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I ~ PROJECTING SINGLE-SHOCK CONES 

By W. E. Moeckel, J. F. Connors, and A. H. Schroeder 

SUMMARY 

In an invostigation conducted in the Cleveland lS- by lS-inch 
supersonic tunnel to determine design conditions for optimum perform
ance of shock diffusers results were obtained at a Mach number of 1.85 
with a series of grojecting single-shook cones having ar~les of 200

, 
300 , 400 , 500 , 60 , and 700 • Each cone was tested with a curved and 
with a straight diffuser-inlet section. The variation of total
pressure recovery with tip projection and outlet area was investigated 
for each cone to determine optimum contraction ratios and shock 
locations. The effect of angle of attack was also investigated for 
several configurations . 

The maximum total-pressure recovery was obtained with the 50° 
cone us i ng a str~ight inlet. At rul angle of attack of 00

, an ~utlet 
total pressure of 92.2 percent of the free-stream value was attained. 
At an angle of attaok of 5°, this value was reduced to 90.S percent 
of the free-stream value. These total-pressure recoverieEl correspond 
to effiCiencies of kinetic-energy conversion of 96.6 and 95.6 percent, 
respeotively. Several other configurations gave total-pressure 
recoveries greater than 90 percent at an angle of attack of 0°. 

In many tests, particularly with the large~ cone angles, the 
total-pressure recovery in the vicinity of the maximum recovery was 
insensitive to changes in outlet area. The highest total-pressure 
recoveries were obtained with subsonic entrance flow. 

INTRODUCTION 

For efficient conversion of the kinetic energy of a ~upersonic 
air stream into ram pressure, the flow must be decelerated to low 
supersonic ~ch numbers before the normal shock occurs. The deceler
atioIl may be accomplished with small t otal-pressure loss by contraoting 
the flow in a converging channel or by locating one or more oblique 
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shocks ahead of the diffuser inlet. With the first meth0d, tho amount 
of deceleration allowable before the occurrence of the normal shock 
is limJted because the no~al shock will not enter the diffuser when 
thE) contraction ratio of the conyergent channel is great enough to 
accelerate the subsonic flow behind the nurmal shock to sonic velocity. 
(See reference 1.) With the second method (that is, with a shock 
diffusor) nc SUCll theoretical limitation exists. The supersonic 
stream may be theoretically reduced to sonic velocity ,rith negligible 
total-pressure loss if a s11fficient number of oblique shocks of 'small 
intensity can be located ahead of the diffuser inlet. 

Experiments with shock diffusers have been conducted by Oswatitsch 
(references 2 and 3), who determined the performance of shock diffllsers 
having several types of projecting cone and several diffuser-inlet 
designs. One of these copfigurations yielded efficiencies greater 
than the theoretical maximum attainable with convergent-divergent dif
fusers at the same Mac}:l numbers. 

An investigation is being conducted in the Cleveland lS- by lS-inch 
supersonic turmel to determine the effect on the performance of ahock 
diffusers of varying the form of the projecting cones, the contraction 
ratios, and the inlet design. The rosults obtained with a series of 
single-shock cones in combination with a straight and With a curved 
inlet section are presented in thi~ report. The effect of angle of 
attack was also investigated for several configurations. 

SYMBOLS 

The notution used at the shock-diffuser inlet is shown in figure 1. 
The symbols used in the report are defined as follows: 

A area 

inlet area with cono removed 

total contraction ratio 

internal contraction ratio 

ttp projection, inches 

Mach nUUlber 

p total pressuro 
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? static pressure 

V velocity 

1 ratio of specific heats 

1') efficiency of kinetic-energy conversion 

ec half-angle of' cone, degrees 

A angle between flow direction and free-atream direction 

p density 

'fI angle between conical ray and :free-stream dtrection 

Subscripts: 

o conditions in free stream 

1 condl tions immediately behind obliquo shoclc 

2 conditions at minimum flow area 

3 conditions behind normal shock 

4 conditions at diffuser outlet 

c condittons on cone surface 

cr crit1cal values 

e . conditions at diffuser entrance 

APPARA'l'TJS AND PROCEDURE 

The data presented were obtl"dned in the Cleveland 18- by 18-inch 
supersonic tunnel, which was operated at :1 Mach number of 1.85 during 
the investigation. The tunne l was callbratetl from measurements of the 
angles of oblique shocks at cone t ips and from -Gotal-pressure measure
ments. The Ma.ch number and total pressure in the test section 
measured by this me~bod are accw~at6 within about 2 percent. The 
relative total-pressure recoveries obtAinod in the investigation, 
hoyrever, are accurate withi n about 0.5 percent. The Reynolds munber 
at the diffuser, based on the maximtun diffuser diameter (4~ in.) , is 
a;?proxiraately 1.34 X lOG. All lJressures were photographically 
recorded from a multiple-tube mercury ~anometer. Visual and photo
graphic observations of the flo", into the diffuser inlet were made 
with a two-mirror schlieren apparatus. 
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Tlle model used is shm.'tl in figure 2(1.1). The conical damper 
loc!1ted at the rear of the cyl1m'.rical simul.::.ted comoustion charuber 
~.,as used to vary ti1e outlet area of tho flow through the diffuser. 
Tlle ,itot-static ro.l~e, located. as 3hown in the figure, was used to 
obtain pressU!:es at the diffuser outlet. During each tes~ , these 
pres.snres were recOl'ded for several values of the outlet area . 

A se ction of the diffuser body showing the location of the 
internal support for the projecting cones is presented. in f igure 2(b). 
The con6 su:pport is fa t red back into the subsonic portion of the 
diffuser and is mounted with four struts baving biconvex cross 
sections and a thiclmess ratio of 13 percent. The cone support Has 
designed to permit instrumentation of the projecti% cones; an outlet 
for };"lressure tubes from the cone is provided to"i."flrd the rea.:;:' of the 
,'.-i fl'nser. Because tlJe i;lUr~?Of3e of the invest~g:::l.tion was to deterrniClB 
total-pressure recoveries rathe11 than tbe pressure distributions on 
the cone surfoC'.ce, no pressure tubes were installed in the supj?ort 
body. 

