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I SUMMARY

A flexihle second throat supersonie diffuser has bhesn btested in the CGALCIT
2~l/% inegh supsrgonic wind bunnel aﬁ Maeh numbers of 2,80 and 3,3%. The theor-
ebical minimunm area relation for starting a supersonic tunnsl has beer chesked
at the two Mazch rumbsrs, and the amount by which the height of the second
throat may be reduced after the turmel has been started was debermined, Hini-
mwn comprassion ratlos for the starting and reduced second throat condifions
have besn debermined and comparsd with those previously found here and theor-
etically estimated by Crocoo, Effeet of nozzls surface roughness on supsrsonie
flow is nobted, and Schlieren photographs represenbing the flow in a variety of
conditions are presented, L series of Schlieren phobographs shows *he flow in
the sescond throat at vrogressively greabtsr amounts of arsa reduction,

The theoretical minimum sccond throet area relation was found t5 predich

the second throat size for starting within 3 persent at both Mach numbers,
3

2

bainy conservative »y that amount in both cases., Only about 1/3 of the
theoretieally predicted reduction of second throat area after starbing was
reallzed at both Mach numbers befors separation of the doundary laysr broke
down flow throughout the nozzie, Minimm compression ratics were reduced

some 9 and £ pergent for Mach numbers 2,50 and 3.33 respectively, Thess
decrsases, though not as large as antieipabted, nevertheless -ave the lowest
compression ratlos ever measured in the GALCIT tumel, yatios iess tha n
Crocco's estimate, heretofore never realized., Transition, though not oscurring
by means of a normal shock wave, was found to be stable a few inches down=

stream of the second throak.



IT7  INTRODUGCTION

A major portion of the energy losses occurring in supersonic wind tunnels
is associated with the reconversion dcwnsfr@am.of the test section of the flow
from supersonic to subsoniec. These diffusion losses make the compression
ratio fequired to operate the tumel at a given Mbch number higher than would
be necessary céuld they be minimized, Thus the amount of energy recovered in
the ftransition from suparsenie'to subsonic velocities and subsequent diffusion
to almost zero velosity is responsible in large part for the maximum Mach
number attainable with given power. It is the purpose of this study to
investigate methods of inecreasing the efficiency of a supersonic diffusger,
that is to say, of lowering the‘overall compression ratio A,

Previous studies of supersoniec d4iffusers have been limited to Lthose
having fixed shapes, and hence thesse studies have indicated the efficisncies
attainable with a particular fixed geomebry condition, Por reasons develoved
in section III, it ap@ears from the one=dimensional theory of supersonie
channel flow that some possible incoreases of pressure recovery are precluded
by this fixed geowetry condition, For this reason, and to sheck certain
other theoretical concepts of one~dimensional channel flow, a variable
geomstry diffuser was conceived, This diffuser allows study of the flow under
conditions in which the channel may be varied during operation of the super=-
sonic tumnel,

Although the variable geoﬁetry supersonic delaval nozzle has been in use
for some time as a means for varying test section Mach number, such a variable
diffuser as studied here has not been previously investigated, It is nabural,
therefore, that this study is intended mnfé as a preliminary investigation

than as a finel report on variable second throat supersonic diffusers. 2
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design criberia for the variable geomebry diffusey is seb up with

<

the ides of determining experimentally some of its characteristiocs,

b

he results Tound here.

2]

Fubher work may be based on



IIT  THEORY

The losses associated with a supersonic diffuser may be classified in
& o

three groups:

lo Friction losses on the walls
2, Expension and separation losses
3. Losses occurring in the shock waves associated with

transition frem suversonic to subsonic flow,

The transition losses mentioned last here are of the most interest in a
supersonic diffuser, since once the flow has become subsonie, friction and
expansion losses can be estimated by the ordinary theory of subsonie diffusion.
The remainder of the study, then, is devoted to the problem of an efficient
decsleration of a supersonic flow to subsonie,

