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I. Introduction

In June 1946, the Army Air Forces approved & proposal that the Uni-
versity of Michigan, under the sponsorship of the Air Forces, construct and
operate an intermittent supersonic wind tunnel. The tunnel was to operate at
Mach Numbers from 1.5 to approximately 5, with run durations of about 20
seconds throughout this range.

In that same month the design was begun and the subsequent construc-
tion, operation and modification of the tunnel during the past two years has
revealed many of the problems and possibilities of this type of design. No
other wind tunnel in this country used so brief a run duration; the problem
of a closed return circuit was unique, and for many of the problems there was
little or no background. The first supersonic flow, at a Mach Number of about
1.9, was obtained in April 1947, but a survey of the first tumnel results indi-
cated that a rather extensive modification and development program was neces-
sary. The accomplishment of this program is still underway and this report is
an interim report in that the results of some of the modifications still remain
to be determined. However, it is believed that much of what has been learned
thus far is of general interest in the field of supersonic testing and there
is little reason to delay this report until all problems have been success-

fully solved.
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II. ose

It is the purpose of this report to furnish as complete a summary
of the information concerning the construction and operation of the super-
gonic wind tunnel at the University of Michigan as is practicable at fhis
time. It is intended that this report shall be as detailed as possible where
the discussion is concerned with the problems, solutions, and subsequent modi-

fications found by experience to be necessary.
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III-A Method of Operation

The wind tunnel is a closed-return, intermittent-operation tunnel
utilizing the pressure difference between atmospheric pressure and the low
pressure of an evacuated system as the basic motivating force. Figure 1,
vhich is a semi-schematic drawing of the wind tumnel installation in the hous-
ing hangar, illustrates the operating cycle. The tanks (T) are evacuated by
the pump (P), the air removed being stored in the bag (B). When the tanks are
at a pressure sufficiently low for operation, the valve (V) is quickly opened.
The air from the bag flows through the test channel into the tanks. As the run
progresses, the bag pértially collapses, the outside air maintaining a steady
upstream pressure equal to the barometric pressure. At the end of the run the
valve (V) is again closed,the recharging cycle begun.

In order to avcid condensation in the test section the air must be
dried prior to the first operation, and maintained at extremely low humidity
throughout the successive runs. A drier (W) was included in the system for.
this purpose., Then, to minimize pitting of the model by dust particles in the
airstream, a filter (F) was placed in the return circuit so that the air could
be cleaned during the charging cycle.

The test channel is made up of four main parts: (1) The subsonic
converging channel (E), which is the entrance ducting system; (2) the nozzle
section (N), in which the supersonic flow is produced; (3) the test section
(M), in which the model is mounted and the resulting phenomens observed; and
(%) the diffusor system (D), in which pressure recovery cccurs.

Computations were carried out (see Appendix I) to estimate the per-
formance which might be expected of the tunnel. The calculated times of runs

for various initial pressures in the vacuum tanks and for various Mach numbers

are shown in Figure 2. Figure 3 indicates the temperature, predsure and den-
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sity in the test section for Mach numbers up to 5.0, and the Reynold's number

for a one-foot model tested at these Mach numbers.

IITI-B Vacuum Tanks

The vacuum tanks represent the energy storage of the system. As
they are evacuated thé potential energy of the system is gradually built up,
and this energy is very quickly converted to kinetic emergy when the operating
valve 18 opened. An analysis of the mass flow requirements of the tunnel with
a cross-sectional area of 100 sq. in. showed that 10,000 cubic ft. of tank
space would be sufficient for runs of at least 15 seconds at all Mach numbers
congldered. However, the vacuum tank system utilized war surplus equipment,
and the actual total volume which resulted was 13,000 cubic ft.

The vacuum volume is made up of a set of nine tanks manifolded to-
gether by a four-foot diameter piping. The dimensions of a typical tank are
given in Figure 4. The tanks are set in three vertical rows of three tanks
each, as shown in Figure 5, and the manifolding pipe connects each of the
eight external tanks directly to the cenber tank. These manifold pipes were
kept close to the forward end of the center tank. This insures that the air
coming through thé tunnel disperses through the nine tanks with as little time
lag as possible, as the downstream section of the wind tunnel channel also
opens directly into the forward end of this center tank.

The original purpose of the tanks established their design for 60 psi
internal pressure. Analysis showed these tanks to be criticel under 14,7 psi
external pressure. Evacuation tests of a spare full-scale tank resulted in
collapse at 14,5 psi external pressure., Experimental work with scaled models
was then carried out and the results indicated that each tank would require

four reinforcing rings for satisfactory strength. The tanks were therefore

reinforced by 4% in. x 4 in. x 1/2 in, angles, formed to the surface contour
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and welded to the tanks as shown in Figure 6.

The heat of the cutting and welding work caused separations in the
gseams of the tanks and serious leakage problems developed. Air leaking into
the system from the outer atmosphere carries with it high water vapor content,
complicating the problem of drying the air to be used in successive runs. At
the same time, such leakage, by increasing the absolute pressure in the tanks,
decreases the length of each test run.

Several sealing methods were tried, but with very little success
until standard auto "body deadener” was tried. This tar-like material was
sprayed on all seams and joints, with highly satisfactory results. A small
vacuum was kept in the tanks while the.spraying was carried out, and the
deadener was thus drawn into the cracke. Since the material hardens after a
period of exposure to air, it could then withstand the pressure differential
when a high vacuum was drawn in the tanks. Iarge cracks were first stuffed
with thick "deadener" mixed with heavy fiber and this combination was allowed
to dry before the thin "deadener” was applied. Leaks were located by drawing
a high vacuum and then locating the whistle which resulted from air seeping
through a small hole. After several coats of sealing compound the tanks were

able to maintain an absolute pressure of 0.15 psi with a leak rate of 0.8 in.

of mercury per hour. This is considered satisfactoery.

Even though the sealing described above has proved satisfactory,
there is still some air leakage into the system. It is therefore necessary
that the drying capacity be sufficient to remove the moisture which this air
adds to the system. It is also necessary that precautions be taken that this
extra air does not so increase the storage bag pressure (when the tanks are

evacuated) that the bag splits open.v To 1limit this leakage as much as poss-

ible, the tunnel is "run down"; i.e., the tanks are filled to atmospheric
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pressure, whenever the day's runs have been completed.
III-C Yacuum Pump

The vacuum pump represents the power input point of the tunnel. It
is a Chicago Pneumatic TVB-2 piston-type pump, displacing 1700 cubic £t. of
air per minute, and capable of producing vacuums of 14,6 psi. At peak load,
the pump uses 67 horsepower, but the average horsepower used over a complete
charging cycle is not much over 40. The pump is shown in Figure T.

This pump is water-cooled, and some difficulty with water seepage
vas experienced when it was first put into operation. A careful check of the
pump, tightening of the head bolts and good general maintenance cleared up
this problem. Two precautionary measures were taken. A screen was placed
over the inlet duct leading from the tanks to the pump to keep any foreign
bodies cut of the pump. An oil filter, consisting of a screen cartridge
filled with machinist waste and clean metal turnings, Figure 8, was placed
in the exit duct leading from the pump to the bag. The pump introduces very
little oil (10 drops per minute) into the air, and no trouble has been exper-
ienced with the existing arrangement. However, if it proves necessary, oil
consumption may be reduced by the use of oilite-type bearings.

III-D Air Storage Bag

The bag has the specific purpose of supplying clean dry air for the
run, maintaining constant pressure and temperature conditions throughout the
run. Thus it is basically a flexible segregating device to keep the dry
wind tunnel air from becoming contaminated by the high moisture content ex-
ternal air. It must have sufficient capacity so that the bag does not com-
pletely collapse by the end of the run. With 13,000 cubic feet of evacuated

tank space, the 24,000 cubit ft. bag has proved adequate.

The bag itself was obtained as war surplus material, formerly being
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a model ZKA barrage balloon. It was stripped of all extraneous equipment, such
as stabilizing surfaces, and then modified for use with the tunnel. Originally
manufactured by the Goodyear Rubber Company, the basic balloon material is made
of two layers of fabric with a neoprene coating between them and é coat of neo-
prene on the inside and outside surface. The balloon shown in Figure 9 is
about 60 ft. long with a 24-ft. maximum diameter.

For use in the tunnel several openings had to be cut in the bag: the
main duct inlet and outlet, and inlet and outlet openings for connections to
the drying equipment. The main duct outlet required considerable care. The
nose of the bag was split open, e round opening cut in the most forward section
and a metal frame nose section inserted. This frame section, shown in Figure
10, is made of tube steel with wire mesh stretched over the outside of the
tubing. The frame matches the nose contour of the bag. The metal frame is
fastened to a metal duct which converges to a 4 ft. x b ft. square section, as
shown in Figure 10. With the frame inside the nose of the bag, the split in
the bag was closed by cementing sealing strips of necprene-coated fabric on
both inner and outer surfeces. The bag was then cemented to the metal duct,
and an external clemping ring added for safety. This is shown in Figure 1l.

The nose section keeps the nose portion of the belloon from being
sucked into the tunnel duct, and permits smooth transition for the air from
its position at rest in the bag to the subsonic flow through the initial con-
verging section,

The other bag openings were handled in a slightly different manner.
Holee were cut to match the entering pipes, and then reinforced with a layer
of fabric inside and out. A flange angle was welded to the duct pipe, and a

matching flange bolted directly to it, with the bag fabric clamped between the

two flanges, as shown in Figure 12. Rubber gaskets were used. No leakage has
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been detected at any of these openings.

For supporting the bag in the proper position in the tunnel arrange-
ment, the original hold-down metal cables were utilized. The bag was actually
inverted from its normal position and the cables fastened to the rafters of
the hangar in which the tunnel is housed., Additional tie-downs to the floor
were added to keep lateral motion at a minimum, since the hangar is open to
wind cuyrrents along one side.

One safety feature of the original bag, a safety hatch which opens
when the bag pressure builds up to 2-1/2 in. B0 gage, was retained and an
extra safety device added., A mercury switch automatically shuts off the evacu-
ating pump when the internal bag pressure reaches 1/2 in. HpO gage.

The bag material, although waterproof, is not impervious to water
vapor. The neoprened fabric proved to be as good as any of several flexible
materials tested for segregating the dry air for the tunnel run, but some
vapor leakage exists. This vapor must be continuously removed by the drying
equipment. A complete discussion of this is given in section III-F below,

III-E Butterfly Valve

The butterfly valve represents the master control of the tunnel oper-
ation. The unit used was furnished by the Henry Pratt Company of Chicago, Ill.
It containe a 24-in, diameter valve which is forced into a rubber valve seat
when closed. The unit is shown in Figure 13. The closed valve can maintain
pressure as low as 0.1 psia without leakage. With the valve in the open posi-
tion during a run, no tendency to "flutter" has been noticed. However, the
rubber seat has deteriorated under use, and one replacement seat has been in-
stalled. Since the seat can be replaced in a few days, this is not considered

a serious problem, but the valve seat must be periodically checked.
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The valve is opened and closed by a valve operator manufactured by
the Philadelphia Gear Company. The complete opening (or closing) cycle takes
about 1-1/2 seconds, but only during half this time does any air flow take
place. The first 3/§ seconds is used in "cracking" the valve from the rubber
seat, and the air flow is negligible during this part of the cycle. Thus only
about 3/& geconds of the maximum usable run time is lost in valve operation.
The operation is controlled from the main control panel. The control unit,
shown in Figure 14, utilizes a 2.5 h.p. motor.

III-F Drying Equipment

The drying unit originally installed was a Lectrodryer No. AWC-200,
manufactured by the Pittsburgh Lectrodryer Company. This model, with a limit
flow rate of 200 cfm, can remove 22 1lbs. of water before reactivation is re-
quired. The dessicant used is an activated alumina with an output dewpoint
of about -50°F, and this unit was steam reactivated. It requires about 5
hours to reactivate the unit. The unit is shown in Figure 15.

Under ordinary conditions, on a typical humid summer day, there 1s
about 20 1bs. of water in the 24,000 cu.. ft. of air contained in the bag.
This means that there is little margin left, once the bag air is dried, to
handle any leakage without reactivating. It was planned that the air would
first be dried completely, i.e., to a dewpoint of -45°F, the drier would be
reactivated and then after each run some of the air would be shunted through
the drier on the charging cycle. Thus originally the drier was set in a line
shunted off the main return duct, and by partially closing a valve in the main
duct some of the air being pumped through could be forced through the drier.

A schematic of this circuit is shown in Figure 16a. Since the vacuum pump
could handle the circulation, no additional pumping equipment was required. A

flow-meter in the drier shunt insured that the capacity of the drier would not

be surpassed.
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This original layout proved to be inadequate. The heat of compression
increased the temperature of the air to about 120° or 130°F through the pump,
and 1t was found that the adsorptive ability of the dessicant decreases sharply
If the air used is over 100°F, This meant that air could not be fed directly
from the pump tc the drier. One solution to this problem would be to add an
aftercooler to the system, just downstiream of the pump. It was believed, how-
ever, that better results would be ébtained if the drier wes established in a
separate circuit, so a blower unit and the duct work of Figure 16b were installed
The tlower was capable of circulating 110 cfm through the drier, but now the air
circulated had a maximum temperature of only 5° above rcom temperature.

The separate drying circuit improved operation of the drier, but sat-
isfactory results still could not be obtaired. An investigation showed that the
permeability (i.e., the inability to resist passage of moisture due to differ-
ences in vapor pressure) of the neoprene-coated fabric used in the air storage
bag was high enough to cancel much of the drying capacity. In effect, what was
happening was that after a certain dewpoint (around 20°F) was obtained inside of
the bag, as much moisture was leaking in through the walls of the bag as was
being removed by the drier and a condition of equilibrium was established. As
goon as the drier became loaded and needed reactivation (a five-hour process) the
bag dewpoint would increase as more molsture seeped in and none was removed.
Thus the system had a lower limit of 20°F dewpoint. A more thorough study was
made of the bag permeability, methode of decreasing it, the possibility of mater-

ials more impervious to vapor pressure differentials, etc. This study is pre-

|sented in Appendix IIA. In brief, it was found that the neoprene-coated fabric
ﬁnm as good as any available flexible material although its permeability may
inerease with age. However, the possibility existe of decroasing its permeabil-

ity by cecating it with a plastic.




| ENGINEERING RESEARCH INSTITUTE | Page
EMP-16 5 UNIVERSITY OF MICHIGAN L 12

Assuming that it is not possible to decrease the bag permeability to
the point that it is impermeable, one must establish an adequate drier circu-
lation system. The air is taken from the bag, passed through a drier and re-
turned to the bag. The size of the drier necessary to give the desired bag
dewpoints then becomes a function of the fabric permeebility. The snalysis of
this problem is given in detail in Appendix IIB.

Using the present balloon size and fabric permeability a drier flow
rate was selected which would give bag dewpoints of the order of -25°F (cur-
rently considered usable but not excessive} on a humid summer day. A second
consideration was the fact thst at some time in the future it might be desir-
able to meke combustion model tests and these products of combustion would be
discharged to the atmosphere. Thus it is necessary that the driers be also
of such air cepacity as to recharge the balloon bag well within the allotted
time for pumping out the vacuum tanks. O0il vapor problems might alsc necessi-
tate breaking the flow return circuit. With these considerations;a drier flow
rate of 1200 cfm with an outlet dewpoint of -4O°F was selected as desirable.
In order to produce these conditions two Lectrodryer Model BWC-1500 driers
have been ordered.