The subsonic porti.on of the dHfus·er body was designed to expand 
the :iloV' at a rate equivalent to a straig!lt divergence of 50 total 
al1[.le. The inlet sect i on of the diffuser i s replaceable. A straiGht 
i:c,let (fig. 2(c)) and a curved lnlet (fig. 2(d)) were used with each 
cone. 

The six cones used are sDown in fiLill'e :3. The tip projections 
of the cones (distance from t1V to d i ffuser inlet) were varied in 
successi ve steps of one-eigl'jth inch. The theoretical location of 
the oblique shocl.: r~lative to the two inlets is indica"ced for each 
cone 3t minJmum tip :"lrojection. Because the angle of the air stream 
at the entrance li'.J varied with cone angle and with ti~ projection, 
a (ifferent inlet vlol<.ld be required for each cone at each ti:,? pru
jection to obtain t11e best :!:10ssible performance. In order to expedite 
tl1e determination of o:;:>timum total-::>ressure recoveries, however, only 
t11e inlets of fie-,ures 2(c) and 2(d) were used wIth each cone. \{ith 
t ~1ese inlets a bo .. " wave at the diffuser entrance occurs at the mini
mULJ tip ~)ro~ections. Because the form and location of such a bow w:we 
is not readily determinable, it is not shown in figure 3. 

THEORY 

Because the flow direction is not uniform in the field. behroen 
the oblique sheck and the cone surface, the theoretlcal flow areas 
AO and As and the average entrance Mach number Me can be exactly 
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obtained only if the entire field is determlned by an integration 
process. (See reference 4.) For com~arleon of test results with 
theory, the following two approximations were , considered sufficiently 
accurate (see fig. 1): 

, 1. The 
age of Me 
and Ml is 

entrance Mach number Me was assumed equal to the aver
and MV where He is known from coni cal-flow theory 
known 'from oblique-shock theory. 

2. The approximate free-stream flow area Ao was determined 
for all except the 700 cone by sketching the limi t ing streamline of 
the entering flow. The direction of the streamline at the oblique 
shock is known from oblique-shock t heory, In order to determine the 
direction at other points, a linear variation of the flow angle A 
with the angle ~ of a ray from the cone tip was asst~ed in the 
region between the ahock and the cone surface. 

For the 700 cone, Me is equal to 0.94 and Ml is 1.05; hence I 
Me is less than 1.0. Because there is spillage of the flow around 
the entrance lip when Me is subsonic, the method described for 
determining Ao ia justified only if '~~ is greater than 1.0. For 
the 700 cone an alternative method, using the constant-mass-flow 
relation, was therefore used to determine Ao: 

(pV)e 

A'J (PV}ezcr Pe ( 1) 
As = (pV)o Po 

(pV)O cr _ '-
where the ratios (PV)/(pV)cr are the reciprocal of the contraction 
ratios required to isentropically lower the local Mach number to unit~ 
Because M6 is nearly equal to 1.0 for the 700 cone, (PV)e/(PV)e,cr 
was assumed equal to 1.0. For an Me of 1.85, (PV)o/(PV)o,cr is 
equal to 0.669 and Pe/po is equal to 0.90. Hence, for the 700 cone, 
Ao = 1.345 Ae· 

A sufficiently close approximation for As was obtained by 
assuming that the flow at the inlet is parallel to the cone surface. 
(See fig. 1.) This assumption gives the minimum possible' area for 
th3 entrance flow. (The actual minimum As i s given by a catenary 
curve, but the difference between this value and the area normal to 
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the cone surface was found. to be negligiJJ.e.) The maximum e1'ror 
resulting from this approximation was determined by comparing the 
resulting As with the upper limit for this value (Ae perpendic
ular to the free ···stl'eam direction). For the most unfavorable case 
(GOo cone, L = 0.8 in.) the difference between the Imvor limit and 
the .upper limit was about 6 percent. For smaller cone angles, the 
maximum error was considerably less. Inasmuch as the flow at the 
cone surface is knmm to be parallel to that surface, the lower limit 
should. be much nearer the l'eal value than the uJ?per limit. Tnc var
iation of As/A" with tip pl'ojection is shown for each cone-inlet 

'-' 

combination in fiSure 4. 

Two flow conditions must be d.istinguished in determining the 
theoretical variation of P4 with A4. These conditions will be 
deSignated the supel'cri tical ancl the subcri tical. In the 
supercritical-flow region, the mass flow through the diffuser remains 
constant as A4 is varied. For this region the theoretical curvc 
of total-pressure recovery against outlet area is given by thc 
equation: 

(2) 

In the subcritical region, the normal shock stands outside the 
diffuser inlet and the mass flow varies with changes in outlet area. 
The theoretical total-pressure recovery under these conditions may 
be calculated if th~ flow ahead of the normal shock is assumed to 
remain unaffected as the normal shock moves outward and if any losses 
resulting froL:! spillage of the entrance flow are neglected. With 
these assum:?tions, the theoretical recovery romains constant as A4 
is varied and is oqual to the product of the total- pressure ratios 
across the oblique and across the normal sbock. In the calculation 
of this total-pressure recovery for comparison with test data, the 
normal shock was assumed to occur at the Mach number 1,% . As the 
aIlf,le of the projecting cones increases, Me decreases and the 
total-pressure loss across the normal shock thus decr'eases. The 
total-:pressure loss across the ·oblique shock, however, increases with 
cone angle. An optimum cone anglo should therefore exist for high 
efficiencies in the subcritical region. 