An isentropic deceleration from supsrsonic veloecity to rest may be
visualized as follows: The channel in which supersonic flow exists gradually
contracts, reducing the lach number to unity at a point known as the second
throat., If a normal shock wave oceurs exaetly at this minimum area point and
the flow becomes subsoniec, an expanding channel will then permit subsonie
diffusion to rest. In practice, complebely isentropiec deceleration invelving
a normal shock at the second throat cannot be $ea1ized. For should the
shock be displdced either upstream or downstream from this second throat, the
Mach number at which it ocecurs increases hecause of the area increase; and
losses océur in the essentially nonmisentfepic shock wave at any Mach number
other than unity, As is shown later in this section, lossss upstream will

immediately break dovm the flow, and consequently the transition shock must
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occur far enough dovmstream of the second threat that disturbaneces of stsady
flow conditions eénﬁot propogabe the shock wave upstream of the minimum area
sectién. With the shock dawﬁstream at a Mach number greater than unity,
losses oeccur, and the isenﬁropic deceleration vostulated above iz impossibls,
‘HEnée it appears that the best compromise will effect transition at as low a
Mach number as possible, For example, at a Eachvnumber of 3.5, only aboub
2079 of the initial tobal head is regainéd behind normal shocks while at
M= 1,5, 935 of initial total head is reggvérsdo

In supsrsonic wind tumnel applications, the establishment of supersonie
flow in the test section 1s preceeded by a shock wave traveling downstrean
from the first throat, If this shock wave is to pass through the test seection
and on into the diffuser, the throat of the diffuser, herealfter referred to as
the second throat of the btunnel, must be large enough to permit passage of
the same mass flow as that through the first throat, but at the reduced btotal
head existing behind the shock wave. - This throat area is a minimm when thé
Mach nmumber at the éecond throat‘is unity with the shock upstream, If the

first throat, test section, and second throat are arranged as in Figure 1,

o]
ie

crurs 1



a contraction ratio, CR , may be defined relating the areas of the Test section

and sseond throab:

This may be written,

-

C.=8r _ O (A
R qu ‘ 7 /72 M

where ;; is the isentropic area ratic fyrom first throat to test seetion, and
[
fgi)w ig the minimum area ratlo required when a normsl shock wave at best
section Mach number is betwsen the first and second throats, As is lmown from
one-dimensionel theory, the second throat arsa required is increased by the
ratio of the t@tal head behind the shock to that in frombt. This follows from
the fact that, although the veloeities for Mach numbser unity are the same at
both'thrbats, the density at the sscond throat is reduced, requiring a larger
area to maintain continuity. The reduction of density is the result of decreas-

ed pressure in a consbtant enthalpy process.l We have then,

CANENG S
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‘where Pz is the total head behind the normal shock, and Py that before it.

Using the isentropie area ratio relation, the expression for Cp becomes,

See for example: Liepmann and Puckett, "Introduction te Aerodynamics of
a Compressible Fluid,"
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‘This relation is plotted in Figure 7 as a function of test sechbion Mach

P. .
number, utilizing the fact that —& is determined explicitly by the test

o
section Mach number at which the normal shock is assumed to occur,

Tt has been found, however, that a position of the normal shock wave
upstream or at the throat of the diffuser is unstable and unattainaﬁle in
practice;g and it is observed that the shock formed on starting a supsrsonie
tunmnel with a diffuser throat of sufficient size passes on through and takes
up & position downstream, The flow beyond the second throat then remains
supersonic, and has inereasing Mach number because of the increasing area:
hence the further the shock occu%s downstream,; the higher will be its Mach
number, As previously noted, this is to be associated with increased losses.

