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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

SUMMARY OF SUBSONIC-DIFFUSER DATA

By John R. Henry, Charles C. Wood,
and Stafford W. Wilbur

SUMMARY

The subsonic-diffuser data available in the literature are reviewed,
reduced to certain appropriate performance coefficients, and presented as
functions of the significant geometric and flow variables. The presenta-
tion is divided into the following parts: performance at low speeds
(inlet Mach numbers of approximately 0.20), the effects of increasing the
inlet speed up to choking Mach numbers, 1llustrations of the effectiveness
of boundary-layer controls, and illustrations of the effects of distorted
inlet velocity distributions as obtained at subsonic speeds with spoilers
upstream from the inlet and as obtained from compression shocks in super-
sonic inlets. An analysis based on typical supersonic-inlet data indi-
cates total-pressure losses chargeable to shock—boundary-layer interac-
tion, and original data on a 5° converging-diverging conical diffuser
illustrates these effects on the flow development throughout the diffuser.

INTRODUCTION

In recent years, the successful design of aircraft ducting has
become essential in order to realize the desired aircraft performance.
This situation is the result of the transfer of the propulsion systems
for military alrcraft from the propeller to the air-breathing jet, which
requires internal air flow measurable in tons per minute. The thrust
and general operation of the jet propulsion system are directly dependent
on the duct pressure recoveries and flow characteristics.

One critical component of aircraft duct systems is the subsonic
diffuser. The adverse pressure gradient attendant on subsonic diffusion
promotes a rapid growth of the boundary layer, leading to various degrees
of flow distortion, pressure pulsation, total-pressure loss, and flow
instability if flow separation takes place. Subsonic diffusers are
required between the supersonic inlet and the engine face, between the
compressor and the combustor, and between the turbine and the afterburner.
Thus, satisfactory subsonic-diffuser performance becomes a necessity for
suitable engine performance.

GREIRSERED
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The state of the knowledge of boundary-layer growth in adverse pres-
sure gradients does not approach that required to derive diffuser design
information; therefore, designers must rely on empirical data. The pur-
pose of this paper is to sumarize in a concise and useful form the best
subsonic-diffuser data available with a view toward its use by duct
designers and analysts of duct-system performance. Data at low inlet
speeds (essentially incompressible) will be reviewed and summarized.
Although several such reviews are available in the literature (see refs. 1
to 3), the data have never been fully exploited with a view toward current
needs. In addition, the effects on diffuser performance of increasing the
inlet Mach number up to the choking condition, the effectiveness of
boundary-layer controls, and the effects on performance of shock—
boundary-layer interaction will be covered as extensively as available
data permit.

As is the case for any presentation of knowledge which uses empirical
correlations as a basis, a given set of duct design conditions generally
will not coincide exactly with any set of data presented herein. This
situation will prevent the accurate prediction of performance and the
accurate choice of an optimum configuration. The object of the presenta-
tion necessarily is limited to illustrating the effects of the principal
variables for the less complex contfigurations. The designer must use the
illustrations as a guide in designing specific configurations for specific
conditions and in estimating the performance of the resulting design.
Refined designs and performance figures still must be obtained by experi-
ment in many cases.

SYMBOLS

a rectangular-duct cross-sectional width (see fig. 22(c))
b rectangular-duct cross-sectional height (see fig. 22(c))
b vortex-generator span
c vortex-generator chord

i e AH/q
f friction factor see ref. 1

> 4(L/D) ( )

n exponent in boundary-layer equation, (y/S)l/n = u/U
P absolute static pressure
Py absolute static pressure from wall static-orifice measurements

"~
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dynamic pressure, %pu2
compressible dynamic pressure, H - p

mass-weighted dynamic pressures corresponding to q and q,,
respectively

radial distance to a point in a duct cross section

spacing between adjacent vortex generators, measured on the
duct inner surface at the 1/k-chord point

local velocity

average velocity over a duct cross section

horizontal and vertical distances from duct wall, respectively

duct cross-sectional area

ratic of diffuser exit area to inlet area
duct diameter

absolute stagnation pressure

effective total pressure, defined as mass-momentum total
pressure in reference 4

absolute stagnation pressure at reference station

mass-weighted stagnation pressure

AH/q

diffuser loss factor,

duct length along axis
Mach number

Mach number at inlet reference station for the choked flow
condition

one-dimensional, compressible pressure gradient (fig. 16(a))
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20

20,

20,
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radial distance to duct wall at a given station
one-half the inlet gap for an annular-diffuser inlet
ratio of suction or injection quantity to total flow, percent

Reynolds number based on hydraulic diameter

maximum velocity in a velocity profile at a given duct station

angle of attack of a vortex generator measured with respect to
the duct center line

ratio of gpecific heat at constant pressure to specific heat at
constant volume

boundary-layer thickness to the point of maximum velocity

two-dimensional, incompressible displacement thickness of

1
boundary layer, §Rt =f ( - %)dl%
1-(8/R)

diffuser effectiveness
difference between values of a given parameter at two different
duct stations or at two points at a given station, used as a

prefix for another symbol

three-dimensional, imcompressible displacement area,

% oo -390

three-dimensional, compressible displacement area,

o " _ oWy
¥ Jo e €206

total diffuser expansion angle

equivalent conical-diffuser expansion angle (included wall angle
of a cone of the same length and inlet and exit areas)

diffuser expansion angle (included angle between walls)

CONERBEDE"
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.

e
o 20¢¢ diffuser expansion angle (included wall angle of a cone circum-
. scribed about a rectangular diffuser)
-
: 8 two-dimensional, incompressible momentum thickness of the
1
6 u u\g r
boundary layer; = = f _< - —)d r
o 3 three-dimensional, incompressible momentum aresa;
o) 1
3 _ u u\4(r\2
o =il - =)d{=
6 c3 three- dlmen31onaJ. , compressible momentum area;
2 st -5
[1-(6/R)]2 DzU U/ \R
p mass density
' P mass density at the edge of the boundary layer
A primed quantity indicates a one-dimensional value consistent with
continuity, the existing static pressure, and stagnation temperature.
. Subscripts:
a diffuser
f friction
3 i inner wall
I injection boundary-layer control
’ o outer wall
s shock location or suction boundary-layer control
s5+V suction boundary-layer control with a vane installation
tp tailpipe
P sb shock-—boundary-layer interaction

Y

*
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Subscripts for subsonic-diffuser stations (see fig. 21(d)):

1 inlet

2 exit

2a slightly downstream of exit (also see fig. 30)

3 1.07 tailpipe diameters downstream of inlet, annular diffuser
L 2.09 tailpipe diameters downstream of inlet, annular diffuser

(also see fig. 30(d))

Subscripts for supersonic-inlet configuration (see fig. 35):

0 free-stream conditions

1 upstream of cowl 1lip

la upstream of normal shock

2 downstream of normal shock or subsonic-diffuser iniet
3 subsonic-diffuser exit

w oblique shock-wave angle

[ cowl lip angle

s spike angle

SELECTION OF SIGNIFICANT VARIABLES

In order to prepare a summary of diffuser performance data, the
geometric and flow variables which are most appropriate for use as inde-
pendent variables in presenting the performance had to be determined and
defined. 1In addition, the most desirable diffuser performance parameters
had to be selected from the many variations available in the literature.
In both cases, the quantities had to be determinable from the information
available in the majority of reports.

Independent variables may be broken down into two general groups,
geometric and flow. With regard to the former, the general configuration
of the diffuser is significant; however, no parameter has been devised
which represents an expression of the many possible diffuser shapes. Each
general class of configurations is considered individually herein. Area

ERBRIEEE
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ratio and expansion angle are the other geometric variables used. In the
case of a straight-walled conical diffuser, the expansion angle 20 is
defined as the included wall angle, and as such is a prime factor governing
the diffuser pressure gradient. The application of the concept of expan-
sion angle to other configurations will be discussed in later sections.