The value of A4 for which transition from supercritical to 
subcritical flow takes nlace was calculated as follows: If the 
contraction ratio Ae/A2 is sufficiently small, tho normal shock 

I 
I 

~ 
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is located inside the diffuser paat the minimum area for values of 
A4 in the supercritical region. When the flow area at the location 
of the normal shock is e~ual to Ae , the. ~ormal shock occurs at a 
Mach number Me, as previously determined. As A4 1s decreased, 
the normal shock advances toward the diffuser inlet. The critical 
A4 . ie obtained when the normal shock is at the minimum area A2' 
The Mach number at this minimum area is determined from Ae/A2' The 
critical value of A4/Ai may then be determined from equation (1); 
p 4 /Po is taken equal to the product of the total-pressure ratios 
across the oblique shock and a cross the normal shock that occurs at 

. Mach number M2' When Me is subsonic, a8 with the 700 cone, only 
the total-pressure ratio across the. oblique shock was considered. 

The preceding analysis is based on the assumption that the 
inlets are so designed that the normal sbock will pass into the 
diffuser when A4/Ai is in the supercritical region. If the normal 
shock is forced to remain ahead of the inlet, either because the 
angle of deflection at the inlet is too great or because the inter
nal . contraction ratio is too great, then Ao is less than the 
theoretically determined values bec3l.\se the flow spills around the 
entrance lip. An estimate of the conditions for which the nOl~al 
shock remains outside t~le diffuser for the inlets actually used 
sllowed that, for the straight irilet, an external bow wave would 
occur for the large-angle cones. For these cones, however, the 
inlet Mach number is sufficiently small that little advantage may 
be expected from internal contraction. With the curved inlet, on 
the other hand, an external bow wave was to be expected for nearly 
all cones and tip projections, but the angle of the entrance lip 
provides a closer approximation to the actual entrance-flow direc
tion with large-angle cones than the straight inlet. Furthermore, 
because the minimum area occurs at the inlet for most tip projections 
with this inlet, a normal shock at the entrance was desirable for 
Oi,)timum total-pressure recovery. 

Thus, the reasons for the choice of these two inlets are as 
follows: The straight inlet provided a means of testing the effect 
of internal contraction raMo for those cones for which internal 
contraotion is most beneficial (small-angle cones). The curved 
inlet, on the other hand, corresponded for most tip projections to 
a shock diffuser with no internal contraction. For. the large-angle 
cones, furthermore, the curved inlet provided a means of determining 
the advantage of providing a smooth entrance flow when the normal 
shock occurs at the inl(t. 
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Neither of the inlets was designed to allow entry of the oblique 
shocks into the diffuser. With the straight inlet, the total-flow 
contraction becomes graater than the isentropic contraction ratio 
from the free-stream Mach number to unity unless the oblique shock 
is somewhat ahead of the entrance lip. For the curved inlet, as 
previously stated, the angle of the entrance lip results in a bow 
wave 'for most cones and tip projections. 

RESULTS 

For each cone-inlet combination the total-pressure recovery 
was determined as a function of outlet-inlet area ratio for several 
tip prOjections at an angle of attack of 0°. 'l'he effect of angle of 
attack and the distribution of the pressures at the diffuser outlet 
were also determined for the configuratlons giving the highest total
pressure recoveries. The experimental results are compared with 
theoretical calpulations, and schlieren photographs of typical flow 
patterns are presented. 

Variation of total-pressure recovery with outlet area~ - The 
experimental data points are presented in figure 5 for each of the 
configurations tested; the total-pressure 'recovery P4/PO is plotted 
against outlet-inlet area ratio A4/Ai rather than against A4/AO 
because Ai is a geometrica'l constant for each inlet, whereas AO 
is an approximation. The theoretically computed variation of P4/PO 
with A4/Ai is included for comparison. The theoretical critical 
area ratio (A4/Ai)cr is given in each case by the upper limit of 
the supercritical portion of the theoretical curves. The subcritical 
theoretical lines are dashed to indicate that the assumptions used to 
calculate them are incomplete. The fact that most of the data points 
in the supercritical region fall to the right of the theoretical 
curves is to be expected because any boundary-layer build-up at the 
diffuser outlet tends to make the flow area less than the measured 
geometrical area. Any total-temperature losses in the subsonic 
portion of the diffuser would also tend to make P4/PO for a given 
A4/Ai greater than the theoretically predicted values. In the tests 
for which data points fell very close to, or to the left of, the 
theoretical curves, the normal shock remained outside the diffuser 
inlet during the entire run. Under these conditions some of the flow 
spills around the diffuser entrance lip, and consequently the actual 
AO becomes less than the theoretically calculated value. (See 
figs. 5(c), 5(e), 5(g), and 5(i).) 

In agreeme~t with theoretical predictions, the subcritical total
pressure recoveries vary with cone angle. For most of the configurations, 
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P4/PO decreases with A4/Ai in this region, which indicates that 
the subcritical flow is more complicated than assumed. This decrease 
of P4/P0, however, becomes less as the cone angle increases. With 
the 500 and 600 cones (figs. 5(g), 5(h), 5(i), and 5(j)), a high 
pressure recovery is maintained throughout the subcritical region for 
some tip projections. It should also be noted that in the vicinity 
of the maximum total-pressure recovery, P4/P0 becomes less sensitive 
to variation in A4/Ai as the cone angle increases. Schlieren 
observations showed that for the 600 cone the highest total-pressure 
recoveries were obtained with subcritical inlet flow. 