The reconversion from supsrsonic to subsonie flow may not in practice
ogcour by means of a ncrmél shockAwave, but may take the form of a series of
obligue transition waves. In fact it has been noted® that this obliqus
family transition ic the cormon means employed by the flow for reducing its
sPeéd from Mach numbérs in excess of 1.5. Bubt in general the losses associated
with the transition will bear a relation to the lach number at which they

occur, and the position of this reconversion region will be determined by the

‘overall compression ratiq,),from supply tank, Py , to stagnation downstreanm

n

2 X i R . : .
Kantrowitz and Donaldson, "Preliminary Investigation of Supersonie Diffusers"

o ,
“Puckett and Schamberg, “"Final Report: GALCIT Supersonic Wind Tumnel Projectile
Tests," and Puckett, "Final Report on Model Supersonic Wind Tunnel Project,"



of the diffuser, Pp »

Cne-dimensional flow theory and the flows observed in prachice thus
indiéated that a diffuser employing a variable-geometry second throat might
allow the esbablishment of flow vatters giving higher energy recoveries than
poséible with the fixed thr@aﬁ, After the initial shock waves formed on
starting the tunnel had passed through, a flexible wall would allow the
- second throat to be reduced to such an area that the local Mach number was
unity., If the transition to subsonic flow ocourred closely downstream of
this reduced second throat, it would occur where the channel had considerably
smaller area than in the case of a fixed wall, FHence if a position of the
transition Just downstream of the second throat is stable, losses should be
smaller in accordance with the reduction of Mach number,

Transition to subsonic flow is followed by ordinary subsonié diffusion
to rest at the compressor inlets. And it has been previously noted that
this subsonic diffusion is not of interest here,

From the previous development of theory, the objectives of the study
may be oublined as follows: .

1. To chsck the theoretically computed minimum second throat
area for sbarting, |

2. To determine the amount by which the second throat area may
be reduced (choked) from this starting valﬁe once the tumnel

iz in operabtion,

A
®

To compare the minimum compression ratios, A min s attainable
with the unchoked and the choked second throat, and
4, To investigate the stability of the transition zone in the

diffusers



I¥  DESCRIPTION OF APPARATUS

The flexible second throat apparatus to bevdescribed was designed for
test in the GALCIT 2—@/2 inch square test section with 30 inches of chammel
,length visible through glass éide plates, The debails of the pi ingi COMPres=
| sors, and drying appraratus of the tunnel are.described in other references.%

"~ The Schlieren apparabtus of the Z-L/é inch,tunn615 was used to take the flow
photographs aprearing later in the study, Figure 2 is a photograph showing
the general layout of the test section, optical bench, and second throat
apparatus,

| In general the design was carried out with the obJjectives of simplicity
and of making the flow visible by means of the Schlieren system. To this end
the converging=diverging nozzle, as well a3 the short test section, second
throat, and a portion of the subsonic diffuser were placed within the 30 inches
of parallel glass side walls. An existing set of rugged base blocks was
utilized to mount the nozzle and flexible throat apparatus between these glass
plates; These bases were ones previously used for study of interchangeable
channel shapes, and hence were easily adaptable to the present project.

A set of wooden nozzle blocks fitting the upstream portion of these bases
and designed for a Mach number of 2,68 was in existence and was used. . These
blocks gave a test section 2,075 inches high and 2,562 inches wide at the
‘diffuser inlet, while the test section itself was approximately four inches

long, Another pair of nozzle blocks was designed for a Mach number of 3.47

4 : '
Supra v.7, Puckett, "Final Revort: GALCIT Supersonic Wind Tunnel,ete.

5 Ipid.
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employing the same basic test section dimensions, Thus similarly designed
nozzies for the two Mach numbers 2,688 and 3,47 were interchangeable upstream
of the diffuser, Figure 3 shows a side view of the working section with the
5;47 nozzles in vlace ahead of the flexible threoat.