Independent flow parameters used to define inlet conditions include
boundary-layer displacement thickness and shape factor, Reynolds number,
and Mach number. Displacement thickness is used as an index to the pro-
portion of total flow occupied by the boundary layer at the inlet station
and is defined as follows:

. 1
%—ll i u[-(s/R) (l i %)d %

The two-dimensional definition is used because of its prevalence in the
literature and because it is as satisfactory as a three-dimensional
definition for the purposes intended. In the case of an annular cross
section, the average displacement thickness of the inner and outer walls
is referenced to one-half the gap width. For diffusers in which only
two walls diverge the average inlet displacement thickness is refer-
enced to one-half the distance between the two diverging walls at the
inlet. For simplicity in all cases the inlet boundary-layer displacement
thickness is identified by the same notation, S*l/Rl, even though the

definition varies according to the configuration. The inlet boundary-
layer shape factor is defined as

&%1/01

where

1
gl = J“ L&( - E)d 1

The value of shape factor is indicative of the amount of pressure gradient
which the boundary layer may experience prior to reaching a condition
where separation is imminent. (See ref. 5.) Reynolds number is based on
the duct diameter; however, a Reynolds number based on boundary-layer
thickness may be obtained through use of the values for the inlet boundary-
layer parameters. Mach number at the inlet is used as an index to speed

Wiirgmmap,
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effects on diffuser performance. In most available data the true com-
pressibility or Mach number effects on performance cannot be separated
from Reynolds number effects because increasing inlet speeds produce
both higher Reynolds and higher Mach numbers.

The independent parameters selected cover roughly all significant
paremeters used in boundary-layer theory, (See refs. 6 and 7.) The
parameters 20, AR, 8*1/R1, and 5*1/91 may be combined to produce
the ideal one-dimensional value of

which is indicative of the average pressure gradient throughout the
diffuser and, therefore, is the counterpart of the local pressure gra-

dient % %% used in boundary-layer theory. The foregoing comparison

is not intended to imply that the average pressure gradient is necessarily
a correlating or governing parameter.

There are many significant variables which are not covered in detail
because of the lack of suitable data. Such variables are flow obstruc-
tions, surface roughness, configuration of downstream ducting, flow
asymetry at the inlet, turbulence, and so forth. In addition, some data
avallable in the literature were not included herein either because
sufficient data were not available to illustrate a trend over a range of
values for some parameters, or because all pertinent test conditions were
not defined. For instance, the former reason applies to certain odd
configurations for which only one or two data points were available.

The performance quantities or dependent variables of most interest to
designers and analysts are total-pressure loss and exit flow distribution.
The total-pressure logs is directly related to the drag of the system, and
the exit flow distribution affects critically the operation of duct units
or power-plant components located downstream of the diffuser. A third
performance quantity of interest because of its ease of measurement and
because of its relation to the former two quantities is the static-pressure
rise. The static-pressure rise reflects the ability of the diffuser to
accomplish its purpose, which is to convert kinetic energy into pressure
energy.

Previous investigators (see refs. 8 to 10) have shown that for a
given expansion angle and fixed inlet conditions the total-pressure loss
of a diffuser is proportional to the theoretical, incompressible value of
total-pressure loss for a sudden expansion of the same area ratio. The
corresponding proportionality constant, referred to herein as the loss
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factor, is defined as follows:

(0 - B)/e

R

where the denominator is the sudden-expansion loss and the total pressures
are average values. When other variables are fixed, the loss factor K

is approximately constant over wide ranges of area ratio. Therefore, the
loss factor K will be used as the total-pressure-loss parameter because
it eliminates one variable.

K

Several methods of averaging or weighting total pressures for non-
uniform flows are prevalent in the literature, and in many cases the dif-
ferences between the results obtained by the several methods are not
negligible. Wyatt (ref. 4) presents an analysis of errors introduced by
several weighting methods. The analysis indicates that in order to evalu-
ate various flow parameters by using one-dimensional relations the total
pressures from surveys at a given duct station should be converted into
an effective total pressure (referred to as mass-momentum method in
ref. 4). The effective total pressure corresponds to a value which
would be obtained by mixing the flow in a frictionless duct until the
distribution becomes uniform. The calculation procedure inherently
includes total-pressure losses due to mixing. Thus, the use of effective.
total pressure to determine loss values charges mixing losses to the
ducting where the flow nonuniformity originates. This appears to be a
more reasovnable accounting procedure than that for mass- or volume-
weighted total pressure, where the downstream ducting is charged with
the mixing losses.

A large portion of the total -pressure-loss data presented herein is
based on measurements made at the point of maximum static pressure in the
tailpipe downstream of the diffuser. Thus, the total-pressure losses
correspond to the effective total pressure previously discussed except
that friction losses in the tailpipe are included. The friction losses
are normally of less magnitude than the data scatter. Some of the loss
data are based on mass-weighted total pressures and some on "mass-derived"
total pressures. The latter is a calculated value which is consistent
with continuity, the existing static pressure, and the stagnation tem-
perature. Thus, a mass-derived total pressure charges the entire excess
dynamic pressure associated with a nonuniform velocity distribution as a
leoss and is the most pessimistic value of the several common types in use.

In order to obtain some numerical values illustrating the differences
between the various averaging procedures, the methods presented by Wyatt
(ref. 4) were used to calculate mass-weighted, mass-derived, and effective

UNEIASSIEALD
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total pressures for a number of assumed velocity distributions and Mach
numbers. The calculations were performed for the case of two-dimensional
flow with power-profile boundary layers meeting on the duct center line.
The results of the calculations are summarized in the following table in
terms of the difference between the mass-weighted and mass-derived total
pressures and the difference between the effective and mass-derived total
pressures. The differences are nondimensionalized by dividing by the one-
dimensional or mass-derived, compressible, dynamic pressure. The differ-
ence between the mass-weighted and effective values may be obtained by
simple subtraction of corresponding values for the two coefficients given.

M' = 0.2 M' = 0.5 M' = 0.7
o*
0 -0 | Be-H | .8 | Be -0 | §_5 | H -8
% Q' %’ %L’ 9’ qc’
1.29 0.0k 0.03 0.05 0.03 0.05 0.03
1.40 .07 .05 .09 .06 .10 .06
1.67 17 .12 .20 .13 .22 .12
1.80 .23 .16 27 .17 .29 .16
2.60 .72 48 81 L6 —— ——
3.00 1.03 .66 1.15 .61 —— ————

The values in the table show that differences between the various
welighting and averaging methods for boundary-layer shape factors corre-
sponding to incipient separation (6*/9 2 1.8) are of the same order as
diffuser loss coefficlents. For this reason, the methods used in
obtaining a mean total pressure become important. For cases where the
boundary layer does not extend to the duct center line, the values given
in the table would be reduced accordingly.

Three performance values related to the exit flow distribution will
be presented because each has 1ts own particular merits. The quantities

Tepfde,'
are the exit dynamic-pressure distortion

A* qcl/q'cl'
area 7;?, and the exit velocity distribution. The dynamic-pressure

, the exit displacement

distortion is a quantity which may be measured or may be calculated from
measurements of the static-pressure rise and total-pressure loss. The
exlt displacement area is of interest to designers because it indicates
the relationship between geometric area and effective area. The actual

CONFIDEN
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velocity distribution is the information required to give all the details

of the flow distribution necessary for matching the diffuser performance
to the requirements of a downstream unit.

The static-pressure-rise quantity will be given in terms of the
diffuser effectiveness, which is defined as the actual rise in pressure
energy divided by the ideal reduction in kinetic energy. The incom-
pressible expression for the effectiveness is as follows:

Ap Ay
Poup dA - Py dA
0 = 0 0

(1)
"o San
Eu
Alp 3 P —3 0 2 1

In equation (1) the ideal reduction in kinetic energy is defined as the
difference between what is available at the inlet and what would be
available at the exit 1f the diffuser produced the same kinetic-energy
distribution at the exit as that entering the inlet. The assumption
regarding the type of ideal exit kinetic-energy distribution is based
on the practical consideration that the diffuser should not be required
to produce an exit velocity distribution which is superior to that
entering the inlet. Using the definition of effectiveness of equa-
tion (1), it appears possible that in certain instances the effective-
ness may reach values in excess of 100 percent, particularly for low-
angle diffusers with separated flow entering the inlet.

If the dynamic-pressure quantities are defined as

\
wda

and
A,
=2
equation (1) becomes, for no radial gradient in static pressure,

WWMED
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Po - P1 Pp - P1
— =
_ — /A2 -1
‘11<l - —q2,> a4 i
2
4 AR

The latter expression is the ratio of the actual static-pressure rise to
the ideal static-pressure rise as determined from the mean dynamic pres-
sure at the inlet and the area rativ. For compressible flow, the ideal
static-pressure rise can be determined from the mean compressible
dynamic pressure at the inlet EZI, the irflet static pressure p;, and

'f]:

the area ratio, if the flow is assumed to be isentropic. The calculation
can be performed by using any of the several published compressible-flow
tables.