The maximum total-pressure recovery (P4/P0 = 0.922) was obtaine~ 
with the 500 cone, using the straight inlet and a tip projection of 
1.25 inches (fig. 5(g»). With the curved inlet, the best recovery 
(P4/P0 = 0.917) was obtained with the 600 cone at a tip projection of 
0.925 inch (fig. 5(j». These recoveries correspond to efficiencies 
of kinetic-energy conversion of 96.6 and 96 . 4 percent, respectively. 
These experimental efficiencies are greater than the maximum theoret
ically obtainable (95.5 percent) with a convergent-divergent diffuser 
designed to allow entry of the normal shock. The maximum experimental 
efficiency yet reported with a convergent-divergent diffuser is 
92.5 percent (P4/P0 = 0.839). (See reference 5.) The relation 
between P4/P0 and ~, . as defined in reference 1, 1s given in the 
notation of this paper by the equation 

~ = 1 
2 (3 ) 

Effect of angle of attack. - The effect of angle of attack on 
the total-pressure recoveries for the three best configurations is 
shown in figure 6. When the angle of attack was increased to 50, 
the maximum total-pressure ratio dropped from 0.922 to 0.908 for the 
500 cone with the straight inlet (fig. 6(a»). With the curved inlet, 
the maximum total-pressure ratio dropped from 0.913 to 0.863 for the 
500 cone and from 0.914 to 0.875 for the 600 cone (figs. 6(b) 
and 6(c), respectively). These results confirm those of Oswatitsch 
(reference 2), who found that the effect of angle of attack was 
small for the shock diffuser that he investigated. 

Pressure distribution at diffuser outlet. - In figure 7, the 
total-and static-pressure distribution at the inlet of the simulated 
combustion chamber is plotted for the configuration giving the maximum 
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total-pressure recovery. (See fig. 5(g).) The static-presBure dis
tribution (fig. 7(a)) is uniform. The total-pressure distribution 
plotted in figure 7(b) is therefore an indication of the velocity 
distribution at the combustion-chamber inlet. This velocity distri
bution is Been to be satisfactory for values of A4/Ai near the 
critical value. For greater values of A4/Ai, the presence of the 
outlet for the pressure tubes (fig. 2(b)) apparently disturbed the 
regularity of the flow. In the region of interest (near the 
critical A4/Ai) the presence of the central cone, its support body, 
the supporting struts, and the pressure-tube outlet had no serious 
effect on the regularity of the velocity distribution. 

Typical inlet £low patterns. - Some typical flow patterns 
observed with sc,hl1eren photographs for various cone-inlet combi
nations are shown in figure 8. Figure 8(a) is a photograph of a 
typical schlieren pattern obtained when the total contraction ratio 
was too great. There is some spillage of the flow, although A4/Ai 
is far in the supercritical region. The double image of the oblique 
shock indicates that a vibration of the shock pattern may be taking 
place. This photograph was obtained for a test using the 300 cone 
with a straight inlet, a tip projection of 1.55 inches, and an angle 
of attack of 00 . (See fig. 5(c).) The disturbances on the outside 
of ths diffuser body arise from the pressure tubes used for determining 
internal pressure distribution. These ·tubes were not used in the. tests. 

The types of flow pattern obtained in the subcritical region 
and in the supercritical region with optimum tip projections are 
shown in figures 8(b) and 8(c), respectively. The configuration 
shown is the 400 cone with the straight inlet, a tip projection of 
1.50 inches, and an angle of attack of 00 • With subcritical flow 
(fig. 8(b)) a somewhat complicated shock pattern is obtained, and 
there is some spillage of the flow around the entrance lip. The 
faint dark line parallel to the diffuser inlet is the projection of 
the bow wave and should not be interpreted as an additional shock. 
The total-pressure recovery for this condition is only slightly less 
than the maximum obtained at this tip prOjection. (See fig 5(e).) 
The supercritical flow pattern f or the same configuration is shown in 
figure 8(c). The bow wave now curves toward the inside of the dif
fuser. The narrow dark strip at the diffuser inlet again does not 
indicate an external normal shock, but is the projection of the three
dimensional bow wave. A second oblique shock appeared to ·08 re 2€) ,t 
in the field between the cone tip and the diffuser inlet. Such shocks 
probably result from boundary-layer build-up and have a beneficial 
effect on total-pressure recovery. Oswatitsch found that the maximum 
total-pressure recovery of his shock diffusers was slightly decreased 
when boundary-layer suction was employed (reference 2). 
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The flow pattern at an angle of attack of 50 is shown in f i g -
ure 8(d) for the configuration that yielded the highest total-pressure 
recovery in the present investigation. (See fig. 5(g).) Again, as 
in figure 8(b), a faint dark line, which is the projection of the bow' 
wave, appears ahead of the inlet. That a considerable portion of the 
entrance flow is subsonic may be deduced from the spillage around the 
entrance lip. A separation of the boundary layer is visible on the 
upper surface of the cone. 

The flow patterns corresponding to the best total-pressure 
recovery obtained with the 600 cone are shown in figures 8(e) and 8(f) . 
The configuration in figure 8(e) is the straight inlet with tip pro
jection of 0 c 925 inch. With the same cone but with curved inlet, the 
best recovery was obtained with the flow pattern shown in figure 8(f). 
The data for these two tests are plotted in figures 5(i) and 5(j}J 
respectively. These photographs, together with figure 8(d), show that 
the best recoveries with the 500 and 600 cones were obtained with 
subcritical flow. 

, Variation of maximum total-pressure recovery with tip projection 
and contraction ratios. - Maximum tot~l-pressure recoveries obtained 
with the straight and the curved inlet are plotted in figure 9 against 
tip projection, total cO,ntraction ratio, and internal contraction ratio 
for each of the cones tested. For the 200 cone (fig. 9(a)) the opt imum 
tip projection occurs for the straight inlet at 2. 875 inches, corre~ 
sponding to a total contraction ratio AO/A2 = 1.37 and an internal 
contraction rati~ Ae/A2 = 1.195. With the curved inlet the optimum 
point was not determinable because the minimum tip projection attain
able was 2.5 inches. The data points indicate, however, that the 
maximum P4/P0 would fall below that obtained with the straight inlet. 
An examination of the s.chlieren photographs for the straight-inlet 
tests showed that the normal shock remained outside the diffuser inlet 
for tip projections less than 2.875 inches; consequently, lower total
pressure recoveries were obtained. 