These units, having a combined flow rate of 1200 cfm with an outlet
dewpoint of -40°F or lower, will insure a dew point of -25°F in the bag at
all times. These units are electrically reactivated and are dual operating;
i.e., the reactivation cycle is carried on simultaneously with the drying
cycle, so that no stoppage of the drying circuit for reactivation is neces-
sary.

As a stop gep measure, until these units are delivered, a surplus

air conditioning unit (a Lectrodryer CHK dehumidifer) has been installed as
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the drying unit in the circuit. This unit has been consistently supplying dew-
points of O°F in the storage bag, but when it was first installed, checks of
the dewpoint in the bag gave values much higher. Investigation showed that

“soning" was occurring; i.e., the dry air was not thoroughly mixing with the
moist air in the bag. Installing a fan in the bag, to help mix the air, solved
this problem satisfactorily.

ITI-G Precipitron

The dust collector used to remove dirt and other foreign particles
from the air, is an electronic precipitator manufactured by the American Air
Filter Company. Particles pasding through the unit are given a charge as they
enter, vhile at the downstream end of the precipitron there is a set of oppo-
sitely charged plates, covered with a sticky oil. The dirt particles are
attracted to the plates, where they are held by the oil. The unit used has an
efficiency rating, based on a chemtcal test for dirt-free air, of 90 per cent
at an air flow rate of 1850 cfm. The collector is shown in Figure 17.

The precipitron must be cleaned and serviced regularly, so it is
housed in a plenum chamber which has access doors to both the upstream and
downstream sides of the collector. The original chamber, ehown in Figure 17,
was made of No. 16 gage sheet metal. It was all welded construction, except
for the access doors and the fastening to the collector which was done with
bolts. The doors slid off after retaining nuts were removed from stud bolts.
The doors were made air-tight by using a strip 1/2 in, soft rubber gasketing
around the perimeter. |

This original plenum chamber proved almost immediately to be inade-
quate. The reciprocating operation of the vacuum pump caused pressure waves
of high amplitudes, even at high vacuums when the air flow was negligitle,

These waves started oil-cenning of the flat sheet-metel surfaces, and cracks




‘ ENGINEERING RESEARCH INSTITUTE . Page
EMP-16 i UNIVERSITY OF MICHIGAN : 14

and leaks began to develop. In an attempt to damp out the pressure waves near
their origin, a settling tank was installed between the pump and the plenum
chamber. This tank is shown schematically in Figure 18, and actually in
Figure 19. The holes in the first baffle wall could be completely closed by
plates if more resistance to flow was required. This tank did damp out some
of the effects of the pressure waves, but only at low air flow rates.

A new plenum was then installed. This chamber was made of two sur-
plus waterheater tanks of about 3/16-in. steel. Doors were cut out, the cut-
away forming the basic structure of the door itself. Each door was bolted
onto two hinges and locked in place by hand-operated locking nuts. This
afforded much easier access than existed with the original chamber. The 1/2-
in. rubber gasketing was again used around the cut-out. The collector itself
was completely welded into place between the two tanks, and the inlet and out-
let ducts were also welded into place. The final arrangement, shown in Figure
20, has proved to be satisfactory.

" III-E Entrance Duct

The air entering the tunnel from the storage bag first passes through
a subsonic duct which gradually decreases area until it meets the entrance to
the nozzle section. This entrance duct is made of four component parts shown
schematically in Figure 21. The first component is the converging portion of
the nose section inserted in the bag, as described in section III-D and Figure
10. The second section has a constant cross-section, a square duct 4 f£t. on a
side. Housed in this sectiocn are three No. 30 brass screens, set transverse
to the flow and 8 in. apart. These screens reduced any large amplitude-turbu-
lance which may form in the air stream. The screen section is shown in Figure

22. The screens are removable for cleaning and checking. The screen section

is built up of aluminum channel and plate.
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From the screen section the air enters a converging section made of
1/8-in. steel plate. The dimensions of this converging section are shown in
Figure 23, the cross-sectional duct area being reduced from 4 ft. x 4 £t. to
8 in. x 15 in. The section is all welded, and the inner walls are ground
smooth. The section fastens to the preceding screen section and to the slide
valve section which follows by bolts through attachment angles. Gasketing at
all joining angles keeps the moist external air out of the air duct. The con-
verging section is shown in Figure 22.

The last segment of the entrance duct is a constant area section con-
taining a sliding plate which acts as a valve. The plate is made of l/h-in.
steel, with a strip of extruded rubber along the edges. When the mein butter-
fly valve is closed and the slide valve is closed, access can be made to the
nozzle testing and diffusor seétion without any loss of dry air. With the
plate out, a fitted filler seals off the opening in the top of this section so
that a smooth duct is presented to the air. The section is made of‘l/hain.
steel plate, with bolting angles to fasten it to the adjacent sections. It is
shown in Figure 2k,

The entrance duct has remained substantially as originally designed.
The slide valve section has been replaced, but only to match a redesigned
nozzle section. All of the joints must be carefully gasketed, for even though
the pressure differential between the air inside the duct and the outside
atmosphere is small, the vapor pressure differential is large and vapor leak-
age can occur.

III-I RKNozzle Section

The nozzle section houses the contoured blocks which form the com-
verging-diverging channel in which the supersonic flow is obtained. This

channel is basically two-dimensional, all changes in contour being made by
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varying the vertical dimension of the duct while the side walls of the housing
section form the channel sides, Accordingly, the inner surfaces of these walls|
must be kept very smooth. Furthermore, the walls must be removable so that

the contoured blocks may be replaced for each of the various Mach numbers.

The original nozzle section is shown in Figure 25 with one side wall
removed, and assembled and in position in Figure 26. A sketch showing the
basic components is given in Figure 27. The top and bottom/channels were
built up of steel angles and l/h-in. brass plate. These channels fastened
directly to the slide valve section upstream and the test section pressure box
downstream, with .020 in. vellumoid gasketing to seal the joints. The side
plates bolted to these channels and to the valve section and pressure box,
with vellumoid gasket seals. These plates were l/h-in. brass. Two windows
were mounted in each plate, for purposes of pptical observaticns of the flow.
The window mountings were studs set on the side plates onto which the window
frame bolted., All studs, and all rivets used for setting attachment angles
onto the side plates, were‘ground flush on the inner surface of the plate.

The windows used in the section were made identical in shape to those
windows used in the test section. This permitted interchangeability in case
of damage to a window, and also facilitated wall pressure measurements as only
one pressure plate was required. At first 2-in. thick Plexiglas windows were
tried, but their optical quality proved too poor for good Schlieren photo-
graphs, so l-in. commercial plate glags windows were used. The glass was
picked for freedom from striations and for reasonably parallel faces, and
proved to be quite satisfactory for the initial phases of the tunnel work.

The glass was set in the frames, which were aluminum castings, with a cement
called Xpandtite. The cement tended to chip a little when the tunnel was in

operation, so the windows were reset using Wood's metal. The inside wall was
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kept flush. Details of the window mounting are shown in Figure 28, while a
window set in its frame is shown in Figure 29.

The nozzle contour blocks were held in place by bolts (four per
nozzle) which fastened to the top and bottom channels ahd were threaded into
the contour blocks. These can be seen in Figure 25. AdJﬁatment of the nozzle
blocks could be made by raising or lowering through these bolts. Thus it was
hoped that any disturbance caused by the juncture of the nozzle block and the
test section could be eliminated by differential movement of the block through
these bolts.

The initial operations of the tunnel with this nozzle section showed
up several imperfections. The section was not rigid enough. As soon as the
test run began, the high external pressure (relative to the very low pressure
in the supersonic region) pushed the nozzle blocks inward so that the vertical
dimension of the duct changed as much as 1/16 in, This caused an unavoidable
discontinuity at the nozzle-test section junction and a shock wave originated.
The side walls deflected slightly under load, dbut not as seriously as the
blocks. However, their deflection caused leakage around the gasketing and the
inflow of air into the nozzle affected the boundary layer build-up along the
nozzle. It was also found that once removed, the side walls were extremely
difficult to replace so that changing nozzle blocks was time consuming and a
good seal along the side wall was Questionable.

With these facts in mind the nozzle section was redesigned. To pro-
vide easy access for changing the nozzle blocks, the nozzle doors are clamped
shut by quick-opening clamps along the upper and lower edges. The blocks are
held in place by a tongue and groove arrmngement at each end, and several lock
ing cams, as shown in Figure 30. The side walls were first reinforced to re-
duce the side deflections, but permanent set existed due to local stress con-

centrationg. They were then replaced by solid 1-in. steel plateg reinforced
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vith welded T-sections. (See Figure 31).

The nozzle channel is sealed by inflatable rubber tubing gasketing,
kept under pressure, which rings the side walls and the nozzle inserts. The
seals were found satisfactory under static tests. Views of the new nozzle
section are shown in Figures3l to 33.

JII-J Nozzle Blocks

The nozzle blocks are the contoured blocks which shape the chamnel
In which supersonic flow is established. The blocks are fixed contour, so
that each set of blocks produce only one Mach number and they must be changed
to vary the Mach number. The original blocks were made of a gypsum plaster
commercially known as Hydromite. This material, when cast against a smocth
surface like Plexiglas or polished steel, assumes .a: smoekh hard surface. Experi-
ment showed that by making a mold of two contour plates with thin Plexiglas
fitted over the top, the cast Hydromite had good surface appearance, However,
the Plexiglas deformed under the weight of the plaster and the heat given of?f
by the plaster in hardening, and the surface was not true to the contour de-
sired. Metal cross bars were added to relieve the Plexiglas of the weight,
and a set of nozzle blocks cast. The mold and one block are shown in Figure
34, TInserts were set in the plaster for fastening it into the nozzle sectionm.

A check of the set of blocks cast showed that some "dishing" of the
Plexiglas had occurred across the throat section. The nozzle blocks were
filed ddwn to contour by hand at this section, but the results of the first
runs indicated some shock waves which were credited to the deviations from the
computed contour.

Some experimental work has been carried on with small scale nozzle
blocks in plaster. A new material, Hydrocal B-11, was tried and in initial

work has shown promise. Instead of requiring casting, this plaster can be
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screeded. The surface obtained depends upon the fluidity of the mix, the
amount of screeding required, and the solidity of the material at the final
screeding, but some excellent surfaces have been obtained. After taking its
initial set, in which its form becomes slightly harder than dried putty, the
Hydrocal B-11 can be screeded, with a sharp screeding tool, to its finished
dimensions. Its dimensional change in the final set ies almost negligible.
After the final set, the plaster surface is very hard,fbut it may not with-
stand the rigors of supersonic flow. As yet no nozzles of this type have been
tried in the wind tunnel.

A set of standard type aluminum blocks was machined for use in the
tunnel while further experimental work was carried out on the plaster nozzles.
The aluminum blocks were supposedly held to +.001 in. in contour but when
checked, they proved to be as much as .004 in. to .005 in. off contour. They
were installed and used, however, and the results showed at least one wave
that may have originated on the nozzle., Figure 31 shows these blocks.

A wood nozzle has been comstructed for Mach 4 operation. The purpose
of this unit is to develop a satisfactory contour on the inexpensive wood
nozzle and then to construct a metal nozzle, which would maintain tolerances
unobtainable with wood, to these dimensions. The nozzles were made of lamin-
ated pine with 1/2-in. steel plates along each side and with numerous drift
bolts pushed through the metal and wood. The nozzle blocks have steel end
plates,

The contour of these blocks wae worked to within 0.0l in. of the
computed value. A final rub-down is being left until just prior to installa-

tion, A photograph of these nozzles is shown in Figure 35.
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The nozzle contours are designed according to the method of Foelsch,
considering source flow with radial streamlines in the region downstream of
the throat and patching to this flow a field which turns the radiel stream-
lines into uniform and parallel flow. A complete discussion of the method is
given in Appendix III.

III-K Test Section

The main channel of the test section is 8 in. wide, 13 in. deep and
48 in. long. Within this channel, a model is fixed in the airstream and the
observational, force, and pressure measurement means are employed.

The basic design of the test section is determined to a large ex-
tent by the type of force measurement system used. In this tunnel, a mechani-
cal force balance (described in detail in section IV-B) occupies the volume
about the test channel and has a vertical strut which passes through the
channel and to which the model sting is attached. Since any airflow about
this vertical strut would adversely affect the balance measurements, the force
balance volume must operate at zero pressure differential with the test Ehannﬂ,
and therefore, the whole mechanism is enclosed within a pressure box. Figure
36 shows the main channel with the belance system, model and pressure boex in
place.

Visual observations and optical measurements are made by means cf
two windows pleced in the vertical side walls of the test channel and in line
with the model center position. These windcws were cut from one-inch thick
plate glass. By means of the Foucault test, areas were selected that were
relatively free from striations. These windows have not bean finished to an
optical flatness and are, therefore, unsatisfactory for Schlieren work requir-

ing great sensitivity. While results at Mach numbers of about twc have been

1
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good, work at Mach numbers of four will regaire greater Schlieren sensitivity
due to low test channel air density. For this work, new windows have been
ordered that were selected in the same manner as before. These windows will
be 1-1/4 in. thick and stress relieved to less than 10 millimicrons per centi-
meter. After annealing, they will be ground and polished to the following
limits:

1. Wedge defect not greater than ,002 in, at one edge.

2. Surface to be optically flat: i.e., A sphericel radius greater
than two thousand feet,

3. Surface accuracy - less than five wave lengths of yellow sodium
light. It is believed that these windows will be sufficiently
accurate to handle the entire Mach number range of the tunnel.

The original test section was hade from 1/4 in. brass plate, and
vhile care was taken in construction to ensure that the inside surfaces were
smooth and free from discontinuities some operations carried on with the
pressure box open caused excessive deflections of the material, and permanent
deformations were experienced. For this reason, modification was undertaken
as soon as enough calibration runs were completed to indicate the magnitude of
the effects.

The four surfaces were strengthened by cycle welding 9/16 in. brass
plate to the originals. The top and bottom surfaces were further reinforced
with two j/h by 2 in. steel stringers bolted along the length of the plates.
The window fasteners were changed from l/h in. SAE to 5/16-in. AN bolts. The
revised section is shown in Figure 37. Static test of this unit showed a max-
imum deflection of .007 in. under one atmosphere of pressure differential.

While the modification of the old test channel enabled it to be used

for pressure and model test work, it no longer was able to accommodate the
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force balance system; also, modifications in the development of the balance
gsystem resulted in structural interferences with the pressure box; conse-
quently, & new design for a test chamnmel and pressure box resolving these
difficulties was begun.

The new test section has been designed for a maximum deflection of
.0005 in. under a pressure difference of one atmosphere. The four surfaces
are cast from manganese bronze., This material was chosen because of its den-
sity and free machining characteristics.