The M = 3,47 nozzle blocks were carefully desizgned by the charachsristics
method® and constructed to close tolerances, The flow experienced in beoth
nozzles was smoothly supergonic in the test section as the Schlieren photo-
gravhs testifys; and pressure measuremsnts later indicated that the actual
Mpch numbers in these nozzles were 2.50 and 3.33., Henece both nozzles gave
Mach numbers about 47 below the design values,

At the outset the mechanical design of the second throat presented
problems affecting the remainder of the study. It was decided in the interest

o

of simplicity and faecilit of a

of operation to use a chammel wall consisting

v
v 18]

number of hiagsd flat plates instead of a conbimiocusly eurved one. This
angular wall would then give rise tc oblique shock waves; and these were the
basis‘for the design,

The shock wave patbern set up in the flow by angular walls was assumed
to he that of Figure 4 , If the flow deflectbion angle, 8 , and length, L,
are chosen correctly for the particular test section lach number involved,
the wave pattern would Just be cancelled at the second throat, and the lach
number, M3 , will be unity. The flow solution is obtained from the shock

polar diagram,7 This solution was made for the two Mach numbers 2,68 and 3,47,

8 . .
Puckett, "Supersonic Nozzle Design,"

L
‘Op, Cit. 0.6



Pigure 4

and the results are given in Table 1, It was aprarent thet a design incorp-

B e L
Degrees Inches
2.68 9.3 1.774
333 23.7 1.759
Table 1

orating a compromise length, L;, and the largest deflection anzle, & ,
encountered would suffice for both liach numbers, Hence this fact was used as
a simplifying element in the dssign, ‘

Once the size and angular range of the flexible mechanism was determined,
the remaining problems were those of ease of operation, smooth chammel walls,
and adequate pressure sealing of the edges of the moving plates. Previous

work had indicsted the importance of preventing edge leakage.

The channel wall plates were made of 1/8 inch spring temper phosvhor



bronze., They were stiffened to give rigidity and a groove milled the length
of the plates oﬁ both edges to admit a 1/% inch diameter rubber sealing tube.
In operation, this tube was flattened against the glass side walls, but

- slipped across them easily., The desired wall shape was obtained by milling
three 1/4 inch wide slots in the back of each plate, leaving 0,005 inch
flexures at the hinge points, These flexures assured ample angular freedom
~and a smooth chanmnel surfaces, Toggle linkage fram:the drive mechanism -
controlled the motion of the individual piate segments complstely so that

no major loads could come onto the delicate flexures, Figure 5 is an
assembly drawing of the anparatus.

The drive and position=indicating deﬁice used was a pair of standard
Starett micrometer heads, These heads were so calibrated that each read
half the seéond throat height, and their readings were made simulbaneously
visible to a single operator by means of mirrors, Thus the second throat
height could be easily determined or adJusted during overatiocn of the
tunnel, Figure & shows the top micrometer in vosition in the tunnel.

The second throat length was 1/2 inch, and the chamel nlates then
provided a straight-walled subsonie diffuser to the point where the channel
Joined the downstream tunnel structure, Because of the geometry of this
structure, the total diffusion angle in all cases was less than 8 degrees.

Static pressure orifices were located in the channel as follows:

l. One at upstream stagnation, Py, to indicate the initial
total head,

. 2o Three in the test section at intervals of 3/4 of an inch.

They were designated Py, Py, and Pz progressing downstream,
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and indicated test section pressure, and
3. One downsitream et diffuser étagnation.
The sttream stagnation pressure, Py, was read from a Bourdon gauge, while
the diffuser pressure, Pp, was read on a U-tube mercury menometer. The
test section pressures were fead on a large manomebter panel in conjunction

with a reference pressure. A mercury barometer provided atmospheric pressure

(=N

rndications for each test.
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igure 3 = Side View of Working Section

Figure 6 = Top &djusting Micrometer
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Vv  PROCEDURE

The flexible second throst appérahﬁs and wooden nozzle hlocks were
‘installed in the tunnel, care being taken to center the independent pieces
of apparstus, Continuous rubber vyressure seals were placed along the sides
of the channel; and no pressure leaks were oxperienced during operation with
the glass plates bolted securely up on each side.