The variation of maximum P4/PO with tip projection and contrac
tion ratio is similar for ea.ch of the cones tested. The maximum 
P4(PO drops quite rapidly as the tip projection is decreased or 
increased from optimum. When Me is supersonic, the decrease in 
P4(PO with tip projections greater than optimum (Ae /A2 less than 
optimum) is to be expected, because the normal shock occurs at a 
higher Mach number as Ae/A2 decreases. For tip projections less 
than optimum the maximum P4(P0 is probably lower because the normal 
shock remains outside the diffuser entrance. With the 700 cone, 
however, Me is already subsonic, and the bow wave does not extend 
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into the subsonic region. For this cone, therefore, the reasons for 
the decrease in total-pressure recovery for tip pro ciectlons less than 
and greater than optimum are less obvious. 

The maximum P4/PO a:t optimum tip projection is greater for the 
stratght t han for the curved inlet for all except the 600 and 700 cones 
(fig . 9). For the 500 and 600 cones (figs. 9(d) and 9(e)) to'Lal
pressure recoveries above 90 percent were obtained with the straight 
and with t he curved inlet. 

ANAI ,YSIS OF RESULTS 

The maximum. total-pressure recovery throngh a series of oblique 
shocks follmred by one normal shock 'vas determined theoretically by 
Oswatitsch (reference 2) f or a range of Mach numbers from 1 to 4. 
He found that the optimum recovery through such a series of shocks 
was cbta ined when the st.atic-pressure ratio was the same across each -
shock. Theore tical r ecoveries higher than the values calculated by 
Oswatitsch are posAible with a shock diffuser employiI:g conical pro
jections. ' The isentropic compressions bet\Veen the shock and the cone 
surface and from the inlet to the minimum internal area, not considered 
by OBi-Tati tsch, tend to lmler the Mach number at which the normal shock 
takes place and hence tend to raise t~e maximum total-pressure recovery. 

In the notation of figure 1, the assumptions made by Oswatitsch 
correspond to a shock diffuser with minimum cross section at Ae and 
wi t h Me = Ml' Theoretical curves based on the assumption that Ae/A2 
is equal to the maxiL111m allowable contraction ratio for a Mach number 
of Me, according to one-dimensional-flow theory, are plotted in 
f i gures 10 and 11. Because Me is not uniform at the inlet, two 
curves were ce.lculated: The solid and dashed curves correspond to the 
assumpt i ons that Me = Me and Me = Hl, respectively. Beca use the 
average Me lies between the se two extremes, the theoretical maximum 
recoveries should l ie between the dashed and solid curves. In fig
ure 10 the theoretical recoveries are plotted against cone angle for 
various Mach numbers , The maximum theoretical recoveries are obtained 
with cone angles of about 500 f er Mach numbers greater tban 2 . 0 . In 
figure 11 the maximum recoveries from figure 10 are plotted as func
tions of free-stream Mach number. The curve obtained by Oswat itsch 
is included for comparison. 

The experiment a l maxinum total-pressure recove:ries obtained with 
each of the cones are com?ared wi t h the theo~etical maxi mum values in 
figure 12, and the intel"nal contraction rat:J,os for which the Be recov
eries were obtained are compared with the maximum theoretical contraction 
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ratios given by one-dimensional theory. For the straight inlet, the 
experimentally determined optimum contraction ratios lIe quite close 
to the theoretical curves except for that of the 30° cone, for which 
the optimum contraction ratio is considerably above the theoretical 
maximum. The reason for this excessive optimum contraction ratio is 
unknown. 

The variation of the maximum total-pressure recoveries with cone 
angle for the straight inlet is similar to the theoretical variation, 
although the data points are from 2 to 8 percent below the higher 
theoretical curve. Some of this difference may be attributed to 
total-press'ure losses in the subsonic part of the diffuser. The high 
reco~ery obtained with the 200 cone with straight inlet is probably 
due to the additional oblique shock from the entrance lip toward the 
interior. This additional shock should be especial~ valuable with 
small cone angles for which Me is still fairly large. It should be 
noted that the 300 cone, whose optimum contraction ratio is con
siderably above the theoretical value, yields a maximum total-pressure 
recovery somewhat low in comparison with the recovery obtained with 
the 200 cone. 

With the straight inlet, the 200
, 300

, and 400 cones gave maximum 
values of P4/P0 at valu~s of Ae/A2 greater than the maximum theo
retical values (fig. 12). This discrepancy cannot be explained by 
assuming an error in the approximation of Ae for these cones because 
this approximation is very close to the minimum possible value. For 
the 600 cone, on the other hand, the optimum contraction ratio is 
slightly less than' the theoretical maximum contraction ratio. With 
this particular configuration, the maximum recovery occurred with 
subcritical flow (fig. 5(i)) for which an optimum value of Ae/A2 
of 1.0 is to be expected. 

With the curved inlet the optimum contraction ratio was below 
the theoretical maximum for all· cones tested because, .for larger 
contraction ratios (smaller tip projections), the oblique shocks did 
not pass outside the entrance lip and consequently a bow wave formed 
ahead of the diffuser inlet for the reason previously stated. The 
maximum total-pressure recovery (fig. 12) was below that obtained 
with the straight inlet for all except the 600 and the 700 cones. 
Wi th these two cones, the highest recoveries were obtained with 
subsonic entrance flow for which intelnal contraction ratios less 
than 1.0 (expansions) are not harmful. (The points for th~ 200 

cone with the curved inlet should be disregarded because no optimum 
values were obtained for this configuration, fig. 9(a).) 