Three of the performance parameters previously discussed may be
related through use of Bernoulli's equation, as follows:

@ - () - e )

which converts to

Tep %, N
.
K = (l _ T])AR + 1 _ qcl/ Cl (2)
AR -1 (AR - 1)2

Through use of equation (2) any one of the three parameters may be
determined, provided the other two are known.

METHODS OF PERFORMANCE MEASUREMENT

The review of the literature and previous experience indicate that
certain methods for making the performance measurements are most satis-
factory. The inlet measurements required consist of the upstream static
pressure pl, a reference total pressure HRef’ and total-pressure sur-

veys at the inlet station. The inlet static pressure can be measured

most accurately and efficiently by wall static-pressure orifices in a
longitudinal location where negligible transverse static-pressure gradients
exist. Stream static-pressure surveys are difficult to make, subject to

\f@g@aﬁs}tfﬁg ‘




NACA RM L56F05 CAURTRBSIAED 13

error in proximity to the wall, sensitive to tube misalinement, and
unnecessary for irrotational flow. The longitudinal location of the
wall static orifices, station 1, should be far enough upstream from
the start of the geometric expansion to be free from regions of local
acceleration in the viecinity of the change in wall slope at the inlet
and should be close enough to the start of the geometric expansion to
eliminate unnecessary penalties to static-pressure rise due to inlet
ducting friction loss. (See fig. 1). The optimum location varies
with the design, but it appears to range from a value of l/h to 1
hydraulic diameters upstream from the break in wall slope at the inlet.

Since total-pressure surveys should be made at only one station at
a time, a correlating parameter, such as Pl/HRef’ is required. The

reference total-pressure tube should be fixed and located, if possible,
in a plenum chamber or large duct upstream from the inlet. The effect
of the reference total-pressure tube on the diffuser flow must be
negligible. In addition to the reference total-pressure measurement,
upstream total-pressure surveys are required at station 1 in order to
determine the diffuser total-pressure loss and also the inlet boundary-
layer parameters.

Downstream total-pressure surveys are required at two locations for
satisfactory accuracy. Diffuser-exit velocity distributions are generally
desired at the end of the geometric area expansion, and total-pressure-
recovery measurements should be taken at a location which corresponds to
a minimun of veloclity distortion. The velocity surveys at the diffuser
exit will be in error because of difficulties associated with measuring
in a region of high velocity gradient (see refs. 11 to 15). However, the
measurements are necessary to indicate the character of the exit velocity
distribution. The total-pressure-recovery measurements should be located
in a tallpipe at a downstream location where the velocity distribution has
become reasonsbly uniform. This location may be as much as 6 diameters
downstream from the diffuser exlt, depending on the diffuser design and
flow conditions. An alternative procedure is to locate a venturi about
3 hydraulic diameters downstream of the diffuser exit and to measure the
total-pressure recovery in the throat. In most cases, the added friction
loss of the tailpipe is negligible compared with errors introduced by
attempting to measure recovery near the diffuser exit.

RESULTS

All the data presented in figures 1 to 32 correspond to favorsble
inlet boundary-layer distributions such as would be obtained in turbulent

flow with negligible longitudinal pressure gradlent unless otherwise
noted.

e c—
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Total-Pressure-Loss Factor

Conical diffusers.- Total-pressure-~loss data in terms of the loss

factor K for conical diffusers tested by Gibson (refs. 8 and 9) and
Peters (ref. 10) are given in figure 2 as a function of expansion angle.
A logarithmic scale was used for expansion angle in order to increase
the spacing at the lower expansion angles, which are of most interest.
The figure presents two types of loss factors: K, the total or measured
quantity indicated by the curves faired through data symbols (which are
identified in table I), and K¢, the calculated friction-loss factor

which was determined by using the expression noted in the figure. The
friction-loss-factor expression resulted from an integration of the
differential form of the expression for friction loss in a straight pipe
as given in reference 1. The expression noted in figure 2 assumes that
friction losses in a differential length of the conical diffuser can be
estimated by using the straight-pipe expression. This assumption 1s only
approximate because as the flow proceeds through the diffuser the boundary
layer becomes distorted, producing a reduction in the skin-friction coef-
ficient (see ref. 7). However, approximate values are sufficient for this
analysis.

As the expansion angle approaches zero, the total-loss factor
approaches the value for the friction-loss factor because the rate of
diffusion becomes negligible. At intermediate expansion angles, on the
order of 5° to 10°, Ky may be about one-half of the total K. The

variation of loss factor with changes in expansion angle, as described,
results in the well-known fact that for conical diffusers an optimum
expansion angle exists in the range of 5° to 8° which produces the least
total-pressure loss for a glven area ratio.

Peters' investigation covered a wide range of inlet boundary-layer
thicknesses for an area ratio of 2.34 waile Gibson's data cover a wide
range of area ratios at one inlet boundary-layer thickness (8*1/Rl = 0.01).

For both sets of data, the total-pressure-loss factor is based on measure-
ments 1in the tailpipe at the point of greatest static-pressure recovery,
which corresponds to a velocity distribution approximating fully developed
pipe flow. Therefore, the data should correspond to effective total pres-
sures previously discussed and should be fully comparable. The left ends
of all the data curves were faired in such a way that at very low angles
the total K would become equal to Kg.

For expansion angles between 10° and 20°, a range of interest for
practical application, the data curves for area ratiocs of 2.25, 4,00, and
9.00 for a a*l/Rl of 0.01 (Gibson) tend to coincide, illustrating the

lack of dependence of the loss factor K on area ratio. For expansion
angles less than 10° the friction component of the loss becomes substan-
tial, as 1s indicated by the calculated friction curves. The friction-loss

R Gl
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factor is definitely a function of area ratio, as indicated by the
expression noted in the figure. In order to estimate the loss factor
for low-angle diffusers with area ratios other than those corresponding
to the data, it is suggested that the value from the data curves be
corrected for the difference in friction-loss factor due to the change
in area ratio. For instance, for a 4° diffuser with an area ratio of
4.0 and a B*l/Rl of 0.029, the estimated loss factor is obtained as

follows:
K = 0.27 - (0.14 - 0.09) = 0.22

In the range of expansion angles corresponding to the lowest loss
factors the inlet boundary-layer thickness has a substantial effect on
the value of loss factor. As the expansion angle is increased beyond
20° separation becomes the controlling factor and inlet boundary-layer
thickness becomes irrelevant. Diffusers with expansion angles greater
than 50° produce loss coefficients greater than that for a sudden expan-
sion (K of 1.0).

Peters' data are compared with more recent data taken at higher
inlet Reynolds numbers (refs. 13, 16, and 17; see table I) in figure 3.
The loss factors for the diffusers with area ratio of 2.0, which were
tested at the highest Reynolds numbers, all agree well with Peters' data
except for two low points. This result may be circumstantial, however;
the loss coefficlients for the diffusers with area ratio of 2.0 are known
to be low (see ref. 13) since the pressure recoveries were measured at
the diffuser exlts in large velocity gradients and since the total pres-
sures are mass-welghted instead of effective values. Squire's data
(ref. 16) for diffusers with Ag of 4.0, which appear to be higher than

Peters' data and were taken at 2% times the Reynolds number, are probably

more accurgte than the data for diffusers with AR of 2.0 because the

measurements were taken 1 diameter downstream of the diffuser exit. It
appears possible that the loss coefficient does increase with Reynolds
number as indicated by boundary-layer theory (ref. 7); however, sufficient
data are not avalilable to substantiate this point.

Figures 2 and 3 show that Peters' data have a certain degree of uni-
form variation with respect to change in inlet boundary-layer thickness.

The curves are very similar in shape, which suggests that the loss factor
can be broken down into the product of two functions as follows:

K = p(20)y (a*l/Rl)

pRCFHESwED.
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This process was accomplished, and the two functions are plotted in
figure 4. The function of expansion angle, ®(20) = Kpes, was determined

by assuming that Kg.y 1is approximately equal to the maximum value of K
at any given expansion angle in figure 3. The empirical relation, which

fits the data closely, shows that Kp. e 1s a function of (28)1'50.