The principal access to the model remains through the window; howevey
the method of window instailations has been changed. The frame of the window
is of bucket shape; the window glass forms the bottom of the bucket. The sides
of the buckets form the walls of the recess into the pressure box and are
bolted directly to the pressure box walls. An air seal is effected between
the top of the bucket and the pressure box wall. A sketch cf this revised
arrangement is given in Figure 38.

A new method of venting the pressure box to the downstream end of the
test section was devised and inserts to accommodate this vent were incorporated
in the design of the side walls of the test channel. A study of the influence
of the orifice effect of this vent was made and is presented in Appendix IV.

As stated earlier, the volume of the first presaure box was inade-
quate to accommodate the later developments in the force balence system. Also,
defleétions of the bok walls produced the problem of finding adequate air
seals. A new pressure box has been designed which overcomes these difficulties)
The new pressure box is made from 5/8-in. dural plate set in a heavy steel
framework. Numerous handholes are located about the pressure box to provide

access to all parts of the balance system.
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In general, the entire test section has been redesigned with the
primary objective of keeping deflections under loads to a minimum, accommoda-
ting adequate air seals, and providing for easy access to the model and all
parts of the force balance system. It is anticipated that both pressure and
Torce tests will be made in the new section. Pressure leads will be carried
through the sting and out of the balance support windshield. The balance
system will be locked in- a stationary position during pressure runs.

III-L Diffusor Section

The diffusor section represents that portion of the tumnel in which
pressure recovery is accomplished. In the original design, the diffusor sec-
tion was in two parts. A rectangular box section fastened directly to the
downstream end of the testing channel. This section was 8 in. x 13 in. inside
cross-section and was 48 in. long. Inside the section was mounted A sharp-
edged airfoil section, madé of thin steel plate. This airfoil spanned the duct
vertically. A cam set inside the airfoil could be rotated to increase the
airfoil thickness. The intention was to permit the initial normal shock wave,
vhich passes along the channel when the run begins, to pass downstream of the
airfoil, after which the thickness of the airfoll was increased by means of
the cam forming a converging-diverging type of supersonic diffusor. An in-
creased efficlency of the diffusor would result. A sketch of the arrangement
is shown in Figure 39, and pictures of the airfoil used with the cam in differ-
ent positions shown in Figures 40 and 41,

In the intial runs of the tunnel, it was found that the airfoil sec-
tion was choking the flow, even when the cam was in its "closed" position, and
no supersonic flow occurred over the airfoil. The cross-section of this air-

foil was well below the theoretical blocking area given by simplified anslyses,
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but the effects of air leaks, boundary layer and shock losses were apparently
enough to decrease the area required for blocking. The airfoil was removed,
and the tunnel performance improved.

The second part df the diffusor section was a steel section forming
a divergence from the 8 in. x 13-in., section at the end of the box section to
oi-in. diameter at the valve. This section is seen in Figure 26, which shows
a complete installation of the original diffusor.

While the removal of the airfoil helped the tunnel performance, it
was decided that as long as no converging-diverging channel was being utilized,
the long constant-area box section was actually detrimental. It permitted
build-up of the boundary layer, with no "relief" at the walls. A new diffusor,
a diverging section going directly from the test section to the valve, was
built and installed. It is shown in Figure L2,

III-M Miscellaneous

1. Ducting. All of the return duct work was made of 12-in. steel
pipe. All joints were welded with triple beads to insure nc vapor ldakage.
Hand-operated valves were set at the exit from the vacuum tanks and at the
entrance to the air storage bag. Thus these two valves could be closed and
maintenance of the units in the return duct carried on without contaminating
any of the air stored in the tumnnel proper. A diverging section four ft. long
changing from 24 4n. diameter at the butterfly valve to 48-in. diameter is
fastened into a 48-in. diameter pipe which connecte directly to the center
tank of the vacuum system. All joints downstream from the valve are welded.
All pipe is 1/4%-in. thick steel.

2. Heater. A small steam heating unit was installed in the return

duct, to heat the air on particularly cold days. However, the heat of com-

pression of the pump has proved to be sufficient, sc that this unit is not

used.
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3, Operating Panel. All of the major tunnel controls have been con-

centrated on one panel., A picture of thie unit is shown in Figure 43, with the
individual controls indicated.

. Crew necessary for operation. Experience thus far has indicated

that a normal operating staff at the wind tunnel will probably be comprised of
the following:
1 supervisocr
1 control panel operator
1 nmechanic
5 date analysis, Schlieren, report writing
1 miscellaneous, development work
1 photographic laboratory technician
___2 secretary and typist
12 total
In addition to this operating crew there will be a variable staff in

the design group concerned with problems of model design, test equipment

design, and wind tunnel modifications.
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IV-A Pressure Measuring Equipment

Pressures are measured in the tunnel by means of a 50-tube manometer
board, using mercury as a manometer liquid. The board itself is shown in
Figure 44, Its tubes are heavy-walled glass, with an inside diameter of 4 mm.
They have been picked for constancy of diameter so that there is little menis-
cus effect. With approximately 15 seconds to record pressures it is important
that the time required to reach equilibrium be as short as possible, The tube
diameter was chosen after a set of tests in which the reaction time; i.e., the
time it takes the mercury to reach its level, was studied. Larger diameter
tubing proved to be poorer because of the increased inertia of the mercury and
the resulting longer period of time to damp the mercury oscillations, and
smaller diameter tubing introduced too many maintenance difficulties.

The 50 tubes are connected to a common mercury reservoir. This can
be raised or lowered to get the "zero" of the mercury at any desired level.
The tubes themselves are set in a Plexiglas board which is calib:ated in tenths
of an inch from zero to 60 in. The board is lighted from the back for fluores-
cent tubes mounted in a case which fastens directly to the framework holding
the manometer board. This gives an even distribution of light over the entire
board and results in excellent photographs.

At first it was planned to "trap” the mercury at the various levels
in the tubes by clamping a bar across small rubber tubes leading from the
bottoms of the glass tubes to the common mercury source. This was tried, but
the effects of the clamping were not consistent and could not be resad out.
Mercury driven out of one tube would climb in another, raising its level.
Hence, this method had to be abandoned. Instead,the rubber tubes leading from

the varicus pressure orifices to the manometer board were first passed through

a clamping device. The amount of air displaced by the clamp in any tube had a
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negligible effect on the pressure in the tube, and the mercury level was
trapped by sealing off the tubes. This clamp is shown in Figure 45. Even
this method was subject to some slight errors, and fimally photographs of each
run were taken and the pressures read from the photographs. This proved to be
the most reliable method.

It was found that in obtaining pressures, about 25 seconds were re-
quired to completely damp out the oscillations of the mercury. A procedure
was devised that appreciably reduced the running time required, however. A
brief five-second run is made, and the vacuum clamping device closed. During
this run the mercury columns rise to approximstely the correct levels. The
oscillations are then permitted to die out before the kest is resumed. A run
of about 12 seconds is then made and the clamp is opened about two seconds
after the valve has opened and closed one second before the valve is closed.
With this procedure, the photograph is teken just before the clamp closes, and
the mercury has no noticeable oscillatory movement. Test results can be re-
peated to within .04 in. of mercury. An example of a typical manometer photo-
graphis shown in Figure L6.

IV-B Force Measuring Equipment

The balance system is designed to measure three of the six force and
moment components, 1.e., 1ift, drag and pitching moment. Three maincconsidera—
tions affected the design: the force range, the accuracy required, and the
time available to establish complete equilibrium in the measuring system. The
force range was chosen to be 0-100 lbs., but this was divided into three separ-
ate ranges of C-1, 0-10 and 0-100 lbs., with a desired accuracy of the measur-
ing apparatus of 1 per cent of the full-scale value in each range. 4®ith about
12 to 14 seconds available for measurements, it was considered necessary to

bring the balance to equilibrium within 5 to 7 seconds after the start of the
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run, leaving about the same period of time for obﬁaining the data.

To meet the specifications, a floating model-support structure was
designed, as this permitted the strucutral members of the support system and
the sensitive elements of the balance to be mounted cuteide the testing sec-
tion. The sensitivity requirement over the wide range of loading implied that
the system move as free of friction as possible, and also required the develop-
ment of a sensitive element which could be changed in some way to accommodate
the three force ranges. The short time available for reaching equilibrium
imposed the need for a damping system, and the short time available for ob-
taining data dictated some method of automatically recording the forces. The
unit designed transmits the aerodynamic loads from the model into dnits sensi-
tive, through wire strain gages, to displacements. The resulting strains are
electrically recorded and converted to load values through calibration charts.

The balance system is made up of three essentially separable units.
The aerodynamic forces are transmitted by the model to a mechanical linkage
vhich comprises the first of these units. As shown in Figure 36, the model is
mounted by a sting, or support strut, to a vertical semi-circular strut. This
strut fastens to tuﬁes that are part of a box-like arrangement which is easen-
tially buoyant. This "floating box", which surrounds the test section, is
made buoyant by suspending it from four flexible steel tapes and then counter-
" balancing its weight. It floats freely in position relative to the test scc-
tion, and has no resistance to motion when a force is applied to the model.
Thie freedom of motion is illustrated in Figure 47, which shows that motions
along the axis of the turmel or up and down normal to this axis are almcst
friction-free. A windhsieid around the vertical strut reduces the tare forces

on the system, and a gear and rack arrangement permits the changing of the

angle of attack of the model.
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In order to provide for evaluation of the aserodynamic tares arising‘
from forces on the exposed model support strut, the strut is to be split verti-
cally lengthwise. The forces on the structure supporting the model may then
be separated from the forces on the model itself. To avoid mechanical inter-
ference between the two halves of the support strut, a system of yaw restraint
for the floating section must be employed. The use of taut wires in this
application is contemplated.

The motion of the "floating box" is resisted by the second unit of
the balance system, the strain sensitive elememnts, shown in Figure 48, which
are mounted in the positions indicated by Gr, G _ and Gp. in Figure 47. It
will be noted that there are actually five separate cantilever beams in the
assembly. The load is applied to the central beam through thin metal straps
attached to the cross T-bar. By shifting the double roller assembly shown,
one, three, or all five of the beams are bent by the load. When only the cen-
terbeam carries the load, the operating range is 0-1 1b, (£l per cent of the
full-scale load. See Appendix V). When the three middle beams are connected
through the roller assembly, the range is 0-10 lbs., and when all five beams
are bent as a single cantilever, the load range is 0-100. Wire strain gages
are mounted on the upper and lower surfaces of the middle beam only. These
gages are so arranged electrically that only bending strains in the beam are
recorded, axial strains giving no electrical ree;ponseo Deflections of the
cantilever beams are limited to 1/8 in. in either direction.

A sunmary of the physical characteristics of the strain element for
ranges 1 and 2 is given in Appendix V., Calibrations indicate that the desired
accuracies cannot be obtainef with the present roller clutch assembly because

of unavoidable "looseness” in the assembly. To obviate this difficulty, the
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beams are being redesigned to completely eliminate the clutch. The calibra-
tion work in Appendix V indicates that if the clutch is eliminated, the accur-
acy of 1 per cent of full-scale reading will be obtained.

The strains obtained from the strain sensitive elements are trans-

mitted electrically to the third unit of the balance system, the recording

equipment. The equipment in use, all manufactured by the Consolidated Engineen
ing Corporation of Pasadena, is shown in Figure 49, The main recording unit is
a 12-channel carrier type recording oscillograph, fed by a power supply and a
set of 12 amplifying units, one for each channel., The circuit of operation,
indicating the function of these components, is given in Figure 50. The
equipment can record both static and dynamic (up to about 125 cps) data. A
meximum of six channels will be used at eny one time for the operaticn of the
balance system, so it is anticipated that the remaining channels may be used
tc record transient pressures or dynamic forces. With pressure tests, when no
forces are being recorded, all 12 channels may be utilized.

A great deal qf work has been done on the problem of damping the
"floating box" oscillation. The work i1s discussed in Appendix VI. The problem
appears to be solved, but actual dynamic tests of the damped system under air
load have not yet been’ ¢onducted. At the present time the balance system is
being subjected to bench teafs to determine its characteristics, and modifica-
tions are being made as they are proved necessary. Upon completion of this
program the system will be mounted in the tunnel and final calibration work
carried out.

IV-C Optical Equipment

The optical equipment congists of a conventional type of Schlieren

system for air flow visualization., This Schlieren system was designed to give
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a picture of the air flow in the wind tunnel at the test section windows or at
either of two sets of windows in the nozzle section. Therefore, two sets of
mounts were built. One set of mounts was permanently fastened to the concrete
floor in line with the test section windows. The second set of mounts are
triéod stands which can be moved about and used for Schlieren through either
of the two sets of windows in the nozzle and for some special secondary uses.
The optical units, such as the mirrors and light source, can fit on either the
permanent mounts or on the moveable tripod mounts. Traversing heads on the
permanent mounts allow for a six-inch movement either way parallel to the wind
tunnel.

The optical diagram of the system is shown in Figure 51. The source
of light is a General Electric B-H6 lamp, sn air-cocled high intensity mercury
arc lamp. An image of the lamp 1s Tormed on an adjustable aperture by means
of a condensing lens. This image then serves as a rectangular light source for
the system. The light formed by this source is bent by a small planc mirror
toward the first parabolic mirror, the source being effectively placed the
focal distance from the first parabolic mirror. This mirrcr then sends a beam
of ﬁarallel light through the test section. Both parabolic mirrorsére 16 in.
in dlameter and have a focal length of 10 ft. The second parabolic mirror
forms an lmage of the light source at its focal distance after reflection by
another small plane mirrcr. The Schlieren stop is then adjusted so that it
lies in the same plane as this image. A camera with a 40-in. focal length
lens is located Just behind the Schlieren stop and adjusted so that the test
section of the wind tunnel is in sharp focus. The optical combination ¢f the.
gecond parsbolic mirror and the camera lens form the image of the test section

on the viewing screen.
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The Schlieren system is free from most aberrations in the imaging of
the Schlleren light source. Spherical aberration is eliminated by the use of
parabolic reflectors. Both the light source and the Schlieren stop are 2.3
degrees off the optical axis of the parabolic mirrcre. Since these angles are
equal, there is no coma, but astigmatism remains. This, however, does not
affect the Schliéren as long as s Verticai or horizontal knife edge is used.

As stated, the source of light is a General Tlectric B-H6 high in-
tensity mercury arc lamp. The lamp can be either operated steadily or flashed.
Under normal operating conditions the lamp draws 1.2 amperes at 900 voclts. Its
flash duration is 4 microseconds when flashed from a 2 microfarad condenser
cherged to 2000 volts. When operating steadily the lamp gives 60,000 lumens
at a brightness almost 20 times that of filament sources. The lamp is cooled
by two Jjets of compressed air directed at the ends of the tungeten electrodes.
The compressed air and lamp voltage can be controlled from a remote contrcl
panel through the Schlieren control unit shown In Figure 5Z. A echematic of
the control unit is shown ip Figure 53. The three control switches, the
steady switch, the flash switch, and the selector switch are located on the
remote'control ranel. The steady switch closes & magnetic contactor and starts
the cooling air. When the air pressure reaches 20 psi, the pressure switch
closes, putting voltage into the lamp transformer primery. The selector
switch must be in the steady position, or the lamp transformer output voltage
will not carry to the lamp. If the air pressure drops below 20 psi, the
pressure switch ofens, shutting of? the lamp voltage. When the steady switch
is opened, the cooling air continues for about 30 seconds longer. This le
done with a tiée delay unit.