The tumnel was pub iﬁtc operation for all tests by a fixed overating
procedure, Mirst the tunnel was opened te the atmosphere through the dryer,
and the compressors started, Pressure in the large upstresm stagnation tank
was allowed to rise to 35 psig. before the tunnel was closed to the atmosphere
and circulation through the closed circuit started,

The procedure for checking the value of the minimum second throat area
for starting was simply to start the tunnel by the above procedure with
various settings of the micrometers. The secend throat height was gradually
decreased until the transition shock system remained just downstream of the
first throat, Under these conditions, smocth supersenic flow was never
established in the test section, The last value of second throat height
for which supersoniec flow was obtained was considered to be the minimum size
for starting.

Onece the minimum starting area had been determined for each Mach number,
Schlieren photographs of the length of the stream were taken to rscord this
initial flowe Since the tunnel had excess power for the two Mech numbers
tested and the chamnel area employed, a pressure difference in excess of that
necessary to maintain the flow existed across the test section and diffuser

initially., Under this condition of excess compression retio, the transition



shock system wes well dovmstresm of the visible section of the diffuser,

This compression ratio was determined from Py and Py as:

Static pressures Py, Pg, and Pg, in the test section were then read and
the test section Mach number obtained from the ratio of P to PO by the

relation,

- 2
¢ - I— | 2 )"‘I
B )
Vo

on the assumpbion of isentropie flow from the supoly bank to test section.
In all tests the compression ratio and Mach number were obtained in exactly
this fashion,

When flow had been satisfactorily established through the minimum
second throst, the area of this throat was reduced by adjusting the two
micrometers. Readings were made identical top and bottom every .050 inches
decrease of second throat heighb, Thus the chammel was exactly symmetrical
a2t stations every .0B0 inches, and only devarted from symmetry at any time
by the amount the two heads were not turned in unison by the operator. This
was never more than ,005 inches. Schlieren photogravhs of the second throat
at each of these stations were teken, and the second throat height continu-
ously reduced until the flow broke down. The breakdown is characterized

by separation Just after the first throat and highly turbulent flow throughout
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the chamnel, The second throat height for which breakdown eccﬁ.rred could
be read at any time, since the micrometer readings were in no way affected
by the disturbance in the flow aeccﬁpanying failure of the flow,

The minimum values of the compression ratic for which flow in any
configuratien was sustained were determined by graduslly reducing the )\
until the transition shock system moved ahead of the second throat and
separation took place, This was accomplished by varying the amount of
compressor delivery air Ey-passed around the test section in a series of
discreet intervals in order to assure thet equilibrium conditions existed

et all times, The values of Fy and Pp yore taken at the btrealkdown, and

)\ 3winc<:>mpw‘\:‘ed from them, Schlieren vhotographs of the flow wers taken
with A Just in excess of )\ mine :
Normally the second throat area was reduced before A s Was

min

measured, but some runs were also made in which A for the starting

min

condition was set up and the second throat then reduced. Also the values

of A min 2nd the critical second throat settings were checked e number

of times to determine their reveabtibility.
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VI RESULTS

1, Theoretical minimum starting area: The values of the experimental

second throat height for starting obtained as outlined in sectien V agree
very closely with those predicted by the theory. Contraction ratics, Cp ,
obtained from Figure 7 and applied to the actual test section height give
theoretically predicted second throaks of 1,553 and 1,450 inches for the
two Mach numbers 2.60 and 3.33. The experimentally determined minimums were
1,520 and 1,400 inches respectively. Thus at lMach number 2.6 flow wss
successfully established through a second throat area 2.1% less than pre-
dicted; while at ¥ = 3,33, it was established with an area 3,45 less than
predicted, The theoretical contraction ratioc curve and the experimental
voints are plotted in Figure 7. As noted in section V, these values were
checked and found %o be reﬁeatable at various times within one percent. It
arpears, therefore, that the theoretical considerations of minimum second
throat area for starting are valid, and that design on this basis should
give satbisfactory results in practice,