Above values of 28 of 20° the relationship does not hold, probably
because the extensive flow separation in such diffusers produces a radi-
cal change in flow pattern. For values of 20 below about 8°, the data
points diverge appreciably from the empirical relationship, indicating
that the laws of friction loss are becoming predominant.

The boundary-layer function w(&*l/Rl> = K Kger was evaluated

directly from the measured values of K and the previously determined
values of Kpoy. The results are plotted in figure 4 for values of

expansion angle between approximately 8° and 20°. All the data of
figure % within this angle range are included although, as previously
noted, the data for the diffusers with an AR of 2.0 are known to be

low. The function of 5*1/R1 appears to be linear with S*l/Rl and
of high slope up to a value of S*I/Rl of 0.04. At this point, the

curve breaks and assumes a much reduced slope. The sharp break in the
curve can probably be associated with & change in flow pattern brought
about by the filling of the diffuser cross section with boundary layer.
The fact that K/KRef appears to be approaching a value of 1.0 at the

maximum possible value of &%y /R) suggests that K 1s equal to Kges
for fully developed pipe flow at the inlet.

Rectangular and square diffusers.- Figures 5(a), (b), and (c) con-
tain loss data on square and rectangular diffusers. In figure 5(a),
equivalent conical expansion angle (defined as the included angle between
the walls of a cone of the same length and inlet and exit areas) is used
as the independent variable. The purpose of using the equivalent cone
angle is to obtain an angle which is indicative of the same longitudinal
pressure gradient that the conical diffuser has. It 1is apparent that
the data do not correlate with the conical-diffuser curve and that other
factors besides longitudinal pressure gradient must be significant.

Figure 5(b) contains the same data as figure 5(a) except that the
included wall angle is used as the independent variable. The correlation
with the conical-diffuser curve is satisfactory except for the square-
diffuser data and Young and Green's data for rectangular diffusers with
an AR of 4.0 (ref. 18; see table I). The Young and Green data are

higher than the other diffuser data because the exit total pressure was
calculated from the static pressure and mass flow. This procedure
charges the nonuniformity in the exit total-pressure distribution against
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the loss coefficient, which is inconsistent with the other data. The
degree of success obtained by using included wall angle as a correlating
parameter suggests that the actual maximum change in flow direction from
the mean direction is important in determining the loss factor.

Data for several designs of shaped diffusers developed by Gibson
(refs. 8 and 9) are also included in figure 5(b) to show the adventage of
special wall shapes in reducing losses, especilally at expansion angles
greater than about 18°. A crude statement of the apparent philosophy
behind these designs 1s that for short diffusers the rate of area
increase should be small at first in order to obtain the maximum pres-
sure rise possible prior to boundary-layer separation. After separation,
the area 1s increased at a high rate compatible with the shortness of the
diffuser. Such a design undoubtedly produces highly distorted exit
velocity distributions; however, the distributions may or may not be
worse than those for any other wall shape.

The independent variable used in figure 5(c) is the included wall
angle of a cone circumscribed about the diffuser. Use of the
circumscribed-cone angle represents an extension of the thought that
performance is a function of the angle of the maximum change in flow
direction, which occurs in the corners of the diffuser. The circum-
scribed cone correlates the square-diffuser data well, further substan-

tiating the conclusion relative to the importance of the change in flow
direction.

Annular diffusers.- The measured loss factors for annular diffusers
are compared with conical-diffuser data in figure 6(a). The data are
plotted against included wall angle where possible. In the case of
expanding inner and outer walls the included wall angle becomes con-
verging; therefore, equivalent conical angles were used in this case,
The annular diffuser data of figure 6(a) do not correlate with the
conical-diffuser data, apparently because of the differences in friction
losses between annular and conical diffusers. The calculated friction
losses included in the figure show that for the annular diffusers with
lower angles the losses are almost entirely friction.

In order to obtain a correlation, the calculated friction losses
were subtracted from the measured losses to produce a loss factor Kgq

which is chargeable to diffusion only. The results given in figure 6(b)
show good correlation with the conical data except for the AR of

1.91 data, which are known to be low because the downstream total pres-
sure was measured in a highly distorted velocity distribution. The
correlation appears to be valid for engineering approximations.

-
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Diffuser Effectiveness

Conical diffusers.- In accordance with equation 2 and in order to
obtain values of the same order of magnitude as the loss factor, the
data on diffuser effectiveness will be presented in terms of loss in
effectiveness 1 - 7. Conical-diffuser data from several sources and
corresponding to several area ratios are presented in figure 7. No data
correlation is indicated by the presentation. The data for similar values
of ®*%;/R; and Ap agree well except for a few isolated points for an

Ag of 2.0. The data indicate that 1 - 7 1s not independent of area
ratio.

The dependence of 1 - n on Ag 1s illustrated in figure 8 for both
thin (&%1/R; = 0.006) and thick (8%1/R; = 0.082) inlet boundary layers.
The curve for an area ratio of 2.34 and B*l/Rl of 0.006 is an extrapola-
tion of Peters' data (ref. 10) based partially on the data for AR of
2.0. The curves indicate that AR hes a large effect on 1 - n for

thin boundary layers, corresponding to the following approximate
proportion:

1 - T‘INARl'6

The thick-boundary-layer curves were calculated by using the exit velocity-
distribution data of reference 15 and the assumption that the data of ref-

erence 15 correspond to Peters' loss-factor results, which the loss-factor

discussion indicates to be a valld assumption. The curve for an A of

2.3 is Peters' data. The thick-boundary-layer curves indicate that 1 - y
is almost independent of Ap. The extreme difference in the dependence of

1l -n on AR for the two boundary-layer conditions also may result from

the flow phenomena produced by the fact that the boundary layer fills the
diffuser in one case and does not fill it in the other case. The curves
of figure 8 emphasize the need to consider all pertinent conditions in
predicting or comparing diffuser performances.

Peters' data are presented as a product of two functions in figure 9
in a manner parallel to the loss-factor presentation of figure 4. The
function of 26 represents a curve of the maximum values of 1 - y
occurring at any expansion angle as determined from cross plots of fig-
ure 7. Maximum values occur at an inlet boundary-layer thickness of
approximately 0.056. The function of 20 is linear with 26 1in con-
trast to the power function for the K factor. Owing to the nature of
the 20 function, the function of 6*1/R1 reaches a value of 1.0 at
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S*l/Rl of 0.056 and then decreases slightly with further thickening of

the boundary layer. This result indicates that for a given diffuser
expansion angle the exit veloclty distribution must improve slightly

with further thickening of the inlet boundary layer after the condition

of complete filling of the diffuser with boundary layer is attained,
because the loss factor continues to increase in this region. The
correlations apply to expansion angles ranging fram 5° to 200 for reasons
discussed in connection with the K correlation. In addition, the corre-
lations apply to an area ratio of 2.3k only, because of the dependence of
1l -7m on AR.

Rectangular diffusers.- Rectangular-diffuser data from several

sources are presented in figure 10. Some of the data are plotted against
both equivalent conical angle and included wall angle. It is apparent
that the included wall angle is a better correlating parameter, which is
in agreement wilth the analysis of the loss-factor data. The data indi-
cate that area ratioc has a substantial influence for rectangular
diffusers also.

All the data of figure 10 are presented in figure 11 as a function
of included wall angle, which considerably reduces the data spread due
to the area-ratio variation at 8*1/Rl of 0.008. The data spread was

further reduced by dividing 1 - n by the arbltrary factor ARO'2, as
indicated by figure 12. The correlating factor AgC'? indicates much

less dependence of 1 - 1 on Ag for rectangular diffusers than for
conical diffusers at a*l/Rl of 0.006 (fig. 8). A power of 1.6 would

have been required for the latter case. Judging from the variation in
the dependence of 1 - n on AR for conical diffusers, the correlation

of figure 12 cannot be relied on to apply to thick boundary layers.

Annular diffusers.- Date on annular diffusers are summarized in

figure 13, where included wall angle is the independent parameter used
except for the one case noted. All the data plotted, except those at

low expansion angles, fall below the conical-diffuser data for comparable
boundary-layer thicknesses. Apparently, annular diffusers produce some-
what more static-pressure rise than conical diffusers under the same flow
conditions.