The flash switch puts 115 volts A.C. into the flash unit which i3

shown schematically in Figure 5k. The selector switch operates a high vcltage
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relay located in the flash unit. When the flash unit is on and the selector
switch is in the flash position, the mercury lamp flashes when the camera
ghutter 1s tripped. A microswitch on the shutter closes just before the
shutter opens; this puts a positive voltage on the grid of the 2050 thyratron,
through a delay circuit consisting of a 1.5-meg. resistor and a 0.l microfarad
condenser. The tube conducts when the shutter is fully open, letting the one-
microfarad condenser on the plate of the thyratron discharge through the tube
through the ignition coil primary. The secondary puts out a high voltage
pulse which triggers the capacitron tube. This in turn discharges the two-
microfarad condenser, which is charged to 2000 vclts, through the mercury lamp
causing 1t to flash. This flash circuit was modified slightly from the cir-
cuit of the flash unit used with the Schlieren system at the Army Ordnance
supersonic wind tunnel at Aberdeen, Md.

The B-H6 mercury lamp is mounted in a holder and air nozzle assemblj
which can be rotated through 90° in a horizontal plane. The lamp is held at
the ends by two brass electrodes. Above the lamp is a condensing lens which
can be raised and lowered by means of a rack and gear arrangement. These parts
can be seen in Figure 55. The condenser lens has a focal length of about three
inches and an "F" number of 2. It was made up of two war surplus lenses.
Above the lens is a surface-silvered mirror which turns the optic axis from
vertical to horizontal. The image of the lamp formed by the condenser lens is
focused on the adjustable aperture shown in Figure 56. This image then serves
as the rectangular slit source for the Schlieren system. The light source can
be changed from a horizontal to a vertical slit by turning the lamp holder and
air nozzle assembly through 90° and by turning the aperture from horizontal to

vertical., The image of the lamp is changed from horizontal to vertical by
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rotating the lamp holder and air nozzle assembly. In order to adjust the con-
denser lens, the lamp is operated from a spark coil. This gives: enough lamp
brightness for purposes of adjustment, but not too much for the eyes. The
light box can be traversed by a screw to adjust the distance from the light
source to the first parabolic mirror.

Three parabolic mirrors were ground and polished from 16-in. diameter
" Pyrex glass blanks. The specifications called for a surface accuracy of l/lO
the wavelength of the yellow line of dodium., The surfaces were chrome alumin-
ized. One of the parabolic mirror mounts is shown in Figure 57. The mirrors
are mounted in aluminum frames which can be rotated about both the horizontal
and vertical axes by opposed screw adjustments. The opposed screws located
under the aluminum freme rotate-the mirror about a horizontal axis. The
opposed screws on the side of the mount rotate the base of the mirror mount
about a vertical axis., With-these adjustments the parallel beam can be easily
centered through the windows by adjusting the first parabolic mirror, and the
image of the light source can be placed on fhe Schlieren stop by adjusting the
second parabolic mirror. The mirrors and the wind tunnel windows were made by
the Wm. Buchele Optical Company of Tcledo, Ohio.

The Schlieren stop, camera and a small plane mirror are mounted or
one frame. This combination is shown in Figure 58. The small plane mirror re-
flects the light from the second parabolic mirror to the Schlieren stop. This
small mirror has the same type of adjustments as the large parabolic mirrers.
A close-up view of the Schlieren stop assembly is shown in Figure 59. This
assembly has five independent adjustments to control the position cf the knife
edge. The first adjustment is a traversing screw which moves the Schlieren

stop assembly along the optic axis. A second adjustment is a screw which moves
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the knife edge up or down to intercept more or less of the image of the light
source. The knife edge can also be rotated through 360° about the optic axis
with 90° stops to give either a horizontal or a vertical knife edge. In addi-
tion to these stops, a fine rotational adjustment is provided toc correct
slight angular differences between the slit image and the knife edge. The
fifth adjustment is a small rotation of the knife edge to accommodate slight
lateral variations in the focal length.

The camera uses a 40-in. focal length telephoto lens of the type
used in the K-22 Army Air Corps serial camere. The shutter is an Ilex Univer-
sal No. 5 with an externally mounted microswitch for synchrorization. The
micro switch i3 set to make contact just before the shutter opens, the delay
circuit in the flash unit causing the lamp to flash when the shutter is open.
The shutter 1s operated by a solenoid so that the length of time between the
closing of the microswitch and the opening of the shutter is the same when-
ever the shutter is tripped. A 4-x-5-in. graphic type back with a viewing
screen is used with the camera, This back takes standard 4-z-5-in. cut film
holders or film pack adaptors, The camera is built inétwo sections separated
by a flexible bellows. The rear section of the camera can be moved back and
forth fcr'focusing by a gear and rack arrangeument.

The Schlieren system was found to operate equally well using either
the combination of a horizontal light source and horizontal knife edge or a
vertical light source and vertical knife edge. The image of the vertical
source, however, focuses at a different distance from the second parabclic
mirror than the image of the horizontal source. This 13 due to astigmatism
in the Schlieren system which 1s caused by having the light source and the

image located off the optic axzis of the parabolic mirrors.
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For wind tunnel work at a Mach number cf 2, the light source is ad-
justed to about 2 mm. width. The knife edge is then adjusted to intercept 1
mm, of the image and to pass 1 mm. . This gives an even backgroumnd with good
contrast of both lighter and darker areas. The length of the liﬂht.scurce is
adjusted until the illumination on the viewing screen is 10-7t. candles as
meggured with a photogrephic light meter. Then when the lamp is flashed, the
density of the resulting photographic negative will be about right to give fhe
best printa. The illumination of 10-ft. candles on the screen was found to be
best in a series of tests using Super Panchro Press film with a daylight speed
of 125,

In addition to the Schlieren system shown in Figure 51, several othen
variations are possible with the equipment. A Schlieren view ¢f the test sec-
tion almost two-thlirds actual size may be thrown on a screen using the third
parabolic mirror as shown in Figure €0. A shadowgraph setup may be made by
using the light source and one parabolic mirror. The viewing screen is placed
about three ft. beyond the wind tunnel windows. This arrangement is shown in

Figure 61.
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¥ Experimental Work

Some work was carried on in the wind tunnel when all of the compon-
ents were in their firet stages of development. Pressure surveys, which in-
cluded wall pressure measurements, flow inclination measurements and total
head data, were carried out. These data are presented in Appendix VII, which
also includes information on the accuracy of the pressure measurements.

Information on the permissible model size, based on blocking effects,
is also given in Appendix YII. At a Mach number of 1.9, a projected area of
8.5 sq. in. from a 40° cone resulted in satisfactory flow, but any area
greater than this will probably choke the tunnel. A Schlieren photograph of
a 2-1/2-in. diameter cone, with a 40° nose angle, mounted in the tunnel is
gshown in Figure 62. It is believed that larger models may be used in the
tunnel with the revised test chamber because of the reduction in leakage in

the nozzle and test sections.
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¥YI Conclusion

A.

the following:

Bl

Development work on this type of wind tunnel eircuit Indicated

(1)

(2)

Development work on instrumentation has indicated the following:

(1)

(2)

(3)

The air storage bag‘permeability to water vapor is critical
with respect to drier capacity, and must be minimized. Thidg
may possibly be accomplished by the application of a suit-
able plastic coating tc the bag material.

A drier circuilt which constantly circulates and dries the
air in the storage bag 1s essential. This circuit musf be
such as to overcome storage bag permeabllity and system
leakage and provide a sufficiently low dewpdint to air
entering the test section.

A settling tank is needed downstream from the position dis-
placement-vacuum pump in order to reduce pressure surges in
the return circuit. 0il vapor {ischarge from the vacuum

pump has not as yet been noticeable ir the circuit.

Pressure measurements can be satisfactorily cbtained over
the short time intervel of operation by means of a five-
second cutoff run followed by a 15-second stabilization run|
Force measurements appear feasible with the present three
component, strain gege balance system although dynamic runs
in the air stream have yet to be made. Some difficulties
in estimating tares are anticipated.

The present Schlieren system appears adequate although runs

above Mach number two have yet to be made.




! ENGINEERING RESEARCH INSTITUTE | Page
EMP-16 UNIVERSITY OF MICHIGAN ; 39

C. Experimental work in the original nozzle and test sections has
indicated the following:

(1) Excessive leakage combined with wall and nozzle block de-
flection resulted in strong shocks from the nozzle 1lip
Junction upstream from the test section combined with ex-
cessive boundary layer thickness.

(2) Mach rumber variations from 1.98 to 1.85 were measured
horizontally along the test section centerline.

(3). Blocking occurred in the test section with & three-inch
diameter, 40° cone. A 2-1/2-in. diameter, 40° cone was

satisfactory.
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APPENDIX I

THEORETICAL OPERATION OF THE TURNEL

A. Determination of length of run versus Mach number for various initial
vacuum tank pressures.
Nomenclature:
p = density (1b sece/fth)
a = velocity of sound (ft/sec)
A = area of nozzle throat (fte)
t = time (sec.)
E = internal energy
W = work
Q = hetmmETgy |11 wod [Jow AT, o/ ax_
Cy = specific heat (const. vol.) |

T = temperature

<
"

volume

A\, = minimum pressure ratio required to maintain de-
sired Mach number.

Subscripts: o refers to state in storage air bag
1 refers to state in test section
f refers to final state at end of run
Superscripts: o refers to initiel conditions in vacuum tenk
* refers to conditions at nozzle throat
With no subscripts or superscripts, condition refers to state in vacuum

tank at time t.
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The mass flow per second at the nozzle throat is equal to the mass

increase in the vacuum tank per second:
XA KgW = QQ
p¥*A¥a +V 3t

Upon integration this yields

v 0
t= pXa¥A¥ (p -p )

Since
1
- 2 _¥-1
0¥ = po (F7 1)
2 1/2
=2 (337)
/ ,
A , - YL
2 \2(71Y) v-1 2(071)
A* = MMy (?F:_T) ( (1 + - M%)

equation (2) reduces to

. 1
aOAlml 2

o]

/05)

(1)

(2)

(3)

(4)

(6)

Consider now the simplfication of the expression (p/po - po/po). The

1]

energy equation may be written O

= work done on gas:

o . Qt
QtCVTO + pOVCvm pVCVT - Pda-

hae)

Since

P
— = RT, = (Cp - Cy) T,
Po

equation (7) reduces to
p°VCyTO + CpQtT,
p= VC, T

dE + dW or, change in internal energy

(7)
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From continuity

Qt = pV - o (10)

Substituting (10) into equation (9) and simplifying yields the following:

0 o
p-p _pl-p%
b0 YPoTo (1)

where

By substituting P/R for oT, etc. in equation (11), then

) 0
SERLR
or
L-ngl(i-gg (13)
o Po TV M Py
where
= R

The expression for time (eqnstiah 6) finally reduces, therefore, to

Y+l
o TR LB
For
V = 13000 cu. ft.
Y =1.4

a, = 1120 ft/sec

= 0.772 s8q. ft.
2116 1b/sq.ft. = 14.7 1bs/sq.in.

>
fo]
1

*d
(]

estimate according to L. Grocco (see Figure I(1)).

x4
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t = =——— (1+ 0.24,°)° (= - =) 15}
M]_ 1 Ap : b (

This equation is shown graphically in Figure 2, where length of

run, t, is plotted against Mach number, M;, for various amounts

tial tenk pressure, P°,
Determination of test section pressure versus Mach number

'I'"'r
P = PO + r-1 M1

This equation is plotted in Figure 3 for 7 = 1.4 and P, =

sq.ft.

Determination of test section density versus Mach number

1
- 7-1 1-y
o =0, [T ]

of int-

(16)

2116 1bs/

(17)

This equation is plotted in Pigure 3 for 7 = 1.4 znd Py =

0.002378 slugs/cu.ft.

Determination of test section temperature versus Mich number

- -1
- Y-1y2
T-TOl_l+ 5 1]

This equation is plotted in Figure 3 for ¥ = 1l.b and T =

= 59.0 °F.

Determination of Reynolds number versus Mach number

R =

pv1
/l

(18)

518.6 °R

(19)
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where

©
1}

<
1]

=
"

/.A

density
Ma = velocity
characteristic dimension

viscosity

Knowing the test section temperature T,//4 is determined from the

relationship

where

lo

T ?
0

3/2

1]

3.725 x 10”7 1b-sec/Pte

518.4 °R

]

constant = 216

"

(20)

Reynolds number versus Mach number is shown graphically in Figure

3 for a one-foot model.
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APPENDIX II

DRYING 5TUDIES

A. Influence of Various Coatings upon Balloon Fabric Permeability

A study has been made of the permeability of the balloon fabric
and influence of coatings upon its permeability. The results so far obtained
show that coatings based on a Saran* type resin give excellent resistance to
moisture penetration. The ordinary type of varnishes using resins héve rela-
tively poor resistance, while waxes and paraffin materials have an inter-
mediate resistance.

Tests were also conducted on metal foils to determine their per-
meability to water vapor. As would have been expected, their permeability
is ?ery low and the data so cbtained will serve as a means of evaluating the
coatings for the ballbon cloth.

A coating has been preperedbesed on Saran resin with aluminum bronze
pewder as a pisgment. In this way, it was hoped that the excellent qualities
of Saran and metal foil could be combined. On the basis of uncompleted tests,
this coating promises to be far superior to anything yet tried and to com-
pare favorably with a metal foil on a basis of permeability. It has good

weur and corroslon resistant properties.

Techinical Censiderations

Tne search for an impermeable conting has been carried on using

P

technigues thet are more or less stundardized in the paint industry.

o

The general technijue of testiny paint films has involved the prep-

aration and testing of the rermeability ¢ films independent of their

* Dow trademark (Modified Vinyl Type Res:in'
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application to a surface. The case of a cloth coating is somewhat different.
Here the properties of the cloth and coating are closely intermingled and it
would be unrealistic to try to distinguish the properties of the coating
separately from those of the cloth. Therefore, the tests have been performed
on the balloon cloth as coated and not on the coating material alone.

| The usual method of preparing films of paints, varnishes, laquers,
etc., 1s to dip amalgamated tin plates into the paint and to let them dry,
the excess paint running off. A variation on this‘technique is to spin a
disc of amalgamated tin in a horizontal position and to introduce the paint

at the center of the plate. A more uniform film is secured in this way,

Figure (a).

§ - PO\!\{ 'VOXY\\5\f\) e\'c.

. wao\cxomu’rcd Ursx

- EO*’.O\'\V\LX Mechaniam

Figure (a). Apparatus for preparing paint films

The testing of the film for permeability involves‘creating a pres-
sure differential acr@ss the film with respect to water vapor. This is con-
veniently accomplished by sealing the film across.the top of a flat dish such
as a petri dish, and creating a humidity differential across the film. Humi-
dities ranging from 100 per cent to practically O per cent can be obtained by

placing certain chemical salts inside the dish.