2. Reduction of second throat area during operation: Reduction of

second throat area during operation was carried out as indicated in Section
V. Schlieren vhotographs of the second throat taken at intervels during
this choking process appear for the two Mach numbers in Figures 8 and 9.
Each 1s a series of six visws of the second throat at progressively greater

smounts of choking., Table 2 presents the second throat heights to which

choking would heve to have teen carried in order to realize the design
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condition, and comnargs them with the minimum heights obtained experimentally.
The design condi%ion made no allowaﬁce for bouvndary layer. It is evident
fraﬁ this table that the design choking was not achieved; in fact, in both
cases about one third of the theore'bieal chokinfvvas possible before the

flow broke down, Therefore the design condition of the obligque shock waves

My Theor. Design | Experimen=-| Design | Experimen- 4 of
Starting 2nd tal 2nd Choking’ tal Design
2nd Throat | Throat Throat Choking Choking
2,60 1,553" . 828" 1,290" . 725" .263" 36
3,35 1,450 , 588" 1.132" . 8627 .318" 37
Table 2

cancelling out at the second throat entrance was never realized, although
the a?proaeh to this condition is evicdent in the Schlieren photographs,
Figures 8 and 9. The steepening of the oblique shock waves and extension
o the expansion zones in the second throat are seen immediately, The flow
separated in the~test sechtion for choking Jjust in excess of that shown in
the last photograph of each series, Thus the process of steepening the
channel walls to the design value could not be completed before breakdown
of test section flow occurred,

It appeared on first consideration that the rather thick boundary layer,

clearly visible in the Schlieren photogravhs, was responsible for an effective

decrease of chamnel area at the second throat, such that the combination of

3 1 &Y 3 E o 3 £ 3 - T 3 3 aYade
ng is defined as veduetion of sccond threat heighk,
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. Second Throat Height 1,450

Figure 8-a M= 2,60, A= 3s41



Second Throat Height 1.400

Second Throat Heéght 1,300
Flow Broke at 1,290

Figure 8&-b
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Second Throat Height 1.300

Figure 9-a M = 3.33, A= 7.18
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Second Throat Height 1,150
Flow Broke at 1,132

Figure 9-b
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- choking snd boundery layer displacement thickness reduced the second throat
ares to a value smaller than that neécessary for the mass flow. This woeuld
have been responsible for a simple choking off of the flow. To investigate
this possibility; measurements of the boundary layer thinkmess as appearirg
in the Schlieren phobographs were taken, and liberal allowances for displace-
ment thickness were made for all four walls of the tunnel, In addition,

the entropy gain in the oblique shock wave system was computed, and allowance
made for the increased area necessary becaﬁse of the reduction of total head
behind these waves. The area required for the mass flow after all of these
computations was still only about one half that existing when the flow broke
down experimentdlly, Hence it was felt that explanaticn of the flow failure
as a result of choking &ué to simple boundary layer thickness and entropy
gain was not sufficient,

The fleow breakdown due to choking was then observed carefully through
the Schlieren apparatus several times, and the true nabture of the failure
became apparent. A pair of shock waves arising from either wall Jjust beyond
the second throat, but just upstream of the point where the initial oblique
waves strike the opposite wall and reflect, may be seen in the first photo=-
graphs of each series. Tracing this wave through the series of vhotograrvhs,
it is séen to move upstream until in the last picture of each series it is at
the dovmstream edge of the expansicn zone abt the second throat entrance. When
viewed in the Schlieren apparatus, furbher choking is seen-to move this wave
further upstream cancelling out an increasing portion of the expansion zone.
This results in an incomplete turning of the flow at this corner and hence