The data for Ar of 1.75 (plotted in fig. 13 against equivalent

cone angle) appear not to correlate well either in magnitude or trend.
These two points, however, are the only ones which have friction compo-
nents significantly different from the conical diffuser of the same
angle, a situation resulting from the use of equivalent cone angle. If
the friction component of 1 - n were subtracted from the measured
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values, the dats for these two diffusers would correlate; however, the
correlation of the other data would not be improved.

Recovery of Diffuser Effectiveness in Tailpipe

Peters (ref. 10) measured static-pressure rise in the tailpipe;
these measurements are summarized in figure 1l4. The left-hand plot
presents the maximum gain in effectiveness in the tailpipe refer-
enced to the loss in effectiveness in the diffuser proper as a
function of expansion angle. Since the static-pressure rise in the
tailpipe is entirely due to the velocity distribution becoming more
uniform through natural mixing, the coefficient plotted is a measure
of the amount of loss in diffuser effectiveness which 1s recoverable
(as opposed to that irreversibly lost due to total-pressure losses).
The curves have been failred to zero at expansion angles estimated from
figures 7 and 13 to correspond to a minimum value of 1 - n. This
point has been interpreted as corresponding approximately to a fully
developed pipe-flow distribution at the diffuser exit; such a distribu-
tion is stable and would recover no further statlic pressure. The data
indicate that as much as 63 percent of the loss in diffuser effective-
ness is recoverable in the tailpipe for S*l/Rl of 0.058.

The right-hand side of figure 14 gives the tailpipe lengths required
to recover the maximum amount of effectiveness. Six diameters of tail-
pipe are required for S*I/Rl of 0.058 for conical diffusers.

The data of figure 14 have been converted into terms of overall loss
in effectiveness for conical-diffuser—tailpipe combinations and are pre-
sented in figure 15. Since the optimum tallpipe length corresponds
approximately to the point where fully developed pipe flow is obtained at
the tailpipe exit (ref. 10), the net loss in effectiveness reaches a mini-
mum at an expansion angle corresponding to the minimum loss coefficient.
This fact may be substantiated by comparing figures 2 and 15. The table
included in figure 15 shows that the overall expansion angles of the
diffuser-tailpipe combinations aetp fall within the range of 2° to 4°

for all conditions, which corresponds to the angle range for diffusers
alone for least loss in effectiveness (fig. 7). This result can be
stated in other terms: for optimum tailpipe lengths and a given inlet
boundary-layer thickness, the overall length of diffuser-tailpipe combi-
nations remains approximately constant over wide ranges of values of
diffuser angle (26)4.

Inlet Speed Effects

Inlet speed effects will be presented in terms of inlet Mach num- -
ber M;; however, the presentation should not be interpreted as implying




NACA RM L56FO5 UNoIASRTTYED 21

that the indicated effects are entirely due to Mach number or compressi-
bility. Increasing the inlet Mach number also increases the inlet
Reynolds number, which produces certaln characteristic effects. For
instance, increasing the Reynolds number decreases the friction coeffi-
cient and, therefore, the friction components of total-pressure loss and
loss in effectiveness. In addition, reference 7 indicates that the loss
in kinetic energy per unit length, normal to the direction of flow in the
boundary layer, is a function of Reynolds number. The latter effect
probably explains in part the phenomena in which the separation point in
a diffuser travels upstream with increasing inlet speed.

Compressiblility effect on ideal pressure gradient.- Boundary-layer
theory (ref. 7) indicates that one of the prime factors which influence
the rate of boundary-layer growth (and therefore diffuser performance)
is the longitudinal pressure gradient. Mach number increases raise the
longitudinal pressure gradient as a result of a compressibility effect
predictable from one-dimensional relations. Naumann discussed this effect
in 1942 in reference 19. Additional discussion of the same subject may be
found in reference 20. The change in the isentropic one-dimensional eam-
pressible dynamic pressure per unit dynamic pressure for a given change in
area increases as the Mach number increases and approaches infinity as the
Mech number approaches 1.0 as follows:

%4, e

Fg = a.a(AJAL)

AR %(M‘? - 1)

The preceding equation is plotted in figure 16(a) for several inlet
Mach numbers over a range of area ratio from 1.0 to 3.0. The pressure
gradient at the various Mach numbers used is referenced to the pressure
gradient at a Mach number of 0.2. The curves show that the large effects
are confined to small area ratlos, indicating that the diffuser flow
should be affected principally in a region near the inlet. The ideal
pressure-gradlient change may be only one of several important compressi-
bility effects. Phenomens pertaining to the transverse pressure gradients
and associated influences on the rate of boundary-layer growth may be an
example. More research is needed to evaluate fully the importance of com-
pressibility relative to diffuser performance and design.

The expression illustrated in figure 16(a) was used to modify the
design of an 8° conical diffuser with 3 to 1 area ratio to obtain a design
for an inlet Mach number of 0.8. It was assumed that the 8° conical dif-
fuser operated satisfactorily at an inlet Mach number of 0.2. It was
assumed further that a modified diffuser design which procduced the same

ideal pressure gradients at an inlet Mach number of 0.8 as those of the
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conital diffuser at an inlet Mach number of 0.2 would operate satisfac-
torily. The latter assumption, as previously discussed, 1ls somewhat
questionable; however, it was desired to obtain an idea of the effects
on configuration which are indicated by changes in the ideal pressure
gradient.

The resulting design is compared with the original 8° diffuser in
figure 16(b). The increase in pressure gradient obtained by raising the
inlet Mach number from 0.2 to 0.8 was nullified by decreasing the expan-
sion angles by amounts ranging from about 4.5° near the inlet to 0.08°
near the exit. Thus, the diffuser length was increased about 15 percent.
The resulting diffuser shape suggests that increasing the inlet Mach num-
ber requires making the wall shape such that the radius of curvature of
the wall increases gradually from the inlet to the exit and also requires
reducing the overall expansion angle.

Loss coefficient - conical diffusers.- Data on diffuser performance

over a range of inlet Mach numbers are avallable in the literature from
several sources. The total-pressure-recovery measurements for the coni-
cal and annular diffusers were made in regions where velocity-distribution
distortions existed, which introduced some inaccuracies. In addition, the
change in performsnce with increasing inlet Mach number or the slope of
the data curves is the important factor, which requires data of higher
than normal accuracy. Because of these circumstances, the data figures to
be presented will be useful only in obtaining orders of magnitude.

Data on conical diffusers for inlet boundary-layer thicknesses 5*1/Rl

ranging between 0.003 to 0.006 are presented in figure 16(a) as the ratio
of the loss coefficient at a particular Mach number to the loss coefficient
for an inlet Mach number of 0.2. Values of choking Mach number, which are
indicated in figures 17 to 19, are defined as the maximum value of average
Mach number cobtained at the inlet measuring station. The average Mach
number 1s a value consistent with continuity and the existing static pres-
sure and stagnation temperature. The 10° and 12° diffusers produced an
average rate of increase in loss coefficient of 11 percent per unit change
in Mach number up to Mach numbers of 0.73. Further increases in inlet
speed produced various high rates of loss-coefficient increase which
depended on local changes in flow pattern caused by local shock-wave for-
mations. The data for the 23° diffuser indicate a rapid rate of increase
in loss coefficient over the entire range of M;. Considerable asymmetri-

cal flow, flow separation, and flow unsteadiness existed in the diffuser.

Conical-diffuser data for thicker inlet boundary layers (S*l/Rl of

0.017 to 0.030) are presented in figure 17(b). Increasing the thickness
of the inlet boundary layer by a factor of 5 or 6 produced higher rates
of increase of loss coefficient for the 10° and 12° diffusers and lower
choking Mach numbers. One of the 12° diffusers produced an average rate
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of increase in loss coefficient as high as 56 percent up to a Mach number
of 0.6. The 250 diffuser still produced the most severe performance
losses although the rate of increase in AH/q was somewhat lower than
for the thinner-boundary-layer case (fig. 17(a)).