For the straight inlet, therefore, the condition for optimum 
tip projection is that the internal contraction ratio must be 
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. a~ ~')roximately equal to the maximum theoretical contraction ratio which 
wi ll ~:;erm1 t a normal shock at Mach I"umber Me to enter the diffuser 
inlet For the curved inlet, the cond:i. tion is that the oblique shocl. 
must ~ass just outslde the entrance lip. The extent to which t bese con
ditions apply may be seen from the following table: 

,Tip projec- : Experimental 

i Inlet 
.Minimum tip tion for I tip projec-

Cone :projection ; maximum I tion for 
(deg) 

I 

I ~for external : theoretical: maximum 
I iobliq~e ShOCk

j
Ae/A2 P4/PO 

, . (In. ) ,(Me = Ml) (in. ) 
I (in. ) 

20 !straigh~ 1.66 2.94 2.87S 
30 I_--do--": 1.52 1.99 1.80 
4 ~- ---do-- J 1.28 1.52 1.50 
50 ---do--J 1.08 1. 22 1.25 
60 

I 
---do--- .88 .98 1.175 

, 
INot 20 I Curved 1.50 1.80- determined 

30 ---do--- 1.38 1.14 1.55 
40 ---do---' 1.16 .93 1.25 
50 ---do---; .98 .81 1.125 , 
60 I---do--- .80 .65 .925 

I 

Because for tbe conf1~urations witlJ the straight inlet the oblique 
shock was outside before the maximum theoretical internal contraction 
was reacl1ed; only the contraction-ratio condition is significant. 

The optimum tip :;=lrojection was determined for the curved inlet 
by the condition that the oblique shock must paos outside tl1e entrance 
lip. The lower total -:'1ressure recoveries obtained wi'vh the curved 
inlet for the 200 , 300 , 400 , and 500 cones are probably due to the 
limitation in internal contraction ratio imposed by the oblique-shock 
condi tion. There is no reason to suppose t ~lat these recoveries could 
not be raised to values obtained .wi th the straight i n l.et by altering 
the geometry of the curved inlet to give optimum internal contraction 
while an external obl1qu.e shock is maintained. Inasmuch as the total
pressure recoveries for the 600 and toe 700 cones were g:ceater for the 
curved than for the straiGht in1.et, a smooth turning of tbe flow may 
be of some advantage, at any rate for subsonic entrance flow . . 
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SUMMARY OF RESULTS 

An investigatlon in tbe Cleveland 18- by 18-inch supersonic tunnel 
of the total-pressure recovery obtainable with shock diffusers that 
have single-sbock projecting cones gave the following results: 

. 1. The maximum total-prossure recovery was obtained with a 500 

cono in combination with a straight inlet. At an angle of attack of 
00 , an outlet total pressure of 92.2 porcent of the free-stream value 
was attained with this configuration. At an angle of attack of 50, 
this value was reduced to 90.8 percent of the free-stream value . 
These total-pressure rocoveries correspond to efficiencies of kinetic
energy conversion of 96.6 and 95.6 percent, resgectively . Several 
other configurations at an angle of attack of' a yielded total
pressure recoveries greater t han 90 ~ercant (efficiencies greater than 
95.5 percent). (The maximum theoret i cal total-pressure recovery for 
a convergent-divergent diffuser is 89 percent, whereas the maximum 
experimental recovery thus far attained is 83.9 percent (efficiency, 
92.5 precent).) 

·2. These maximum recoveries were obtained with subsonic entrance . 
flow and high recoveries were maintained throughout the subcritical 
region with the 500 and 600 cones. 

3. An optimum tip projection was found for each cone- i nlet com
bination tested. With oxternal oblique shocks, this optimum tip 
projection occurred when the internal contraction ratio was approxi
mately equal to the maximum theoretical contraction rati o allowable 
to permit entry of a normal shock at the entrance Mach number. 

4. The variation of maximum total-pressure recovery with cone 
angle was found to be in approximate agreement with theoretical 
predictions. 

Flight Proplusion Rosearch Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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(a) Supercritica( flow with tip 
projection less than opti
mum: 30° cone; straight 
in let; L, 1.55 inches; 
A4 /A 'i' 1.336; P4 /PO' 0.495; 

angle of attack, 0°. 

Figs. Sa,b,c 

(b) Subcritical flow with opti
mum tip projection: 400 

< 

cone; straight inlet; L, 
1.50 inches; A4/Ai' 0.705 

P4/PO' 0.900; angle of 

attack, 0°. 

NACA 
C·17176 
11·8· 46 

(c) Supercritical flow with op
timum tip projection: 40° 
cone; straight inlet; L, 
1.50 inches; A4/Ai' 1.410; 

P 41 PO' O. 500; an 9 leo f 

attac k, 00 • 

Figure 8. - Schlieren photographs of typical flow patterns. 
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(f) Subcritical flow with high 
total-pressure recovery: 60° 
cone; curved inlet; L,O.925 
inch; A4/Ai' 0.760; P4 /P O' 

0.893; angle of attack, 0°. 

Figure 8. - Concluded. 
flow patterns. 

Schl ieren photographs of typical 



NATIONAL ADVISORY 
Inlet COMMITTEE FOR AERONAUTICS 

OCurved 
OStratght 

.90 

I ~ ) r\. 
~ 

>< 
." 
E .86 I '" I 

! 
b 0 ~ o 

p.. 

'-
~ 

p.. 

:» 
~ 
II) 

> 
o 
o 

" ~ 
II) 

~ 
;j 
Ul 
III 
41 
f.., 
P
I 
rl 
~ ... 
o ..., 
g 
E ... 
)< .. 
::Ii 

I 

~ 
~ 

.82 

~ r-n 

\ 
.78 

.74 :'\ 
1\ 

'0 

.70 
2.5 2.9 3.3 

Tip project10n, L, in. 

(a) 200 cone. 

[b 

I 
. 