an effective separation which then reduces the effeotive area of the second
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throat and chokes off the flow., The series of events described here and
depicted in the Schlieren photographs is diagrammed in Figure 10 for clarity.
Such characteristics of the series of the events as are not clear from the
chotographs appear in this figure. The figure shows the shock wave and
boundary laver separation moving upstream, decreasing the breadth of the
expansion zone, and finally resulting in separation in the second throat,
Cnee the shock wave pair.had hegun to enter the expansion zone, the second
throat could be reduced only a few more thousandths of an inch. The
expension zone began to oscillate up and down stream, being very unstable,
until finally the breakdown occurred., It was because of this instability
and suddenness of the broakdown that no Schlieren photographs of the
breakdown condition could be obtained.
b This shock wave pair, which finally is responsible for breaking down
the flow, is believed to be induced by the boundary iayer.. The thick
boundary layer, so visible on the contracting sides of the chammel, is
greatly reduced by passage through the expansion zone as can be seen in the
photographs, Tﬁe boundary layver can also be seen to be quite thick again a
short disﬁamce downstream, The point at which the houndary layer rethickens
gives rise to the pair of shock waves in question., Now as the second throat
narrows, the shock waves move upstream. Finally shock wave, boundary layer,
and expension zone interfere resultiﬁg in the separation and the effschtive
choking off vreviously noted.

Thus it is certeain that complications, not directly associabted with
boundary layer thickness, but nevertheless arising as a result of the houndary

layer, preclude choking the secend throat of a supersonic wind tumnel to a
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value at all approaching that theoretically possible. As expected, some
energy gain is obbained as a resulbt of choking; bubt the important benefits
to be derived by reducing the second throat Mach number to unity are not

experienced,

3. Hinimum compression ratics: Following the procedure of section V,

the minimum compression ratios at both Mach numbers were debermined for the
conditions: a) second throa’t at theoretical starting minimum, and %) second
throat choked the optimum amount., An opbimum smount of choking, somewhat

less than the maximum attainable, was found to give the lowest overall compres-

i E
[}

sion ratios. In both casss, the min in the choked condition was

determined for a choking 0,050 inches less than that causing breakdown of the

5

The gonditions outlined in (a} and (b, above correspond to the cases of
minimum compression ratio for operating 1, the fixed second throst tunnel,
and 2) the variable second throat tunnel of this confipuration. A summary
of the values of A min obtained appears in Table 3, These minimum compres=

sion ratio values are compared in Figure 11 to those oradiched by

M . in . Min 7
T Fixe: Choked Decrease
260 2,78 2.50 3.1
3eB% 5,24 4,85 765

Table 3
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8 and those recommended for design on the basis of previous experience

Croceo
in,-tﬁe 2-1/2 ineh GALCIT twunnel. It appears that with the 6p’cinmm choking,
Crocco‘s“estimate ﬁay be realized and bebttered slightly by means of the
fléxible second throat. These coﬁpression ratios are lower than any
previously measured in,the GALCIT tunnel, The fact that the percentage
decrease in )\ min with choking for the low Mach number is greater than
that for the high M is attribubted to the instability of the transition region
at M = 2,60, Here it was not possible to maintein the transition as closely
downstream of the second throat before choking as afterward, and hence the
decrease of JK min reflects ﬁot only the gain due to choking, but also

the gain from inereased stability of the transition region, A brief discus=
sion of the stability of transition appears in a following part.

Figures 12 and 15 present Schlieren photographs of the length of the
nozzle and flexible diffuser at the two Mach numbers, 2,60 and 3,33, and with
eXcess compression ratio. Observe_here that with excess compression ratio the
flow femains supersonic throughout the dirfuser, Transition cceurred in the
dovmstream turmel section., These photographs indicate the smooth supersonic
test section flow, and the general nature of the wave vatiern at the diffuser
entrance., Several determinations of the oblique shock wave angles indicated
tha%Athey were, within the accuracy_ of measurement, the angles required by
one~-dimensional theory to turn the flow parallel to the sloping walls.