Loss coefficient - rectangular diffusers.- Rectangular-diffuser data
are presented in figure 17(c). Very little variation in the rate of loss-
coefficient increase is indicated up to inlet Mach numbers of 0.6 for the
several diffuser expansion angles tested. The three largest expansion
angles produced various degrees of flow separation and unsteadiness. The
average rate of increase in the loss coefficient was about 26 percent per
unit Mach number up to inlet Mach numbers of 0.6. As noted previously,
the rectangular-diffuser loss coefficient presented in reference 18 is
not exactly comparable with other data presented herein because it
includes a penalty due to the flow distortion at the exit.

Loss coefficient - annular diffusers.- The data of figure 17(4)

emphasize the effect of Reynolds number on the friction component of the
loss coefficient. For the two low-angle diffusers, the loss coefficient
elther remained constant or decreased very slightly with increasing inlet
Mach number. This result could only be produced by a decreasing friction
coefficient. The curve with the highest positive slope indicates an aver-
age rate of increase in loss coefficient of 48 percent per unit Mach number
up to a Mach number of 0.8 even though this diffuser had a ratio of fric-
tion loss to total loss of about 70 percent. The rate of increase, how-
ever, could be drastically reduced by refairing the curve within the data
scatter.

Effectliveness loss - conical diffusers.- Data for conical diffusers
with very thin inlet boundary layers (s*l/Rl from 0.003 to 0.006) are

given in figure 18(a). The diffusers with an area ratio of 2.0 produced

a wide dispersion in the results, the two diffusers in which separation
was prevalent corresponding to very high rates of increase in the effec-
tiveness loss. The two diffusers with no separation produced decreases

in the loss in effectiveness over most of the Mach number range. The
diffusers with an area ratio of 4.0, all of which had low expansion angles,
produced a uniform grouping of data corresponding to an average rate of
increase in 1 - vy of 20 percent per unit Mach number.

Figure 18(b) presents similar data for much thicker inlet boundary
layers, S*l/Rl of 0.017 to 0.030. An average rate of increase of about

55 percent up to a Mach number of 0.7 was obtained. The data represent
a wide variety of conditions relative to flow separation.

Figure 18(c) presents data from reference 20 comparing the charac-
teristics of a straight-wall conical diffuser with those of a curved-wall
diffuser. The expansion angle of the curved-wall diffuser increased
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gradually from the inlet toward the middle and then decreased to a lower
value toward the exit, resulting in an average expansion angle of 10.5°.
The maximum local expansion angle was 13.5°. The straight-wall diffuser
had an expansion angle of 8° over the entire length except for a faired
region near the inlet, which resulted in an average angle of 7.25°. The
data show that the curved-wall diffuser exhibited a definite superiority
for all boundary-layer conditions. However, for the two thickest
boundary layers, the advantage of the lower rate of increase of 1 - 7
of the curved-wall diffuser is eliminated by the higher value of 1 - g
at a Mach number of 0.2 (see fig. 7). In general, the data show that
the rate of increase In 1 - n becomes higher with increasing thickness
of inlet boundary layer.

Effectiveness loss- rectangular diffusers.- The rectangular-diffuser
data of figure 18(d) group closely for a wide range of expansion angles
and indicate an average rate of increase in 1 - 1 of 27 percent per
unit Mach number up to a Mach number of 0.6.

Effectiveness loss - annular diffusers.- The data of figure 18(e)

show a favorable Reynolds number effect due to a decreasing friction

loss for three of the diffusers, as in the case of the loss-coefficient
data. A comparison of the data with figure 17(d) shows that the diffuser
which indicated the high rate of increase in loss coefficient is not the
same as the one with the high rate of increase in effectiveness loss.
However, as in figure 17(d), the high rates of loss in performance could
be reduced drastically by refairing the curve within the data scatter.

Choking Mach number.- Typical values of choking Mach number for

diffuser flow are given in figure 19 as a function of the inlet boundary-
layer displacement thickness. From such date maximum mass-flow capacities
may be estimated. The mean choking Mach number plotted was in all cases
measured at a reference station a short distance upstream of the diffuser
inlet (0.4 to 1.0 diameters) where there was no transverse static-pressure
gradient. Extensive pressure surveys near the inlet of a 12° conical
diffuser by Little and Wilbur (unpublished) showed that when the diffuser
reached the choking condition, the point of choke occurred near the end of
the inlet ducting or near the start of the geometric expansion. The Mach
number outside the boundary layer was slightly supersonic. These results
indicate that the actual mean choking Mach number probably depends very
little on the diffuser geometry but is primarily a function of inlet
boundary-layer thickness. The exception to this statement is the case
where the diffuser configuration includes a flow obstruction (such as a
blunt inner body) which sets up a transverse static-pressure gradient at
the inlet.

By using the concept of choking Mach number described in the last
paragraph, an equation (noted in fig. 19) was derived expressing choking
Mach number as a function of 6*1/R1. The equation was derived on the
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assumption that the Mach number outside the boundary layer is unity for
the choking condition. Such an assumption would apply only to thin-
boundary-layer cases because the stream Mach number would become appre-
ciably supersonic for thick cases. The plot of this equation indicates
that all the data correspond to somewhat lower Mach numbers, with one
exception. The exception at B*I/Rl of 0.006 may be in error since no

measurements of 5*1/Rl were provided in reference 19 and therefore the

value had to be estimated. The actual data should fall below the calcu-
lated curve by about the amount shown by the failred curve since the
measuring stations were upstream from the actual point of choke.

Exit Flow Distributions

Currently, one of the most critical items with regard to diffuser
performance 1s the exit veloeity distribution delivered by the diffuser.
This item has become critical because power-plant components, such as
compressors and combustion chambers, cannot function properly without a
relatively high degree of uniformity of flow distribution.

Acceptable limits on the velocity-distribution distortion are
difficult to fix rigidly and vary with the application. For turbojet
engines, the distortion at the compressor inlet is generally expressed
in terms of total pressure, and limits have been quoted ranging anywhere
from 2 to 20 percent variation in total pressure. In order to convert
distortion limits in terms of total pressure into limits on the varia-
tion of velocity, the mean Mach number must be specified as indicated
by figure 20.

The curves of figure 20 were calculated by assuming that the distor-
tion was equally distributed above and below the mean total pressure and
that the static pressure was uniform. Since the Mach number at the com-
pressor inlet of turbojet engines is about 0.6, the maximum variation of
the velocity would be about 5 percent for a 2-percent distortion in total
pressure and about 13 percent for a 5-percent distortion. Assuming a
Mach number of 1.0 at the subsonic-diffusér inlet, the theoretical area
ratio for this condition is about 1.2. The same distortion limits for a
Mach number of about 0.3 (ram-jet operation) would be 16 percent and
37 percent variation in u/U, with a maximum theoretical area ratio of
about 2.0. From the preceding discussion, it is obvious that no general
statement can be made as to what constitutes a satisfactory velocity
distribution, and no attempt to do so will be made herein.

Conical diffusers.- The effects of diffuser expansion angle, inlet
boundary-layer thickness, and area ratio on exit velocity distribution
are illustrated in figure 21(a) for thin inlet boundary-layers corre-
sponding to values of a*l/Rl of 0.003 to 0.026 and for M; values in
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the range from 0.2 to 0.45. Increasing values of all three variables pro-
duced increased distortions within the ranges covered by the data. The
curve for the 12° diffuser at &*;[R; of 0.006 does not fit well with the

other data because the inlet boundary layer was somewhat distorted in
shape, which resulted in a lower than normal performance. For diffusers
with an area ratio of 2.0, expansion angles in excess of 12° probably
would produce separated flow. The net effects of expansion angle, inlet
boundary-layer thickness, and area ratio on the velocity distribution are

shown more directly by the plots of u/U at the top of figure 21(a). The

mean veloclity ratio u?U was obtained by integrating the velocity diagrams
in the lower half of the figure. Effects which produce more distorted
velocity distributions result in lower values of ufU.

A similar type of data presentation for a thick inlet boundary layer
(8% /Ry of 0.082) is given in figure 21(b) for a value of M, of 0.45.
/41 1

The data were obtained by surveys at various positions in diffusers with
an area ratio of 16; however, the results should be indicative of indi-
vidual diffuser performances.

The data correspond to the condition where the boundary layer fills
the duct at the inlet. For this case, increasing the area ratio produced
progressively better velocity distributions within the range of the data,
an effect which is directly opposite to that for thin inlet boundary
layers. For values of expansion angle of 4°, 5°, and 6° essentially
pipe-flow distributions were obtained at the higher values of area ratio.
This result 1s indicated at the top of the figure by the curves which
approach a mean velocity ratio value of 0.82, which corresponds to a pipe-
flow distribution for a 1/7-power profile.