~ 

--'--- -------
.8 1.2 1.6 .8 

Total contraction ratio, AO/A2 

h 

'n 

r/ 
b 

/ 
V 

j 

/ 
0 

1.0 1.2 
Internal co~tractlon 

ratio, Ae/A2 

Figure 9.- VarIation of maxImum total-pressure recove~y with tip projection, total 
contractIon ratio, and internal contraction ratio. 

z 
> n 
> 
A) 

~ 

z 
o 

m 
0\ 
~ 

"-l ..... 

" 
CD 

10 
~ 

0) 

> 



" ~ 
0 

Po 
......... .. 
Po 

t' 
(II 

> 
0 
u 
~ 
r.-
eal r.-
=' I/) 

III 
1.1 
r.. 
f 
r1 
CIS 

.f,) 

0 
.f,) 

~ ..... 
K 
til 

:IE 

Inlet 

o Curved 
OStra1ght 

.90 

.86 
( -" A I\. 

'P ~) \ I 

.82 

cf j ~ b 

0" 
v . \ 

.78 \ 
\ 

\ 

\ 
.74 

.70 
. 1 - . 

T1p projection, L, In. 

(b) 30° cone. 

I ~ R I 

f C/ 

7 ~ 
I 

I 11 

V 
-

I 

- -
Total contr~ction 

rat! 0, AO/A2 

_ _ A 

NATIONAL ADVISORY 
COfIIItITTEE FOR AERONAUTICS 

R J "\ 
j ~/ 

7 d~ I~ 

I \ 
I 
I 

d 

Internal coqtractton 
ratio, Ae/A2 

Figure 9.- Continued. Variati on of maxImum total-pre'ssure recovery with tlp 
proj~ction, total contraction ratio, and Internal contract1on ratio. 

I 

,., 
<0 

\() 

cr 

z 
» 
() 

» 
;0 

~ 

z 
o 

rn 
(]\ 

A 
~ 
-.J 



r 

x 
~ , 

0 .,., 
~ .,., 

.. 
~ 
~ 
III 
> 
0 
v 
CII 
s.. 
QI 
s.. 
::1 
en 

• • s.. 
D-
I ,.... 
«I 
4> 
0 
4> 

§ 
E ..... 
~ 
CIS 

::IE 

.9 

Inlet 

o Curved 

A C Straight ~ .9 n 
V i\ ~ 

.8 6 / '1 '\ \ 
II If \ 

.8 
II ~ 2 

tV \ 
.7 8 \ 

'" 

.7 4 

.7 0 
1.0 1.4 1.8 

Tip projection, L, In. 

(e) 40c cone. 

f \ 
( II \ 

i~ 

I 
~ 

0 

I 
v -

.8 1.2 1.6 
Tota~ contraction ratio, 

Ao/A2 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

R 

oj, f\ 
{ ~ 
~ \ \ 

}, \ 
~ 

1 
~ 

.6 1.0 1.4 
Internal co~tractlon 

ratto, Ae/AZ 

Figure 9.- Continued. Variation of maxlm~~ total-pressure recovery with tip 
projection, total contraction ~atl0, and internal contractl~n ratio. 

I 
1 

I 

, 
I 

z 
l> 
n 
l> 

:;t) 

~ 

z 
o 

tTl 
01 
7' 
~ ....., 

TI 

<0 

>0 
n 



1-

= J! -0 
~ 

"-• ~ 

. 
t-
tl 
> 
0 
C) 

G) 

'-
tI 
'-:3 .. 
• 
" '-r-

r-4 .. .. 
0 .. 
g 
a ... 
~ .. 
::E 

.94 

... 

.90 V\ /' ~ 
/ '\ [I 

J 1\ 
I 

.86 
( / \ -] 1\ 

.82 / 
b 

J' 

Inlet 
.78 

o Curved 
o StraIght 

.74 

.70 
1.0 1.2 1.4 .8 

Tip projectIon, L, tn. 

(d) 50° cone. 

r 

~ / 
7 ~ 
? Ib 1\ . I 

'V .. 
c \ 

b 

-

---

1.2 1.6 
Total contraction 

ratIo, AO/A2 

... 

J V\ 
II 1\· \ 
I~ \ i ~ 

/ \ 
& \ 

b 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

------

.7 ,9 1.1 1.3 
Internal contractIon ratto, Ae/A2 

Figure 9.- Contlmted. Variation of maxi!llU1!l tot.al-pressure recovery with tip 
projection, total contraction ratio, and Internal contractIon ratio. 

./ 

'T1 

<0 

'" a. 

z 
» 
() 

» 
;:0 

~ 

z 
o 

m 
0-
~ 

r-v 
-.J 



.94 
NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

~ 

" 
11\ p-H J ~ - V\ I 

1 
\ 

1\ / ! \ \ 
\ If \ 

.90 

p..0 
'- .8 6 / '\ \ / or\. 

V / \, \ d 1\ \ Q..~ 

~ 
J,. .. 
> o 
() 

~ ... 
G) 

~ 
U) 
U) 

~ 
J,. 

f' 
r4 
C\l 
+> 
o ... 
~ e 

..-4 
x 
C\l :a 

.8 ~ 2 

/ 
III 

Inlet 
.7 8 

o Curved 
o Stra1.ght 

.7 4 

'c .7 
, " , " .. 8 • v£.. 

Tip projectton, L, In. 

(e) 600 cone. 

<'> 

c b 

~ 

b 

-

" 
Total contraction 

ratio, AO/A2 

.. A 

c 

\ 
) 

' \ 
) 

- - - -.2 
Internal contraction ratio, AelA2 

Figure 9.- Continued. Variation or maximum total-p~essure reeovery with tip projection, 
total contraction ratio, and internal contraction ratlo. 

:z 
~ 
n 
~ 

:;0 
~ 

:z 
o 

m 
0\ 
~ 
~ 
...... 