Schlieren photographs of the flow at minimum campression ratic for the

unchoked and choked conditions appear in Figures 13, 14, 16 and 17 for the

Crocco, "Gallerie aerodinanische per alter velocita."
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two Mach numbers., The most important features to be seen here are the nature

of the transition itself, the proximity of the transition to the second throat,

and the high turbulence accompanying the flow in the diffuser,
As noted in sechbion II the flow transition is by means of a family of
This was to be expected as soon as it was found that

oblique shock waves,
the second throat height could not be reduced to that necessary to give a
Heasurements of the angle of the initiasl obligue

a Mach number near unity.
shock waves and estimation of the area change to the voint where transition
zle was still

ocours indicated that bransition in the case of the M = 3,33 noz
occurring at a lMach number of the order of three, whereas we had already

noted that normal shock waves were not to be expected above a lach number of
2.80 nozzle, transition appeared to be baking place atb

1.5 to 2. In the M
a Mach number of sbout 2. The transition ocecurs three to four inches dowmn-

stream of the second throat, and is followed by a region of high subsonie

turbulence,

The existence of an optimum amount of cheking for best overall compres=-
sion ratio is linked to the causes of flow breakdown discussed in part 2 of

For when the second throat is reduced to a hsight very near

this section.
the minimum, the interaction of boundary layer and expansion zone has already

Then if an unstable transition zone exists Just dowmstream and

begun.
transmits disturbances upstream through the boundary layer, enough fluctuation
If the choking is a

is induced at the second throat to cause breakdown,
little less than minimum, flow at the second throat is little e’fected by the

transition zone.
4, Stability of the transition zones The positional stabiliby of the




36

trensition zone was ohserved to depend on rate of change of‘phannel ares.
In the M = 2,€0 unchoked condition,‘the diffuser angle was the smallest

for any 6f the tests, and it was precisely here that the most difficulty
was exderienced in maintaining the flow near A min ° The transition
moved rapidly back and forth in the diffuser a distance of over one foot.
Tn tests where choking had increased the diffuser angle to about 8 degrees
the transition was quite.stable about three inches downstream of the second
throat., Hence it is certain that larger diffuser angles might be incor-
porated in this apparatus with possible further reduction of compression

°

5. Bffect of surface roughness on test section flow: The existing set

of wood nozzle blocks for lach number 2,68 had the shellac surface which had
previcusly been used exclusively in the GALCIT supersonic tunnel. VWhen these
tlecks were first used, a distinet expansion wave patiern was observed
originating at the first throat, This pattern, though decrsasing in strength,
nevertheless remained evident throughout the test section, Figure 18
indicates the meture of this flow., Upon examination after the first run,
the bloecks were found o L& extromely rouzh, the shellac humping and buckling
up from the wood surface, In the preliminary trials it was necessary to sand
these blocks smooth between each run.

As a result, before the M = 3,47 blocks were put into the tunnel, the

shellac was remeoved, and they were given a mumber of thin coabs of Du Pont

automotive laquer, sanded well between costs, [Ilow almest as smooth as with
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Figure 18 M = 2,60 Shellac

Figure 19 M = 2,60 lagquer
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. ; 1 3 o} R IS Ty -
uired Tor then throurhout the teshs,

seguently the M = 2,88

g vrere also

is illustrated for comparison in
Figure 18 » The effsct of surface roughness is clearly visible from

gurses 18 and 19 ., All the Schlisvsn phobographs appearing in this report

were taken with bleoeks having this smooth and durable surface. These resulbs
indicate the advantages, both In permsnence of ths surface and smeoothness of

A Al e 3 y
of wood channel blosks,
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5, Effect of surface roughness: As observed in the Schlieren apparatus

Pl

and presented in vhotozraphs herein, a striking off

» xl
£
o

of surface roughness

i

fd

c
on charachker of the supersonic test sechion flow was found,
uture work with flexible sscond throat supersonic diffusers, it

is recommended that the diffusion angle

se increased Ho the ordsyr of 15 degrses,
Tt iz felt as a resuld of this work that such a change would result in an even
mora stable posiftion of the transition zone, It is further probable that
additional vressure orifices throughout the diffuser would be of considerable

value in analyzing the resulis,

[
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