A skétch of the permeability measuring set-up is shown in Figure

(b). A salt solution is placed in a petri dish and the top of the dish is
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then sealed with the coated balloon fabric. The salt solution used is select-
ed for the water vapor pressure which is to be established inside the dish.
The petrl dish is carefully weighed, and the unit is then placed in a desic-
cator which has water in its base. Because of the water, the relative humi-
dity of the atmosphere of the desiccator is 100 per cent. Ovér a period of
time, the weight of the petri dish is noted. This weight will constantly
increase, and from the time rate of increase, the permeability factor can

be obtained. This factor is the direct indication of the ability of the
fabric to pass moisture vapor. The majority of these tests were made at 70°F.

However, some were made at 100°F in order to check the influence of temperature,

R /———————- Dessicator

- Relokive \Amaxt, 1007,

F{lm Se.a\ecl *.o_ to‘: ok A.\sk

ﬁﬁﬁ E ____;_3 —— Cke»«uca\ sall solution wsed to
fix twe \'\uvmd\txj X o0-100Y%,
c\e?ev\dw\o& o the <alt used.

s ‘ Water

Figure (b). Apperatus used for determining permeability
of films by water vapor

In Table II-1 are listed the relative humidities of the salt solu-
.tions existing inside the petri dish. Included also are the vapor pressure
differentials in terms of millimeters of mercury. The fabrics tested are
tabulated in Table II-2, and in Table II-3 are listed the chemical composi-
tions of these coatings.

In Figure II (1) the permeability factor is plotted as a function
of the vapor pressure differential for the various fabrics tested. From this

plot it may be seen that coating 7 is desirable.




ENGINEERING RESEARCH INSTITCTE ‘ Page
EMP-16 UNIVERSITY OF MICHIGAN i II-4

The plot of the permeability work done at 100°F is shown in Figure
II (2). The data indicate that the relative influence of the various coat-

ings remains approximately the same.

Theory
Grahams law of diffusion may be summarized in the following formula:
K(P, - Py) 11/

p\M'

ds/dt =

ds/dt = linear velocity of gas
P, - P, = pressure differential across f1lm
T = absolute temperature
D = thickness of film
M = molecular weight of diffuser gas
K = proportionality factor depending on character-

istics of the material.

This formula is based on the statistical chance that a molecule
will follow a certain path. It assumes no affinity between the film and the
gas. It is probable that no physical system actually follows Grahams law,
but the diffusion of hydrogen or helium probably approaches it. If all sys-
tems followéd Grahams law, the calculation of permeability would be a simple
matter. In the case of water vapor penetrating organic materials, there is a
profound effect of the water vapor on the material and its properties. The
transmission of water vapor seems to be a combination of Grahams law diffusion
and a chemical absorption whereby the water is "wicked" through the material
and evaporated on the other side. The factors that affect Grahams law dif-
fusion in a general way affect the transmission of water vapor through a

film. However, the effect is not quantitative. For example, rubber passes
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wvater vapor about 50 times as readily as hydrogen, and yet water is more dense'
than hydrogen.

The amount of water vapor that passes a film is related to the
amount of "bound" water in the film. As a rule, the more "bound" water pre-
sent, the faster the water passes the film. In the same manner of thﬁught,
a film will usually pass more water at a given pressure differential when
the total humidity is high than it will when the total humidity is low.

In the same way, materials which'have low affinity for water are,
in general, less permeable to water vapor transmission than materials which
have high water affinity.

Edwards and Wray* have shown how the rate of moisture penetration
varies with humidity for a homogeneous film of paint, Figure (c). At the

high levels of humidity the total "bound" moisture increases sharply and at

2

P

.42 (v

5 5
<) v

(4 )
A <
- -

) v

v P
s 3
Y, [ o)

0 \OO'L

Figure (c¢). Relatiomship of "bound" moisture and
rate of penetration with humidity on
one side of a film. On the opposite
sides, humidity was constant.

* Tnd. Eng. Chem. 28, 549-53 (1956).
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the same time the rate of penetration increases sharply. Where the film under

consideration is made up of several layers of different materials, it is un-

likely that the breaks in the curves for all the materials would occur simul-

taneously. The result would be a more gradual curvation over the entire

humidity range. - This presumption would fit cloth which is a multilayer fabric.
The rate of penetration, transmission, or diffusion is commonly

called permeability and is expressed as a permeability factor

Wt. of water passed
(Unit Pressure Differential)(Unit Area)(Unit Time)

K =

and common units are

Dimensions (K) = Milngmmg H20
(mn hg)(cm<)(Hr)

Sometimes the thickness of the film is considered in the permeability factor

and then the dimensions are

Milligrams _ H20 1
(mm Hg)(cm?) (br) © mm

Dimensions (K) =
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TABLE II-1

RELATING HUMIDITIES OF SALT SOLUTIONS USED

Chem. Rel. Hum. Vap. Press. Rel. Hum. Vap. Press.
Salt Temp. % m Hg Temp, % mm hg
E,0 70°F 100 18.8 100°F 100 k9.2
mo3 T0°F 9k 17.6 100°F 90 b2
NE,H,PO,  70°F 93 17.5 100°F 9% 45.7
NaCl T0°F 76 14,3 100°F 75 30.4
MgCl 70°F 33 6.2 100°F 31 15.2
P05 70°F 0 0.0 100°F 0 0.0
TABLE II-2
FABRICS TESTED
Cloth
I Balloon cloth treated with coating A. Saran, Amt. 0.001% gm/cm®
II Balloon cloth treated with coating B. Saran, Amt. 0.0013 gm/cm?

III Balloon cloth treated with coating C., Paraffin, Amt. 0.0031 gm/mm2

Iv Balloon cloth treated with coating D. Glyptal varnish Amt.
0.0021 gn/cm®

A Untreated balloon cloth

\28 Aluminum foil cemented to a fabric backing

Vil Balloon cloth treated with coating E, Saran and aluminum flakes
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TABLE II-3

COATINGS USED

A. 8Saran F-120 - 200 CPS
In a solution of 3 Vol. acetone and 1 Vel. cyclohexanone

17% F-120 - 200 CPS by wt.

B. Saran F-120 - 1000 CPS
3 Vol, acetone and 1 Vol. cyclohexanone

8.5% Saran F-120 - 1000 CPS by wt.

C. Paraffin Dissolved in Chloroform

30% by wt.
D. G. E. Glyptal with mineral spirit thinner and Manganese naphthanate

dryer.

E. Vehicle - Methyl Ethyl Ketone

90% by wt., Saran F-120 - 2000 CPS, 10% by wt.

to this add:
Alcoa albron powder standard varnish

7.6% of wt. of vehicle
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B. Computations on Dryer Size

Recognizing that the bag is permeable, a study was made of the in-
fluence of the various parameters involved in the flow circuit. The circuit
consists of air taken from the bag, passed through the drier and then re-

turned to the bag as shown in Figure (d).

Aw Sﬁoro.Se 5&3

Dvier

Figure (d). Drier Circuit

A fundamental assumption made is that the moisture conditions at
the outlet of the drier are independent of the inlet moisture condition as
long as the desiccant has not fully absorbed all the moisture it is capable of.

The following equations may be written:
aM/dt = dMl/dt + sz/dt
where:

t = time in seconds

M = total mass of water per unit surface of fabric

area
Ml = mass of water vapor associated with bag permea-
bility
MP = mags of water vapor associated with drier action
dMl/dt = KRT (py - p,)
= - ‘o -
d'Mg/dt - < \p2 pO)
= - - ! -
M=p.V

Po¥o
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with
P = vapor pressure in pounds per square foot
p = density of water vapor in slugs

K = permeebility constant in slugs per second per
square foot per pounds per square foot

R = gas constant for water vapor
T = temperature in degrees Rankine;it is assumed T1 = T2

V, = volume inside balloon per unit surface area of fabric

€, = flov rate through drier in C.P.S. per unit surface
area of balloon fabric.

Subscripts:
1 = atmosphere conditions
2 = conditions inside the bag
0 = conditions at drier outlet
The following constants are required for calculation purposes:

Bag Surface Area = 4,400 £t2

1}

Bag Volume = 24,000 cu. ft.
Temperature = 550°R
Then
dpp _E T
KRTpy +%po V2
KRT + < P2

T +
108&%:53,9_ \ =_£KRTV_5}“C
L 2

Using the above equation, computations were made as to the influence
of € and K upon the bag dew point.
In Figure II (3), bag dew point is plotted versus time. The calcu-

lations are made assuming a value of K = 0.0214 x lO'9 and a drier outlet dew
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point of -4O°F. The influence of ¥ is shown in this figure.

Using this circulation technique, the bag dew point approaches a
limit value as time approaches infinity. The equation used to compute this
1limit dew point is:

KRTp, +%p,
e P27

By the above equation, the influence of K, € and P, upon the limit
bag dew point for atmospheric conditions of temperature 90°F, and dew point
of 70°F, are shown in Figure II (L4).

Figure II (5) shows the influence of the atmospheric dew point upon
the limit beg dew point for values of & of 0.5 x 10~ and 4 x 1072, From
this curve it can be seen that by using a large drier flow rate, the effect
of change in atmospheric dew point can be minimized.

The following conclusions may be drawn:

1. The influence of K upon the limit bag dew point decreases
as ¥ increases.

2. The limit bag dew point will approach the drier outlet dew
point as ¥ approaches infinity.

3. For a permeability constant of K = 3 x 0.0Qlﬁ X 10'9, a value
of % of 4 x 1077 or larger is desired.

L. TFor values of ¥ of 4 x 1072 or larger, operation of the tun-
nel could be started within two hours.

5. A drier should be selected which will consistently give dew
points of -LO°F or lower.

6. The fabric surface area should be kept as small as possible
for a given drier size.
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APPENDIX III

NOZZLE DESIGN

A, Contour Design

The nozzles in question are designed after the method of Foelsch.¥
The sallent features of the flow field of such a nozzle are:
(1) Source flow with radiel streamlines in a region downstream of
the throat.
(2) Patched to the source flow a field in which one family of
characteristics is a family of straight lines. 1In this field
the flow is turned from the radial streamlines into uniform

and parallel flow,

Discussion of the Method:

A property of the solution whizh is of importance 1is the fact
that there is one degree of freedcm, the angle between the walls in region (1).
This makes it possible to specify any divergence angle up to a certain maxi-
mum value, retaining the same Mach number at the exit of the nozzle,

The chief merit of this method as compared with other methods is
that the streamlines in region (2) are given by closed expressions. The
streamline which is taken from the wall contour may therefore be calculated
to any accuracy at as many points desired, This work may be done by anyone
vho is capable of using tables of mathematical functions and can use a comput-
ing machine. The graphical method requires a person with some theoretical

background and skilled in drafting techriques.

*North Americen Report NA-UL6-235-2, "A New Method of Deaisming Two-Dimeneional
Leval Nozzles for a Parallel and Uniform Jet." by Kuno Foelsch. (1546)
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The principle weakness of the method is that it 1is not possible to
establish theoretically the source field which is the crux of tke entire
development., It is in fact necessary for the walls of the nozzle to be parel-
lel at the throat. Consider the region (0) which extends from the throat to
the downstream surface at which the flow has been turned into source flow
with radial streamlines., It is necessary to design the walls of region (0)
with no theoretical aid whatever. It should be pcinted out, however, that
this is & difficulty which is also suffered by the well known graphical methods
for the deeign of nozzles. As a matter of fact source flow is often postula-
ted in connection with the graphicel methods exactly as in the present method.*
If, on the other hand, a uniform and parallel flow at the throat is postWated
the weakness ie still present, since a method of designing a subsonic con-
traction which will ensure esuch & flow is not known. In view of the fact that
all supersonic nozzle design methods may be criticized in this respect it is
felt that the source flow essumption is not unreasonable.

It is not unlikely that a more careful treatmernt of the problem is
possible since there is in existence some information concerning the flow at
the throat which has not as yet been applied to the problem. For instance,
by a linearization of the equation of motion near the sonic speed, Sauer
has developed an appropriete approximetion to the flow in the neighborhood of

the throst.** This flow 1s {incidentally nct uniform and parsllel. If the

*A Bailey and S.A. Wood, 'The Conversion of the Stanton 3-in. High Speed
Wind Tunnel to the Open-Jet Type."” Proc. Inet. Mech. Eng. (London), 135,

pp. LL5-466.  (1937)

*¥R . Sauer, "General Cheracteristics of tke Flow Through Nozzle et Neer
Criticel Speeds." NACE TM 11k~ (19L7)




ENGINEERING RESEARCH INSTITUTE " Paar

MP A ) Jae ..
EMP-10 UNIVERSITY OF MICHIGAN § II1-3

method of characteristics were tc be epplied in a region bounded on the up-
streem side by this flow with the obJject of creating s source flow pattern
farther downstream, one might find it possible to ectablish throat contours
in & more theoreticslly satisfactory fashion:

Two functionsz, r and \J, are used continually in the nozzle calcula-
tione. As shown in Figure III-1, these quantities are the polar coordinates
of the characteristic in source flow which originates st the intersection of
‘the M = 1 circle with the x-axis.* All the other charscteristice of this
family are obtained by the addition of 2 constent to ; that is, by rotation,
The characteristice of the second femily are obtained by replacing\v by -\J s
thet ia, by reflection in & radial line. These quantities are related to M,

the Mach nurber et each roint of the sourcz flow field by the equations:

2 .\3
roo - M+ 5
et el )
ERTV- RN R aman
\)/:, \rgtanlvy__é..i-tanlvrf-l (2)

The value of the gas constant Y has been taken as 1.h)r, is the value of r
when M = 1 and is therefore the radius of the M = 1 circle.,

This source flow field continuee on the nozzle exis to the point 3
where the final deeired Mech rumber is reached, Figure III-Z. The pair of
choracteristics which pass through ¢ are the petchingz linss whick patch the
gource flow region (1) omto the region (2) where the radiel etreamlines are
turned into uniform and parallel flow. The same pair of characteristics when

extended downstream of § are the patching lines which patch region (2) onto

*For en exiomatic treatment of the theory of characteristice see Edmonson,
Murnaghar. erd Snow, "The Theory and Fractice of Two-Dimernsional Supersonic
Pressure Calculations,” Bumblebee Report No. 26. (1949)
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the region of uniform and perallel flow. The point § is therefore commen to
regions(l) and (2) and alsc the region of uniform and parallel flow. Region
(2) is given by AQB in Figure III-2 where A and B lie on a streamline which
has been arbitrarily selected.

In the original report by Foelach it 1s stated that one family of
characteristics in region (2) is & family of straizht lines and s geometrical
argument (the same one used in the approximate gravhicel construction nmethod)
is offered to support the statement, Ir the Bumblebee Report No. 26, however,
the following theorem is quoted and proved:

The patching curve which patches a uniform flow to

a second flow (uniform or non-uniform) is not only &

straigzht line but is = family of straight lines each

of which is a patching curve; furthermore the velocity

vector is constant along each member of this family

of straight lines.

This thecrem is applicatle to the flow of region {2) and justifies
the use of the family of straight line characteristics. Mofeover, it deternines
the flow conditions at every pcint of region (2) since at the points where
the sfraight lire charscteristics intersect the scurce flow cheracteristic QA
the slope must ccincide with the slope of the corresponding source flow
characteristics which are known. Since the flow in region (2) is completely

defined it is possible to calculate the streamlines in region (2)., Foelsch

presents this result.