"TI 

co 

10 

" 



Inlet 

o Curved 
o Straight 

.90 

>< 
~ .86 

o 
p.. 

"".,. 
p.. 

I>-> .82 
J.. 
OJ 
> 
<J 
o 
OJ 
f., 

~ .78 
:l 
1/1 
1/1 
«> 
f., 

f' 
r-4 

~ .74 
o .., 
§ 
!i 
I< 

'" 
V ) ~ 

f f 
/ V 

~J 
I I 

as .70 
;:E .. 4 .8 1. 2 

Tip projection, L, in. 

(f) 700 cone. 

'" 

\ ~ 

\ ~ 
\ 

1\ 
:\ ~ ) 

( b 
. 

.8 1.2 1.6 
Total contractIon ratto, 

AoIA2 

.6 

NATIONAL ADVISORY 
COMMITTEE fOR AERONAUTICS 

r 
u 

It I 

~ ~ 

\ 
~ ~ 

\ 
It> \ 

1.0 1.4 
Internal co~tractton 

ra tio, Ael A2 

Figure 9.- Concluded. Variation of maximum total-pressure recovery with tip 
projection, total contraction ratio, and internal contraction ratio. 

" 
<D 

\0 
-1> 

z 
» 
n 
» 
;:0 
3:: 

z 
o 

m 
0'\ 
=" 
"-"l 
-.J 



NACA RM No. E6K27 F j g. 10 

~ 

I -0 
c.. 

~ c.. -.. 
~ 

'" 01 
=-G 
C,) 
01 ... 
01 

~ .. .. 
" ... a-
I 

.-4 
III 
~ 
0 ., 

i 
.-4 
~ 

i 

NATIONAL ADVISORY 
COMMITTEE 'OR AERONAUTICS 

Ae/A2 = (Ae/A2)max for Me = 

-----Ae/A2 = (Ae/A2 )max for Me ::. 

Free stre m 
Mach nu,r:nhi Ir 

No 

1.0 1.4 

-21- 0 -1--- 1-- - --. --- - -- -. . 
2.5 - -- --- - - - t"" --.8 

~ 
...... ...-:- t"::-::-~-- - -

~ 3 -.0 ... ... 
~ 

_ ... 
, .6 

I-- -- --- - -- 1--- - t---
;., .0 - -

--::-::-- -- - - - - ~- - ~ - ::-~ 4.0 ~ 

.4 

6.0 - - - - - - -.2 

o 
28 36 44 52 60 68 

Cone angle, 290, deg 

P1gure 10.- Variation ot ~ximum theoretical total-pressure 
recovery ot single-ahock dittuser w1th cone angle tor 
various Mach number •• 

Mc 

Ml 

76 



Fig. I I NACA RM NO. E6K27 

to< 

I -0 
~ 

"'-
"" Q.,. 

.. 
~ 
~ 
CI 
> 
0 
() 

CI 
~ 

CD 

9 
(II 

I/) 

CI 
~ 
1::1. 
I 

M .., 
+l 
0 ..., 
§ 
S ..... 
>< 
ce 
:II! 

1.0 

.9 

.8 

.7 

.6 

.5 

.4 

.~ 

.2 
1.0 

.. -,;::: 

, 

Ae/A2 = (Ae/A2)max for Me = Me 

,'" - - - Ae /A2 = (Ae /A2 )max for Me = M1 

" ~ ---Me = M1; Ae = A2 (referenee 2) .. 
" '\ 
\\ i\ 

\ ~~ NATIONAL ADVISORY 

\ 
COMMITTEE FOR AERONAUTICS 

, \ \ 
\ \ r\ ' \ , 

'\ , 
\ 

\ '\ \, \ 

" \ ~ 
. , 

\ \\ \ . 
, \\ 
\ . \ l\ , \\ \ , 

\ \\ \ 

\ 
\ 

~\ \ , 
\ \~ .. 

~ \1\ 

'\ 
'" ~ 

~ 
~ '" 

1.8 2.6 3.4 5.0 
Free-stream Mach number, 

Figure 11.- Variation of maximum theoretical total-pressure 
recovery of single-shock diffuser with Mach number for 
several assumptions. 



NACA RM No. E6K27 

N 
'< ...... '-: 
ct! Q) 
+>< 

Co~ 
o+> ..... . 
+>e>. 
U :J s.. 
"'Ecu s.. ..... :> 
+>><0 
C '" U 
OEQ! 
U s.. 

s.. 
...... Ot/ 
lISe... r.. 
c: =' s..01.O 
Q.I ..... III 
+>+>Q) 
s: I'd s.. 
Hf.,o.. 

1..2 rr 
t--_ 

1.0 0 

.8 0 

B 

4 ~ 

t' .9 0 
Ijr''' t> 

> 
o 
o 
Il 
f., 

t/ 
s.. 
::l 
III 
II) 

~ 
s.. 
?' 
r-' .. ... 
o 

+> 

.8 6 

.8 2 

~ 

B 
20 

0 

-- t--_ 
"7-r--

0 

~ 
L...---

.. .. .. 
'" " " 

... 
0 

28 

:: i g. 12 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

! 

--- -- .... - - r---r--- -----0- --- ---- --- -- -C 

0 

0 

L---~ 
-...... 

['-." 
---1---1"'-- " 

~ --- , .... ...... ~ 
;' 

'~ .. 
P\. ., 

0 
p 

" I ~ 

"" I> 
..a 

C 

Inlet 
0 Straight 
0 Curved ~ 

Theoretical: Me = Me 
-- - --Theoretical: Me = M~ 

36 .tl4 52 60 68 
Cone angle, 29c ' deg 

F18ure 12.- Variation of ma~imum theoretical and exper1mental total
pressure recovery and internal contraction ratio .tth cone angle. 

NACA - Langley FIeld , Vo . 

, 


