl stem would be expected to become greater than that of
sound, It has been shown that sonic veloccity occurs at the point

of meximum thickness of a cylinder when the freestream Mach Number is
0,42 . With greater Mach Numbers sonlc velocity 1s reached
upstream of the maximum thiclmess point, Lownstream of the sonic
velocity region the streamlines diverge and the [low near the cylinder
vecomes supersonice. The flow far from the pitot is subsonic

n the working section at all times so that the small region of

supersonic velocity camnot be expected to continue very far. A
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Fig.1l8-4ir Compressor Equipment
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Fig.1l9-Gemeral View of Test Set-up Showing Model and
Multiple Manometer.Traversing arm is in posi-
tion at diffuser exit.

Flg.R0~View of Diffuser Looking from the Exit toward the
Working Section.Wax Tillet iz on thse floor near the
exib.Pltot-gtatic tube is installed in the working
seetion.

e



Fig.2l-Multiple Manomster,Total Head Tubes,Pitot-static
tube,snd Boundary Leyer Survey Instrument.

Flg.28-Close-up of Micrometer Head of Boundary Layer Survey
Instrument Installed in Tunnel Wall,
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