Consider the etrearline passing turough poirt 4, Figure III-3. In
the source flow fleld its inclinstion is given by 2)”:\4 E - \J A)since \(
is different from the polar coordinate angle © by a constant and the equations
the source flow streamlines are @ = constant. In region (2) the equations

of the source flow streamlines are in perametric form with the Mach number of
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patchine line A as the parameter, The equations are:

%scos(\JEEz;V)%{1+(V-VA)[VME-I-tan(WE-W)]} (3)
Y.:Bin(VE'V)i& 1+(W-WA)[\/M2-l+cot (VE-V)]} (4)
h AV

My = M = Mg

where h ie the nozzle depth, x is measured from the source point and y is

measured from the nozzle axis,

Nozzle Calculations:

When e nozzle is to be designed one knows h, the height of the test
section and ME the desired test section Mach number, The maximum included
angle between the nozzle walls, 2 Vis usually specified also. ‘\/E is
found by using M = Mz in formula (2). \“A = \Yg -1 may then be found,
One then finds M, from equation (2). When these constants have been evaluated
the design formul;a (3) end (4) yield the nozzle contour between A and B.

For the calculation there are presented in Foelsch's report plots of \! end
T. These plots are inadequate, however, if it ie neceesary to calculate
contours to an accuracy of + 0,0005 inck- on nozzles of the size used by the
University of Michigan. It has been found practical to calculate these
functions as needed meking use of tables such as those put out by the WFPA
Mathematical Tables Project. Upstream of point A the contour is the source
streamline x = rcos &%, y = r sin &¥, When h, My, and > are given they

are sufficient to determine the length of the supersonic portion of the nozzle,

'

Strictly speaking the throat contour must also be given but the length of the

nozzle is approximately xp - X.. This quantity is plotted 1in Figure I1I-k.
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The throat sections of the present nozzles have been generated by
an arc of a circle subject to the condition to tangency to the straight—=line
portion of the nozzle and giving the appropriaste throat depth which is found
from the one~dimensional flow equations. If the circular arc 1s to be tangent
to the straight line portion of the contour a4n upper limit to the radius
exists which makes the curvatuve at the throat quite great for large 2% .
Apart from this consideration, the radiue is arbitrary.

There is no satisfactory theory.which gives the boundary layer
thickness on the nozzle walls, If it is necessary to make some correction the
method described in part B below will be used. This method is probably no

worse than any other and gives reasonable values when applied to nozzles.

B. Calculation of Boundary Layer Thickness

The property of boundary layers which affects nozzle design is the
displacement thickness. If the dimensions of the cross-section of a channel
are reduced Yy the value of the displacement thickness, the effective area is
found. This effective area is the quantity which determines the Mach number
of the flow. Experimental evidence indicates that the effect is small for
the nozzle which operates at low Mach numbers, but that the effect increases
with Mach number, The displacement thicknees is small at the throat and ususlly
is considered to be zero there but it increases downstream of the throat. The
effective area ratio is thereby diminished resulting in a Mach number smaller
than the value computed for a frictionless gas. If the displacement thickness
can be accurately estimated the nozzle designed for a frictionless gas can
be altered so that the design Mach number may be obtained. Also the nozzle

contours may be altered so that uniform parallel flow is obtained.
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The resulte of the calculations indicated hereir have been applied
to nozzles of Mach numbers 2 and %, The calcustions confirm the genersl
trends noted sbhove. For 33.5" nozzles discharging from an stmospheric
regervolr to a Mach number ME at an 8" x 13" crose-section, the following
data has been computed. Subscripts T and E indicate nozzle throst and nozzle
exit respectively, AAE is the amount AE 1s diminished by the presence of
the boundary layer, AME is the change in Mach number obtained in a nozzle

due to the presence of & boundary layer,

M z (a8 /Ar) aM
2 0.131" 0.178 -0,127
L 0.479" 2,01% -0,210

~

1., Nomenclature

y J
Sf———— -
!
—-u.i* l
l
,J//’_g“ l
¥ X ‘ u
77777777 777777 N
%o (L
%= 1(3)
Subscript ( ), indicates free stream conditions outside of the boundary
layer,
A = cross-sectional ares of the nozzle

u = velocity, (ft/eec)
x = distance slong wall, (ft.)

y = distance normal to wull, (ft.)
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p = pressure (1b/ft%)
p = mass density, (slugs/ft})
T = skin friction stress at wall, (1b/ft2)

1,

Pi¥

¢f = friction coefficient =

§ = total boundary layer thickness, Y. o~ lat y = §
u
1

b
* = displacement thickness of boundary layer = J[ (1 - L) dy

$
0 = | B% (1-%)ay
s Pty Y

T = absolute temperature, degrees Rankine,
Cor Cp R; gas constants, ft-1b/%R

Y =G,/c,
M = Mach number

Re = Reynolds number

2. Assumptions
Three approximating assumptions are made in the developmen® of this

method.

A, ;%B = 0 through the boundary layer.
N

B. The velocity profile of the boundary layer,
2.:1)‘/7

; is invariant with Ml and R,.
Yy $

C. The value for skin friction coefficient is given by

1 T, __C.022

< cf ﬁl\lla
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The first assumption is undoubtedly a very good one since it ls an ex-
perimental fact that wall pressure measurements and actual free stream pres-
gsures in nozzles are practically identical in expansive flow which is free of
shocks, This can also be shown by an order of megnitude analysis of the
pressures through a boundary layer.

Assumption (B) is & less satisfactory one. Since no measurements of
velocities in a supersonic boundary leyer are available, one can only guess
the profile and hope the results are not seriocusly affected by a different
profile., If new information on velocity profiles becomes available it can be
incorporated into the genersl procedure outlined below. At this time, with no
suitable data giving Reynolds number and Mech number effects, the profile
(u/ul) = (y/g )1/7 is believed to be & reasonable candidste. This profile
is an excellent choice for a turbulent boundary layer of an incompreseible
fluid,

Assumption (C) is also taken from the semi-empirical theory of incom-
pressidble fluid boundary layers. The value used for ¢, is the one which ig

P
associated with the 1/7 power boundary layer.*

5. Derivation of Evyluation for §*

The momentum equation of the boundary layer is integrated to obtain an
expression for §*. When the momentun equation is derived the following form
is obtained:

d 2 !

All these quantities are assumed to vary with x. For each given nozzle Ml can

be found as a function of x. Thie can best be calculated by the one-dimensionel

equation relating Ml and area ratio of the nozzle. Thie approximation 1is

¥S. Goldstein, "Modern Developments in Fluid Mechanicg" P 341
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ing functions are known:

My o= My (%) (2)
dx = dMl (3)
M Jax

Equation (1) may be expanded to ottein -

dp du _
%’.XQ+_.9.__];+(29+3*)_:.1.-.31_];=_12?_ ()
P1 91 Pt

The quantities Py and u. are the values of density and velocity outside the

1
boundary layer and are therefore related to Ml by leentropic equations.

Yoy o Mered

2
%)

M

-
-

' 2
logpl-logpoz.i_}:_.l.log(1+7;l Ml)

d01__M1dM1
7 -1 0
pl 1+ 5 Ml
Bence ° 1 e W (5)
Py 4% 1+’7;1M1"‘d"
aM
1
Also U, = a1My = hd
1 1M1 .
Y-1 2 1/2
1+ =3 M1)7

- 1 Y -1y°
logul-loga.+logml-§log (l+......2._._Ml)

gufficiently accurate in view of assumptions (B) end (C). Therefare the follow-
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Iz

- dMy
Y-1pM7°
M s 221w
d 20 * aM
Hence (20 + g+ dzl = ; 8 - dxl (6)
u - 2

When equations (5) and (6) are substituted in equation (%) one obteins

2
30 . (2 -M°) e+ f*aM _ 1T,
il ( 13,_ M M - (7)
Substituting the identity
do _d (B*o0/§*) _odfx . *d(6/8%)
dx dx 3* dx dx
end rearranging terms, (7) becomes
ag*, o[ grale/sn , (2- M+ g*/0) My /ax 1. g* (8)
= 5 z EZ T

dx v -1 piuy“©
M (1+ = M) 191

This equation should be thought of as a first order linear differential equation

of the type -

d

d§*+P(x) §* = ¢ (x) ()

The quantity Ml which appears in the P (x) term is & known function of
x given by equation (2).

Under assumptions A and B it will now be shown that 8/ §% ls also a
| known function of x. The quantities of §* and 8 are defined:

**=f8(l-—ﬂl‘-m~-§,J1w1 B8y g (L 1
8 % °1u1) 7=0) (»-plul)d(!) (10)
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(11)

1
= LL 1 - Yg (L
o= 8 0 ()

Hence, 6/ G * ie & dimensionless number independent of &. u/u\l is & known

function of y/§ under assumption (B)
L M (12)
T 3
Under assumption (A), p = const., through the boundary layer, the equation
of state for a gas becomes
(13)

It can be éhovn that the energy equation, which holds through & boundary

layer, may be put in the form
(1%)

T
— l +
Ty 2
The integrals (10) end (11) can now be evaluated using relatiomns {12), (13),
and (1k). M1 is constent for this integration. The results are -
§* = §¢ 1- 1 {b log _E,___be - (bi‘ LB E)X (15)
L (V- ].51\'!1E b -1 2 3
0= 7(b2.-1)trbélog %2 b g b+l I M S (16)
‘ 2 b2 - 1 - g 20 k2
2
Where 1+ 221 Mle
2 2
be = -
Z- 1.2
M

*¥/0 as functions of M, are given in Figure
1

S*/§ ,6/8 end

Curves for

III-5.
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Therefore P in equation (9) is a known function of x.

Ao L 0.0225
plu12 (B‘];E)l/l#

Y

be found by a step-by-step process. ul/z/l is Reynold's number per foot asnd

The quantity which appears in § must

is given in Figure III-7 as a function of Ml for an expansion from s reservoir
at atmospheric conditions.

Equation (9) wien integrated becomes -
( [ Pax - | pax
$* (x) = { ‘S (e’ ) dx + conet} e

If the integration is performed between limits,

x  [Tpax - [ *pax
g* (x) ={J (Qe ) dx + const.] e

- [ *pax
Substituting x = 0, {* (0) = §*, = (const) e
§ *pax
const. = {¥% e
X fXde -Jdex
8*(x)-s*.,=u (Qe )dx}e (17)

This result ie not affected by choice of lower limit in the expression
b
J Pdx, Equation (17) is a general result bteing Indepenient of assumptions

(8), (B) and (C).

Simplification of Integrals

-
[de
(<]

L]

X
*a(e/ £%). 2 - M° + B*/g oM
oof [ (42 69, 2omie brio o], |

D Aw
My (1 + Yo 1 M)
° l( -5 1)

i]

exp { log le'r: L B dx
Lo o) a
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M(x) 2 -m2+ 5v/e
)

:[r—79£i%§..-3 exp K aM
®/ %) 40 Mo) M1+ X=1m?)

P 1

U e s

by equation (3). X

{ "pax
By definition, g(Ml)= e°® . With the aid of Figure III-5 the function
g(ﬁl) was calculated by numerical integration. Figure III-6 has a plot of this

function. Therefore, from equation (17)

X
* - * = ’r. *
o () - gr et [(El_qg (51 & |ax (18)
gince Q= (:I;_) 5*
opuf ©

The usual assumption made at this point is that the thickness of the boundary
layer is zero at the sonic throet. Assuming this and taking x = o at the

throat one gets the following equation.

6% (x) =1 fx[da-) (-£%) g} ax (19)

° Dlu12

4, Application to a Nozzle

Equation (19) may be conveniently solved by an iteration process.
The nozzle axis should be divided into e suitable number of intervals. Then
since Mach number is known at every station, g and (s*/e)g can be found from
Figure III-6. The quantity ":/plul2 = 0.0225/(u; ® /Vl)l/h may be found
from Figure III-7 which gives ulflll (Reynolde number per foot) as & func-
tion of Mach number, and from the value of & calculated in the previous step.
A sample calculation for a Mach number 2 nozzle is given in the following

table.
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APPENDIX IV

CALCULATIORS OF THE TIME REQUIRED TO BRING BALIAST TANK TO SAME
PRESSURE AS THAT OF TEST SECTION, UTILIZING VENT NOZZLES

Nomenclature
Pyy Pgs Tyt Tank conditions at t = o
P, p, T: Tank conditions &t ¢t = t
ER—— Py, Py, Tyt Tank conditions at t = ¢
when Po/P = .527
N Po, Pes Tg: Test section conditions
pan and conditions within tank
_ at final t = te
Test Sec‘bgL
P*, p*, A*: Vent nozzle throat con-
] ditions
Boallast Tank
where:

P = pressure in 1bs/sqg.ft.
o = slugs/ft> (1b. secg/fth)
T = temperature in °F abs.
A* = throat area in sqg. ft.
V = volume cof ballast tank (cu. ft.)
R = gas constant 1715 fte/sec2 °F
u,a = velocities in ft/sec.
M = slugs (1b. sec®/ft.)
m = mass flow, slugs/sec. (1b. sec/ft.)
The problem is considered in two parts:
I. Calculation of time required to diffuse supersonically, ty tot.

4

Thet s, for L& < fe < 57
Po=TP =
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II. Calculation of time required to diffuse subsonically, t. to te.

P
That is, for 12 =2 Z .57

I. Calculation of the Time Required to Diffuse Supersonically

The mass flow per second at the vent nozzle is equal to the mass

discharge of the tank per second:

dp
AR ¥ -~ U7
p*A*a V% (1)
Assuming an adiabatic expansion,
P lly
= P 2)
p PO] ﬁ (2)
and 1-7
1l P 7
= P dp
% =33 (3)
also, 1
P 1y, 2 -1
¥ = i
0% =06 (5) 7 (557) (4)
and a* can be reduced to
2 1 Uy 712
* = _— S
o= (73D G F ) (5)

Substituting (3), (4) and (5) into equation (1), and simplifying yields the

following:
37-1
ap 2Y 6
= OFf (6)
where ¥ 1 1
o . A 3/2 .2 21 1)1/2 oY .,
1 v ey 1 (5; o (7)
By integrating equation (6),
1-
1 v
to P,




ENGINEERING RESEARCH INSTITUTE | Page

EMP-16 UNIVERSITY OF MICHIGAN L Iv-3
where
Y+ 1 14,
. A* 1/2 Y-1) 2 2(7-1) 1.1/ o 21]
2 ( 2 (7 + l) (pO) o
(9)
Setting t = 0, equation (8) becomes
. -y 17
27 27
t) =Cy (P} - P ) (10)
for
P=1.}4

-
[}

o = 2116 1b/sq.ft.

.002378 slugs per cu.ft.

©
o
f

<3
H

50 cu. ft.

g
#

e = 2116 (.00653) = 13.9 1b/sq.ft. (Mach b case)

13.9

5 = = 26.4 1bs/sq.ft.