Rectangular diffusers.- Data for rectangular diffusers with a thin
inlet boundary layer (8*1/Rl of 0.02) are given in figure 21(c)) in terms

of velocity distributions along the horizontal center line (b) and along a
vertical line (a) through the peak velocity point. Reference 18 states
that a high degree of flow asymmetry and instability existed for the three
higher expansion angles, while the two lowest ones produced stable flow.
The distribution for 26 of 15.8° does not show separated flow; however,
separation may have existed intermittently at some location within the
diffuser. 1In addition, the separation indicated for 20 of 10.6° must
have been minor in nature. For the type of diffuser illustrated, the data
and observations of reference 18 show that expansion angles in excess of
10° may produce flow separation and instabllity.
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Annular diffusers.- Data on annular diffusers with a cylindrical

outer wall are given in figure 21(d) for a thick inlet boundary layer
(5*1/R1 of 0.078). The velocity distributions at the diffuser exits

(station 2) show separated flow for all but the 16.7° diffuser, which had
highly distorted flow and also may have had local regions of separation.
The measurements at the tailpipe station (station 3), which was located
1.07 outer diameters from the diffuser inlet, show greatly improved dis-
tributions obtained from natural mixing in the tailpipe, the 34° diffuser
corresponding to the most uniform profile. The roughly elliptical shape
of the inner bodies for the 26° and 34° diffusers may have influenced the
performance beneficially. The data results furnish an example of the sub-
stantial advantage of a short length of constant-area duct at the diffuser
exit.

Inlet speed effects.- As previously discussed, the effect on diffuser
performance of increasing the inlet speed is adverse in all respects
except for the cases where the expansion angle is so low that wall fric-
tion produces a substantial part of the total pressure loss. These
general statements also apply to exit velocity distributions.

Data for conical diffusers with an area ratio of 2.0 and thin inlet
boundary layers are given in figures 22(a) and 22(b). Adverse effects of
increasing the inlet Mach number are shown to various degrees. In cases

where the flow 1s separated the data may be expected to be optimistic and
less accurate.

Data on rectangular diffusers with & thin inlet boundary layer are
given in figures 22(c) and (d). The curves do not show a definitive

effect due to inlet speed; however, reference 18 makes it clear that the
effect is adverse.

Exit displacement area.- The character of the diffuser exit velocity

distribution 1s not completely defined by limits on either the total pres-
sure or the velocity distortion. Parameters which define a velocity dis-
tribution more accurately are displacement area and the boundary-lasyer
shape parameter (the ratio of displacement area to momentum area). Both
parameters are required to estimate the character of the distribution in
the absence of actual data points. Since both quantities represent values
integrated across the station, rather than point values in the flow, more
uniform variation with changes in independent variables is to be expected.
The following discussion will indicate that the behavior of these quanti-
ties can be mapped successfully for conical diffusers. Sufficient data do
not exist for a map of other types of diffusers.
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The three-dimensional exit displacement area A#z/Ae is presented

in figure 23 as a function of expansion angle. All measurements were
made at the diffuser exit except those corresponding to an area ratio
of 4.0 and S*I/Rl of 0.006, which were taken 1 diameter downstream in

the tallpipe. The exit displacement area for this case would be higher
than those shown. Figure 23 gives the immediate impression that thin
and thick boundary layers produce two unrelated families of curves; how-
ever, close inspection indicates that extrapolation through use of cross
plots of both sets of data to obtain curves for an area ratio of 2.0 and
S*I/Rl of 0.082 might produce a curve common to both families.

Increasing area ratio is noted again to produce opposite effects for thin
and thick boundary layers. The exit displacement area is useful in esti-
mating the area ratio required for a given diffuser application, since 1t
can be added to a value determined from one-dimensional relations to
determine the actual geometric exit area required to produce a given
maximum velocity.

i,

The same A#E/AQ data are given in figure 24 as a function of the

ratio of diffuser length to inlet diameter. Figure 25 shows that a
single value of this independent parameter is determined by any combina-
tion of 20 and Agr. The purpose of using the parameter was to deter-~

mine whether AR could be eliminated as a variable. The curves of fig- :
ure 24 for the thick inlet boundary layer (A#l/Al of 0.136) show that
there is a lack of dependence of A#Q/AQ on area ratio for values of

L/Dl in excess of about 17. Values of L/Dl below 17 produce individual
curves for each value of AR which, at L/Dl of zero, approach a value
corresponding to a simple function of AR and A#l/Al. This function was
derived on the assumption that for a diffuser of zero length the displace-

ment area at station 2 is equal to that at station 1 plus the geometric 2
area difference between stations 1 and 2. The values of A#z/AQ for the

thick-boundary-layer case become approximately constant for values of L/Dl

in excess of 28, The constant value corresponds approximately to a fully
developed pipe-flow distribution. If sufficient data were available, it
would probably show that a curve for any area ratio and inlet boundary-
layer thickness would approach the same constant value of A#z/hz as %/Dl

increases, and the exit velocity distribution would approach that for pipe
flow.

Exit mean dynamic pressure.- Since the loss factor K minus a term

containing the loss in effectiveness 1 - 7 can be expressed as a func-

tion of the exit mean dynamic pressure (see eq. (2)), it is of interest to -
examine the behavior of the same conical-diffuser data in terms of this
parameter. Figures 26(a) and 26(b) present the data as a function of 2g -
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and L/Dl, respectively, in a fashion similar to that for the displace-
ment area. Peters' data (ref. 10), which were calculated by using
equation (2), are included for a thick and thin inlet boundary layer.
Figures 26(a) and 26(b) show that the exit mean dynamic pressure behaves
in much the same manner as the displacement area, and the same general
comments may be applied to both.

Exit three-dimensional shape factor.- The conical-diffuser data are
presented in terms of exit three-dimensionsal shape factor (A#/93)2 in

figure 26(c). The trends of the curves are the same as those for the
exit displacement area and mean dynamic pressure. The table at the top
of the figure notes two- and three-dimensional values of shape factor
generally regarded as indicating limits on important ranges of values
(ref. 5). The range of &%/0 between 1.286 and 1.80 is identified with
attached flow, between 1.80 and 2.60 with either attached or separated
flow, and beyond 2.60 with separated flow. The actual data points agree
with this concept with two possible exceptions, the 10C diffusers for
area ratios of 5.8 and 7.8. Although figure 21(b) shows these two pro-
files to be attached, the shape factors are in the range which should
correspond to separated flow. It may be significant that reference 15
states that small regions of separated flow may have existed near the
upstream end of the 10° diffuser. Of the data given in figure 26(c) no
separated-flow profile produced a value for (Aﬁ/e3)2 of less than

2.5(5*2/92 = 2.1). The plot at the top of the figure was constructed

from the flow-steadiness observations of reference 21 for a very thin
boundary layer and a low inlet Mach number. Assuming that unsteady flow
corresponds to separated flow, the plot is not in disagreement with the
comparable data for conical diffusers. The relationship between maximum
expansion angle for stable flow and area ratioc probably would be altered
by changes in inlet boundary-layer thickness or Mach number.

Boundary-Layer Control

The principal difficulty in almost all diffuser design requirements
is that of obtaining the performance of a long, low-expansion-angle
diffuser by using a short, high-angle diffuser since there is rarely
sufficient space available for the optimum design. Boundary-layer-control
devices are used frequently to improve the performance of short diffusers
as well as to improve the performance of designs which do not operate
satisfactorily for some reason not anticipated in the design stage.
Because of the many additional variables introduced by boundary-layer
control, few investigations are comprehensive enough to furnish design
and performance data; therefore, the presentation will be in the nature
of illustrations of improvements obtainable by use of boundary-layer

controls.
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The common forms of boundary-layer control may be grouped into
three categories, as follows:

(a) Removal of low-energy air by suction, diverters, and so forth

(b) Reenergization of the boundary-layer air by injection of high-
energy air, or by turbulence promoters or mixers such as vortex generators

(c) Reduction in energy dissipated in the boundary layer by altera-
tion of the basic diffuser flow pattern through use of splitter or turning
vanes, screens, and so forth

Fach device has its own particular merits, and the proper choice is con-
tingent on the individual requirements of each particular design.