Py
equation (10) becomes

_ 233
t = % (11)

i

II. Calculation of the Time Required to Diffuse Subsonically

It can be shown that
2y 2 S
-v%%n*\j, Po ()7 {1-(—5)’9”] (12)

which can be reduced to

dt = [ b2p 2“] 3 P> qp (13)
where
- 1/2 1/2 3 g% 1 :
ey = - qx (L5 0, T ()7 (1)
1-7
b= () 2 (15)




ENGINEERING RESEARCII INSTITUTE Prire

EMP-16 | UNIVERSITY OF MICHIGAN - Iv-k
A a4
2= 357 (16)
Setting 1
P =[% sin a] @ (17)
and substituting in equation (13) and integrating,
t ra 2a+l
e c e (=
t " gin & )a dx (18)
t (24 J g
1l ab a 1
e 2841 o o integer number, which it is for 7 = 1.4, equation (18) can be
conveniently solved. For Y= 1.4, 28*1 - _5 ang (18) can be rewritten as
: a
t o
e C3 e m
(2 sin’ a
fpoay f 0Ty
The sclution of this equation yields
te o
c lcos @ 3cos a 3 a | e
t = ———57*— o i it - + x log tan = (20)
]t (2211 [ bFointa Bem?a 8 e
1 ab® ]

For the values of 7Y, P,, p,, V, P, and P, given previously, equation (20)

becomes

.1013
t, -ty = % (21)

Substituting this in equation (11), an expression for the total time can be
obtained

(Mach 4 case) (22)

Equation (22) gives the time required to equalize ballast tank and test sec-

tion pressures when the tunnel is operated at Mach 4. When the tunnel is

270

operated at Mach 2, P, = 2116 (.1278) = 270 1b/sq.ft. and P = = =

k7o

lbs/sq.ft. The equation for t, then becomes,
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Since one of the factors which often serves to introduce errors into
experimental work involving measurements with wire strain gages is temperature
effect on the electrical zero of the equipment, a preliminary investigation
was undertaken to determine the magnitude of this effect. It was found that,
during the warm-up period of the power supply and amplifier units, there is a
definite drift of the zero caused by the temperature unbalance of that half of
the bridge circuit which is internal to the recording equipment. However, as
shown in Figure ¥ (3), for the amplifications which will ordinarily be used
with the balance system (gains 6 to 18 which are lower amplifications than
gain 3) a warm-up period of two hours will be ample to insure that this effect
will be negligibly small for the time interval of a standard run (maximm of
20 seconds). Maximum amplification was used for this investigationm.

The temperature effect on the external half of the bridge circuit,
the two wire strain gages, and the leads connecting them to the amplifier,
will be extremely small over the short duration of a standard run. The gages
(standard Baldwin-Southwark Type SR-4 gages) are mounted immediately adjacent
to each cther and are outside of the walls of the tunnel channel, in a region
vhich is not directly affected by the temperature variations within the chanrel,
So long as any changée in temperature occur simultaneously in both gages, no
zero shift will occur.

With the temperature effects accounted for, the calibration of the
element itself was carried out. The wire gages mounted on opposite sides of
the cantilever beam are inserted in opposite arms of the bridge circuit. With
the beam in bending, that gage on the tension side incréasee the resistance in
one arm of the bridge, the gage on the compression side decreases the resis-

tance in the opposing arm, and the combination effectively doubles the strain-
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gensitivity of the circuit. On the other hand, if the beam is put-in pure com-
pression (or pure tension), instead of bending, both gages decrease (Or increase)
the resistance of their respective bridge arms the same amount, and no change
is recorded. Thus, this system actually records only bending strains. The
first calibration tests revealed a large inconsistency in date in Ranges 2 and
‘3, but not iIn Range 1. A discontinuity in slope at the origin of the load-
strain curves was observed in all ranges. This evidence indicated mechanical
looseness in the assembly. The unit was modified to provide more secure clamm-
ing of the beams at the base, and the roller clutch mechanisms were selectively
tightened to less than .0005 <in. clearance. A second set of teste was then
begun, and the data obtained were very consistent.

Results of these tests are shown in Figures V (%) to V (3). For
Range 1, Figures ¥ (4) and ¥ (5), the load-strain (load-current or load-oscill-
ograph scale reading) relation was coneistently linear from zerc to one pound
regardless of whether the beam was loaded progressively from zero to full-scale
or unloaded from full-scale to zero. The Range 2 calibration was comparable
for one direction of loading only. When the load was applied as shown in Figure
Y (7), the results were linear and repeatable. When the beam was inverted and
thereby loaded in the opposite direction, an offset in the data appeared be-
tween 6.0 and 7.0 lbs., as shown in Figure V (6). The results were consistent,
however. Range 3 data for the same direction of loading showed the same char-
acteristic at the identical load point (see Figure V (8). In addition to the
offset region, the Range 3 data indicated sensitivity of the unit to lcading
technique. If the loads were progressively increased and decreased in 50 -1b.
ranges, two loops were formed as shown in Figures ¥ (8) and (9). Since steps

were taken to eliminate effects of static friction during the runs, it was
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concluded that the hysteresis loops, as well as the offset characteristic, were]
the result of interplay among the beams and clutch assembly,

The calibration data indicated that i3 per cent accuracy (based on
full-scale readings) was the best obtainable for Renge 3, although %1 per cent
accuracy was available from Ranges 1 and 2. 1In order to improve the over-all
accuracy of the unit, it was concluded that it would be necessary to eliminate
the clutch mechanism. It was also desirable to reduce the deflection of the
‘gage units under load in order to reduce mechanical tares (see Appendix VI).

A modified design has been developed featuring an individual beam for each
range.

The existing gage units are sufficiently accurate for use in pre-
Hminary calibration and testing with the assembled balance system until the

redesigned units are available.
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AFPERDIX VI

Damping System

Preliminary tests made on the balance system with the beam gages
in position indicate the desirability of having damping in the system to
decrease the relaxation time of the oscillations induced by the dynamic
application of the air loads to the model. There are, however, certain
qualifications imposed on the damping to asaure satisfactory balance
operation,viz. -

1. The damping must be non-frictional -- any type of hydraulic

viscous or electrical eddy current dampers satisfy this requirement.

2. Relatively high damping at the beginning of the run. This is
desirable to absorb the initial shock and to reduce vibration

amplitude rapidly.

3. Relatively low damping during finsl portion of run. This is
desirable to minimize the effect of the damper on the system and
to eliminate the effect of any friction in the balance system or

gases on the readings.

The damping system used consists of two dampers mounted on the
vertical plane centerline to dampen 1ift and pitch oscillations, and two
dampers mounted close to the horizontal plane of the center of gravity to
dampen drag and yaw oscillations. Actually to keep the vibration energy at
& minimum, the drag dampers should be mounted in the plane of the dynamic

center (center of percussion), however, it is felt that satisfactory vibratorﬂ
controlcan be maintained through a wide range of locatione.
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The analyeis is based upon the following essumptions:

1. The frictional damping, inherent in any practicel system, 1s

small enough to be negligible.

2. The dempers used are purely viscous.

The differential squation of motion for free vibration with viscous

demping hag the form

mx + cx + kx = 0
where m is the mass of the system
¢ is the demping coefficient
k is the spring constant
x is the displacement at any time, t

vhich has the general solution

X = e'(c/a”)t [cl (cospt) + JeinfQy) + co (cosht) - Jeingh)

2,1/2
where gq = (X - _C7)
(m Im?@
For simplicity this can be rewritten thus
- {c/2m)t
=@ ¢ / ) (c{ cosqt + cé sinqt)

)
Referring to figure (Q) 1,

the following conddtions

(2:0)

(2:1)

N\~
can be set up \/ \/ —~
b

At t =0
X =X —_—
0 o —»1
X=0 Flg\u“e(a)

Using these conditions to evaluate the arbitrary constants c;_ and cé we

obtain from x=2x, t =1t
o
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x=l(c’xl+c'xo) or ¢! = x
o 1 2 17 %

and fromx =0 at t =0

vy = - C . _C / z -C e /
X 5B " o t (cl coeqt + ¢, singt) +é(m) t}( ¢y qsingt + s gcosqt)

or
4 - cX
c 2 = -én—:

Substituting back in equation 2:1

-(c/2m)t
x=x e (cosgt + E%E singt) (3:0)

t
It will be noted that the portion x = X e'(c/ 2 is actually the equation

of the snwakepe of the successive maximums of oscillations.

TR~ 1:18“(2""(’
e
\L—

\L\\L_..y

L~

—wt

It 1s possible to determine the amount
- of damping required to relax the sys-
tem to any desired percentage in time

t, thus -
- (-c/2m) t c X
B (c/2m)t c=2m1n X
—— = O "‘""t """x

X
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Hence, if in time, t we want the amplitude to be 1 per cent of the original
amplitude,

X
=2 = 100, and ¢ = 'Zl m (4:0)

Vertical Oscillations

Due to the method of subpending the e e g
box (ehown at right) the motion is defined by pe——1
the differential equation 7“ b “”'-:';‘

I&)+ c+50+k+®=-o \ /

W

vhere I = Moment of inertie - 1b in sec2
¢t = Damping coefficient - 1b in sec

k* = Sprirg constant - 1b in B B wa
¢ = Angular displacement - Rad.

The constants cen be evaluated and equation 4:0 transformed to
equation 1¥0 thus -

x=08; x=0s8 x=0= see figure ebove
whence

I+  c'x, &

ar "Etax=o
Note that:

1.A. x 1s the displacement at the floating box W1

B, Unit deflectiom, ¢ = 1, produces & torque from the spring of
k* =kax butat P=1,x=a
or k* = ka®

2.A. x is the velocity of the box and the relative velocity of
the piston with respect to the dash pot 18 b + a = 1 times
as great

B. The torque produced by the damper is ¢ =c(a + b) = cl

Substituting pack in equation 5:0

2 2
§§+%—,‘c-:l‘—:-x=o in torque units or
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22 X + Elg X+ kx=o0 (7:0) 1in the same units as equation 1:0
& a
Hence if
m=_1 ; ¢ =¢cl¢ equation 6:0 is identical with equation

2
1:0 and the constants can now be evaluated

2 2
- I _v1ac+ wpb b, 2
n= .8_2 .—.——.a.z—____. = vl + Wo (:)

vhere vy = 300 lbe
Wy = 75 1lbs
b/a = 4

2
m = 290 +3§2 x4 _ 3,88 1b sec®/1in

If the dampers are used as shown then the total damping coefficient will be

c'12 1 /
Ceot = 2 v vhere E =5 Ciot = 50¢

from equation 4:0

_9.2lm_ s / _9.2lm
Ctot = % o0¢ ¢ =50t

if the relaxation time to 1 per cent is assumed 5 sec

s _9.21 x 3.88

x 4
c 0 % 5 c = 0,143

 Vibration data teken from tests of the undamped box indicate damping existe
ranging from about ¢ = .11 in range 1 to about .21 in range 3. This is
equivalent to 1/50 x .11 = .0022 and 1/50 x .21 = ,0042 at the dash pots

and is considered negligible.
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For dash pots having the configuration shown at right the

damping coefficient is 1Mct40n
R; IA_sAr s asna) z

c = 61/4 1 o3 where 1, R, and h are the {
h — 3 |

dimensions shown on the figure ané/fa is the | ‘ }

fluid viscosity. %

This value is for the piston well centered and drops to O.4c for piston

touching side.

1/3
Using SAE 10 ofl and 1 = 0.200, R and h become p = (6;§Ii)

1/3
= (= 0.143 )= (2620)1/5 = 14.8
6x x 1.45 x 10”2 x 0.200

using 6.0" od x .06 wall tube for the dash pot

2.957 - 14.8n
2.937/15.8 = 0.1858
2.957 - 0.186 = 2,751

-l g = o
H u

Horizontal Oscillations

Using an analogy similar to the vertical problem the horizontal
differential equation of motion becomes
. 12
mx + ¢ Pl kx = 0

in which

m = (300 + 24)/386 = 0.840 1b sec®/in

L]
no
o

—

1 1.4 |
Cot E) vhere = T35 = 2,607

Q
1]
.—.‘
=
no
N
(2]
-~

tot
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whence from equation 4:0

__2.21!11: / /_Q.?lm
Cpop = S = 22 ¢ ¢ =t

again if the relaxation time to 1 per cent is assumed 5 seconds

’o_ .2110.8140 4
¢ - Gt o ¢ = 0.1089

using similar type dash pots

- 0.1089 Y3 . (19900 - 1.
-(61 x1.45x 10~ x 0.2) (2950) ?

=0

using 4.0" od x .06 vell tube for dash pot h=1.937 -R
Solving for h

1.937 - 12.55h
1.937/13.55 = 0,1k3

h
h
R = 1.937 -~ 0.143 = 1,794

With the simple type dash pot as used thus far it is not possible
to obtain the variable damping necessary for the simultaneous satisfaction
of requirements 2 and 5.A A cross-sectionel view of the modification employed
in the balance system dampers is shown in figure below. Under suddenly
applied loed or in cases where high velocity exists, the floating discs
are forced against the piston which
then acts as in the simple dash pot
with solid piston. When the oecil-
lation velocity decreases (toward
the end of the run) the discs are

forced away from the piston by spring

and gravitational force allowing the

fluid to flow through the holes in
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the piston as well as though the annular orifice, resulting in & lower
ultimate damping coefficient.

This type of dash pot design lends itself very readily to modifica-
tion vhich is considered important in that it is difficult to predict
theoretically exactly the optimum damping desired, To change the characteris-
tics of the dash pot it is only necessary to remove the piston assembly
from the oil and then remove the nut on the bottom of the shaft, Following
are the methods of modifying the load record curve obtained in the
oscillograph.

‘1. To chenge the loed record shown

at right above to that shown below #(\\ N\

either (a) decrease the viscosity of

the fluid or (b) turn down the diameter _‘//

of the piston (increasing the width of
the annular orifice).

2. To change the load record shown
at right above to that shown below » A
(a) increase the number and size of
holes in piston under discs (b) in-
crease distance between discs and

piston or (c) cut down the length ‘_ Len%tk of Run, i

of flat on the discs.

With the present dash pots it is possible to obtain damping
coefficients any where from O to critical.

Wind Tunnel Balance System Vibration Frequency Data

1, Weights

Floating box weight = 300 lbs (actual weight)
Counter balance weight = 75 1bs (center balance arm ratio 4:1)
Center balance arm weight = 2L lbs (estimated)
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2. Spring Constants - lbs/in

Range Lift (1) Drag upper (3)
10-1 1.0 10.4

2 0-10 104,7 97.3

3 0-100 789.3 811.5
Suspension Negligiple

Vertical Vibrations - m = 3,88

Beam gage range 1l

Total spring constant k - 1b/in  11.9
1 k

Frequency I = 5 § c°pe 0.268

Critical damping constant C,=2 mk 13.06

Horizontal Vibrations - m = 0.840

Beam gage range 1
Total spring constant k - 1b/in  30.k
Frequency F = %Vg cps 0.958

Critical demping constant Cc=2mG 10.01

Drag Lower (2)

10.0
100.0
77h.0
10 (estimated)

2 3
104,7 789.3
0.826 2,26
40,3 110.5
2 3
207.3 1595
2.49 6.9%
26.4 7%.1
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Conclusions

Deflection (proportional to load) vs. time curves indicative of
action of the present verticel dempers, and for comparison the undamped
curves for ranges 1 and 2 are presented in this report. The oscillations
from the original shock are in all cases damped out in about 7 seconds.
The method of modifying these curves has been discussed in a previous
section, however, it is recommended that prior to further modification,
observations be made under actual tunnel operating conditions to ascertain
the exact nature of the desired change. It should be noted that the width
of the annulaer orifice has already been increased from the theoretical
value given in the text to 0.250 in. because it was felt that the damping
was t00 great.

Of interest is the higher frequency ripple (about 15 cps)
particularly noticeable in the higher load ranges 2 and 3, This is intro-
duced through the base of the beam gage from the supporting structure and
as quch is not damped by the dash pots. The significance of this, of course,
1s that unless suitable precautions are taken, exciting oscillations from
outside sources, motors, vacuum pumps,et cetera, will probably cause
objectionable ripples in the recorded data., It is recommended that the
pressure box encasing the beslance system and all other supports be mounted
on "isomode" pads or some similar absorber, and if poesible all sources of
vibrations mounted in like manner.

A check of the oil in a vacuum indicates that once the entrained
air is removed from the oil no more "boiling" occurs, This can be gone

mechanically or very simply by placing the oil in a vacuum for a minute,or
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two, No noticeable evaportion was observed. Further tests will be run to
determine fhe effect of moving the piston in the oil, under low pressure,
Preliminary investigations of eddy current type dampers indicate
the feasibility of their use in this application. Because of their greater
damping control end other advantages it is recymmended that this type be

given serious consideration for any future design.
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APPENDIX VII

EXPERIMENTAL WORK

Results of Some Preliminary Pressure Measurements in the Supersonic Wind
Tunnel

The date presented here were taken during the initial operation of
the wind tunnel when all its components were in their first stage of develop-
ment, It should, therefore, not be regarded as final calibration data from
which one migh£ draw conclusions regarding the flow characteristics of the
supersonic wind tunnel. It was found that deflections existed in the nozzle
section due to the loads experienced during operation. It was also found .
that air leakage to the interior of the tunnel was present at the nozzle sec-
tion. A new nozzle section is now being installed due to these considerations
and also to simplify the job of replacing nozzle blocks. Since this is a
considerable change in the physical set-up, the measurements will have to be
repeated and one would expect the results to change accordingly. RNeverthe-
less, .the work discussed here was necessary and valuable since the tunnel
crevw and data reduction group learned in the only way possible the techniques
associated with this sort of research work.

Included is a description of the technique of pressure measurement
utilizing a manometer. Wall pressure measurements at the test section are ex-
hibited and the results of flow inclination measurements and total head

measurements are shown.

Pressure Measurement Techniques

The pressure measurements are taken from a multiple mercury mano-

meter board consisting of 50 tubes manifolded to a common reservoir. Two of
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these are always left open to the atmosphere in order that a reference value
may be obtained.

Some difficulty was experienced in connection with oscillations of
the mercury level. When a run is made with all the mercury levels initially
at a common elevation, the level of the tubes must in general rise a distance
wvhich is of the order of 25 inches in the course of a run. Since the damp-
ing is less than critical, the levels always overshoot the equilibrium posi-

‘tion and continue to oscillate about it until the motion is dissipated. The
normal length of run of this tunnel is limited to 15 seconds which is so short
that it is questionable if equilibrium is reached. It has been possible to
minimize this difficulty by using a device for clamping off the rubber tubing
which connects the tunnel orifices with. the manometer board. A short “pre-
run" of & to 5 seconds duration is made which brings the levels into rough
equilibrium. The clamp is applied immediately before the pre-run ceases and
holds the measurements until the vacuum tanks are exhausted for the actual
run. As soon as the actual run has begun, the clamp is released, exposing
the manometer once more to the pressures being measured. This run continues
for approximately 15 seconds when a photograph of the manometer board is taken.
In this way, the pressures are recorded while the manometer tubes are exposed
to the pressures being measured. Hence, it is not necessary to rely upon the
clamping device to function perfectly as would be the case if the data were
read off the board after the run is completed.

The camera used for these pictures was a 4 x 5 inch speed graphic
with an f 4/5, 6-3/8" focal length lens. The pictures were taken at f/22,
1/10 second. Figure VII (1) is an example of the pictures from which the

measurements of pressure are obtained. The smallest divisions of the scale
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used are 0.05 inch. It has been found that, when two people read the same
picture independently, the differences are usually O or 0.0l inch and are
never greater than 0.02 inch. This accuracy is considered more than adequate.
A reading glass is sometimes used to facilitate taking the data from the

pictures.

Wall Pressure Measurements

A wall plate which may be inserted in place of any of the six
windows of the Mach number 1.9 (M = 1.9) wind tumnel furnishes most of the
wall pressures measured. Pressure taps with a spacing of 1 inch cover the
whole plate., With a given hook-up of the pressure plate to the manometer
board, one can therefore survey pressures over six areas of the wind tunnel
with a minimum amount of set-up time. A double row of pressure taps is also
available on the top wall of the testing section. The lsentropic formula re-
lating pressure with Mach number meskes it possible to calculate Mach number
from these measurements. Mach number at the test section walls is plotted
in Figure VII (2). Figure VII (3) is another set of the same type of data

presented in a different fashion.

Accuracy of Pressure Measurement

The data presented in Figure VII (2) and Figure VII (3) show what
is believed to be large and undesirable variations of Mach number in the test
section. Therefore, 3 runs were made in order to find out if the errors as-
sociated with the methods of pressure measurement were great enough to account

for these variations.

Runs (a), (b), and (c) were made in this connection:
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(a) Pressure plate hook-up shown in Figure VII (3), pressure

plate in the test section.

(b) Same as (a) but plate rotated in its plane through an

angle of 180°,

(c) A repeat run of (a).

When runs (a) and (c) are compared, one gets a measure of repro-
ducibility of pressure measurements for identical configurations. When runs
(a) and (b) are compared, one gets a measure of the effect of different ori-
fices measuring the same pressure as well as reproducibility of runs. This
is due to the fact that, when the pressure plate is rotated, different ori-
fices are brought into the same original positions on the test-section wall.

At corresponding positions, the difference betwesn each measure-
ment included in (&) and (c) was found. The absolute values of these dif-
ferences were then averaged over the 45 points of the pressure plate and
found to be 0.033 inch of mercury. At M = 1.9, such a difference in wall
pressure corresponds to a difference in Mach number of 0.005. The three
greatest individual discrepancies were 0.11, 0.09 and 0.08 inch of mercury
or 0.017, 0.01% and 0.012 in the Mach number. Following the same procedure,
the average change between (a) and (b) was also found to be 0.033 inch of
mercury or 0.005 in the Mach number. The greatest individual diserepancies
between (a) and (b) were 0.270, 0.121 and 0.071 inch of mercury or 0.0kO,
0.018 and 0.011 in the Mach number.

One would expect that the average random error of measurement would
be somevhat smaller than this since items of constant error, such as in-
accurate reading of reference pressures and barometric pressures, were not

separated from the overall error. Therefore, considering the small size of
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these errors, 1t seems apparent that the major trends shown in Figure VII (2)
and Figure VII (3) are legitimate phenomena actually characteristic of the

flow,

Pressure Measurements in the Interior of the Tunnel

A double wedge section, Figure (a) below, was used for these
measurements. The double wedge spans the tunnel in a horizontal position,
and surface pressure taps are located on the upstream surfaces, top and bot-
tom. Since a shock wave exists at the leading edge of this airfoil, it is
necessary to make use of oblique shock wave tables in the reduction of the
data. When this is done, one obtains a curve of the Mach number in front of
the nose shock as a function of the measured pressures. The only assumption
involved is that of isentropic flow upstream of the nose shock. If the in-
clination of the flow relative to the chord line of the double wedge is no
greater than 2 degrees, it has been found exceedingly eccurate to use the
mean pressure between the upper and lower surfaces at a given station for the
purpose of calculating the Mach number. It is also possible to calculate the
inclination of the flow in the plane normal to the span of the double wedge
by using the difference in pressures at a given spanwise station in connection

with the oblique shock wave tables.

Figure (a). Double Wedge Pressure Section
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Measurements of the total heat pressure were also made with a sec-
ond double wedge section. The spanwise stations of this device were the
same as for the surface pressure measurements, but the total head tubes ex-
tended l/h inch in front of the leading edge. Application of the formula
for the change in reservoir pressure across a normel shock* makes it possible
to calculate the Mach number of the stream where the total head tube is
placed. The validity of this calculation depends upon the flow being isen-
tropic upstream of the nose shock which stands in front of the total head tube.

Figure VII (4) exhibits a few of these measurements. An interest-
ing feature of these data is the relatively good agreement between the Mach
numbers found in the two different ways at stations near the center of the
wind tunnel and the poor agreement at the stations 1 inch from the wall. It
has been suggested that the discrepancy is due to the fact that this station
ig inside the boundary layer of the wind tunnel wall. If this is true, then
the equations used in the data reduction were not applicable near the wind
tunnel wall and poor agreement should not be surprising.

Measurementsbof total head pressure are plotted in Figure VII (5).
These plots are relatively uniform over the tunnel interior and show no con-
sistent change at the stations nearest the walls as one would expect if the
measurements were taken in a boundary layer. It is believed that these data

do not rule out the possibility of a thick boundary layer since there are two

y
* 1 7+l M2 -1

2y 2 Y-LFT T X

£(M) = (‘Y*IMQ -y 1) (m) 5—3—

2
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effects which may cancel each other out to a large extent. The quantity
po'/po which is plotted is essentially a measure only of p,' since p, is the

constant value of barometric pressure. p,' is given by an equation of the

o
form po' = psf (M) where pg 18 the local stagnation pressure in a supersonic
boundary layer. But P,= Pys the value of stagnation pressure in the free
stream. In a boundary layer M, the local Mach number is smaller than in the
free stream which leads to a larger value of f(M) since the shock losses are
not as great for lower Mach numbers. Therefore,.in a boundary layer, it is
possible that p,' may be left essentially constant as was shown in Figure
VII (5). This discussion is, of course, an unsatisfactory substitute for
more complgte measurements. Unfortunately, Schlieren data cannot be taken
at these walls.

If this explanation is correct, the boundary layer must be an ab-
normally thick one, since its effect is not small at a distance 1 inch from

the wall. Air leakage to the interior of the wind tunnel has been suggested

as an explanation for such a thick boundary layer.

Wing Tunnel Choking

Some information regarding the choking characteristics of the tunnel
has been obtained and is presented here. It is believed that the forward
projected area of obstructions placed in the wind stream is the most important
consideration related to wind tunnel choking, although for equal projected
areag, bodies which are more slender or sharpnosed are considered less likely
to cause choking. The following configurations, Figures (b) and (c) below,
have been placed in the test section. The first configuration resulted in
satisfactory flow while the second choked the tunnel. These tests were made

at a Mach number of 1.95. Observation of the choking was made with the

Schlieren equipment.
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There was considerable air leakage into the wind stream when these tests
wvere made. It is possible that the results may change significantly when
this difficulty has been eliminated.

Choking phenomena may be explained after a fashion by the one-
dimensional channel flow theory. It is assumed that, when the flow is being
established in the wind tunnel, a normal shock exists at the test section in

front of the obstruction as shown in Figure (d).

e van

/A Y

|
—~_

Figure (d) Figure (e)

S

Yor the case of the normal shock, one can calculate the new throat
area at the station where the sonic speed is reached. If the projected area
is large enough so that the area of the passage at this station is less than

the area one calculates, the tunnel must remain choked. If the projected
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area of the obstruction is smaller than this critical number, the normal
shock will be drawn downstream eliminating the choked condition. In this
way, one can calculate the permissible blocking of the tunnel for any Mach
number,

It is known, however, that this theory is inadequate. In the
choked condition, one often sees the shock configuration sketched in Figure
(e) with oblique shocks and flow separation present and non-uniform flow in
the test channel. The one-dimensional theory cannot describe such things,
and one actually finds that much less blocking will be sufficient to choke
the channel. One cannot even be sure that the situation will improve at
higher Mach numbers as is indicated on the curve. Test results at a Mach

number of 4 will be made available in the near future.
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PRESSURE RATIO- SUPPLY TO DIFFUSER

FIGURE I (1)
PRESSURE RATIO -SUPPLY TO DIFFUSER
VS. TEST MACH NUMBER (ESTIMATE

— ACCORDING TO L.CROCCO)

2 3 4 5
TEST MACH NUMBER.
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FIGURE I (5)

EFFECT OF ATMOSPHERIC DEW POINT
UPON BAG DEW POINT

CONDITIONS:
K=00lx10
TIME = 0

ﬁ = DRIER FLOW RATE PER UNIT SURFACE AREA~ C.FS.

9

ATMOSPHERIC DEW POINT~ DEG.F

0 20 40 60 80 100
y
-10 /
/ f
/
b /
-20 \0
oty
-30 pd
]

-40




.

N

=,
Z

(o]
FIGURE IL(!) ‘ ry
! - X
PLOT OF A CHARACTERISTIC IN A SOURGE FLOW FIELD

THE RADIAL LINES ARE STREAMLINES

I AND §y ARE THE POLAR COORDINATES OF THE CHARACTERISTIC
l, IS THE RADIUS OF THE M=! GIRCLE
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FIG. MIT (4)
MACH NUMBER AND FLOW INCLINATION
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FIGURE MII (5)
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FIGURE 1T (5)
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FIG. I (7)
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t, = < (Mach 2 case) (23)

e~ i¥

Equations (22) and (23) are plotted in Figure IV .(1). Time in seconds is
given versus orifice area in square inches. A vent of 25 square inches area

should be gsufficient to equalize the ballast tank pressure in under % seconds
of running time.
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APPENDIX ¥

CALIBRATION WORK ON A STRAIN-SENSITIVE ELEMENT OF THE BALANCE SYSTEM

.

The sensitivity requirement, the need for three distinct force ranges|
with relatively high accuracy of measurement in each range, indicated the trend
of the development work on the strain-sensitive unit. The multiple beam unit
which was designed permits this type of eensitivity, and the roller clutch
incorporated was to allow easy range selectiivity from outside the tunnel.

The element, slightly larger than full size, is shown in Figure V(1).
(A) ie the base of the unit, supplying rigid support to 'the load-carrying
cantilever beams. (B) is a wire strain gage. There are two of these, one on
the top and one on the bottom of the center beam. (C) are the cantikever
beams, which resist in bending the load to be measured. (D) is the roller
clutch assembly, which permite resistance by the center beam alone, by the
middle three beams, or by all five beams together, according to the posiAtion
in which the clutch is placed. (E) is the terminal strip, joining the wire
strein gage leads to the leads from the recording equipment, and (F) is the
loading plate, transmitting the load from thinimmtal straps to the center
bean,

For ease in discussion, the three force ranges of 0-1, 0-10, and
0-100 lbs., corresponding to resistance by the center beam alone, three beams
or five beams have been termed Ranges 1, 2 and 3, respectively, The calibra-
tions were carried out by applying dead weights to the loading plate through
the same thin metal straps to be used in the balance assembly. The arrange-
ment is shown in Figure ¥V (2). The loads were reversed by inverting the strain

unit.
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