Conical diffusers.- Examples of reductions in the loss in effec-

tiveness obtainable with vortex generators and with suction are given
in figure 27 for conical diffusers. For diffusers with expansion angles
of 109, 20°, and 30°, an area ratio of 5.2 and S*l/Rl of 0.007, curves

with and without vortex-generator installations are given from refer-
ence 22. The generators were tapered airfoils designed to approximate
constant circulation spanwise in the boundary layer and were NACA

641 -812 airfoil sections. The table on the left-hand side of the figure

furnishes informstion on the generator installations. Considerable
improvement in the static-pressure rise was obtained for all three of the
expansion angles tested, 10°, 20°, and 30°; however, in no case was
separation eliminated. The separation point (as indicated by tufts) was
moved downstream from the 8-percent length station to the 90-percent
station by the use of the generators in the 10° diffuser. The installa-
tions were considered to be optimum. A series of points at 20 of 23°
is given (ref. 23) for several inlet boundary-layer thicknesses, with
and without vortex-generator installations. The area ratio of the
diffuser was 2.0 and the generators (see table on right side of figure)
were rectangular NACA 0012 airfoils. Very large improvements were
obtained for all boundary-layer conditions. The diffuser flow with no
control exhibited separated and highly unsteady flow. The separation
and unsteadiness were eliminated by the vortex-generator installations,
which were considered to be approximately optimum.

Data curves with and without suction control for diffusers with Ag
of 4.0 and S*l/Rl of 0.006 (ref. 24) are given, as well as points at
20 of 30° for several values of 6*1/Rl. Suction slots were cut in the

diffuser wall at optimum locations. The wall consisted of a cardboard cone
supported by wire screen. Values of static-pressure rise were obtained by
using wall static orifices in a fixed strut extending along the axis of

the diffuser. The optimum suction-flow quantity (noted adjacent to each
dats point) was determined by using an arbitrary evaluation of the suction
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power which was not related to diffuser inlet conditions. The optimum
quantities are, therefore, subject to question. It was noted during

the tests that optimum conditions reduced flow fluctuations satisfactorily.
The data show very large improvements at high expansion angles and indi-
cate that no improvement would have been obtained at an expansion angle of
gbout 13°. The optimum suction quantities vary from 3 to 6 percent for
a*l/Rl of 0.006 to 16 percent for 6*1/Rl of 0.031.

Annular diffusers.- Data for annular diffusers with several types of
boundary-layer control are given in figure 28. The curve showing 1 - 7
with vortex generstors corresponds to one of the better installations with
vortex generators mounted on the inner wall only. The isolated points at
expansion angles of 26° and 3&0 with vortex generators correspond to two
rows of generators in tandem mounted on the inner wall. Vortex generators
which were mounted on the inner wall only allowed the boundary layer on
the outer wall to become thicker as a result of the additional pressure
rise produced by the vortex generators. The isolated point at 28 of
16.7O corresponds to vortex generators mounted on both the inner and
outer walls and indicates a considerable improvement due to the outer-wall

installation. Separation on the inner body was eliminated for the 16.7°
diffuser only.

The boundary-layer-control data corresponding to suction, suction
with a vane installation, and injection indicate higher gains in perform-
ance than with vortex generators. This result is to be expected since
the vortex-generator action is limited to mixing the energy available in
the diffuser flow, whereas control using auxiliary flow is limited only
by the auxiliary-flow-system design. Suction quantities on the order of
2 percent produced large improvements in contrast to the 16 percent used
for the conical-diffuser investigation, which had less than one-half of
the inlet boundary-layer thickness. The 2-percent quantity is close to
an optimum quantity as determined from effectiveness values corrected
for a suction power calculated by using the diffuser inlet conditions as
a reference. The data for diffusers with an area ratio of 3.19 show
essentially no gains produced by use of splitter vanes; however, the
splitter-vane design was not made optimum. The use of the controls
stabilized the flow for the diffusers which were unstable (20 > 8.5°).

Exit velocity distributions.- A number of examples showing the
improvements in exit velocity distribution obtainable with several
diffusers with cylindrical outer bodies and an area ratio of 1.91.

Where vortex generstors, suction, or injection were used, the improve-
ments would be expected to be confined to the center of the duct since
all controls were located on the inner wall. This situation necessarily
caused the outer-wall distribution to depreciate with control. 1In most
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cases, the distributions are presented for two stations, one at or near
the end of the inner body, and one at a common tailpipe station (station 3)
which was located 1.07 outer duct diameters from the diffuser inlet.

Figures 29(a) and (b) give results with vortex-generator control. For
all diffusers at both stations the flow was shifted toward the center of
the duct. All but the 16.7° diffuser produced separated flow off the inner
body, with or without generators. At the tailpipe station, the vortex gen-
erators in the 34° diffuser produced the most uniform distribution near the
center line.

Figures 30(a) to (d) indicate the effects of suction, injection, and
vanes. The curves at the top of figure 30(a) show that suction through
discrete holes distributed over an appreciable area of the surface of the
inner body for a 340 diffuser eliminated separation on the inner body and
more than doubled the velocity on the center line at the tailpipe station.
This result was obtained with 3.5-percent-suction flow. Adequate control
on the outer wall might have provided almost constant velocity across the
duct. The curves at the bottom of figure 30(a) show that suction through
a backward-facing slot was superior to injection because of flow separa-
tion off the cowl with injection.

The use of suction and injection in conjunction with a turning vane
is illustrated at the top of figure 30(b). The vane increased the effec-
tiveness of both suction and injection, resulting in better distributions
at lower auxiliary flows. The single vane installation illustrated st
the bottom of the figure resulted in no appreciable improvement because
the design placed the vane wake near the center line of the inner body
instead of in the center of the annular exit ares.

Suction and injection control in conjunction with a vane in an
agbrupt-dump diffuser (fig. 30(c)) required high auxiliary flow quantities
to obtain significant improvements with the short vane. The longer vane
produced fairly uniform flow; however, the loss coefficient was high
because of the sbrupt dump. Suction and injection alone with an abrupt
dump (fig. 30(d)) again required high auxiliary flows.

Exit displacement area.- The data of figures 21(d), 29, and 30
were converted into terms of exit displacement area A*2/A2 in order

to obtain a better comparison of the effects of various controls on the
uniformity of the exit velocity distribution. The results are given in
figure 531. The data for the diffusers with Ap of 1.91 show that the

1- and 2-percent-suction cases produced the biggest improvements at the
station located at the end of the inner body. At the tailpipe station
(identified by the sketch showing a tailpipe length), the l-percent-
suction case has less displacement ares than the 2-percent-suction case
because of the adverse effect of the increased pressure rise on the
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distribution on the outer wall. At the tailpipe station the vortex gen-
erators produced the smallest values of displacement area. Values of
A#2/A2 below about 0.18 have less displacement area than a pipe-flow

distribution.

Design of boundary-layer-control systems.- When reduced to a common

basis, the data of references 23 and 25 on investigations of the perform-
ance of vortex generators instglled in diffusers agree reascnably well
with respect to optimum values of geometric variables. The generators
used were of rectangular plan form with NACA 0012 sections. The agree-
ment obtained between the two investigations would indicate that the
resulting design numbers may be quite general since the diffuser configu-
rations and inlet conditions differed widely. Values of span, chord,
spacing, and location have been expressed in terms of the two-dimensional
displacement thickness at the reference inlet station (fig. 32), which
corresponded approximately to the vortex-generator location. For both
sets of data an angle of attack of +15° (counterrotating) was found to be
optimum. In addition, figure 32 indicates the following values to be
very close to optimum for all curves:

Span, BIS1* ¢ . L i i e e e e e e e e e e e e e e e e e 5
Chord,c/al*.........................20.8
Spacing, s/81* et a t s e b e e s e e e e e e e eeee e 15.4
Location, L[&)* . %6

The curves show that increasing the inlet speed makes the performance
more sensitive to the degree to which the installation differs from the
optimum. The annular-diffuser data indicate no optimum chord within the
range of the data, which is contrary to the conical-diffuser data. The
optimum chord and span values chosen correspond to an aspect ratio of
0.24. The value of optimum location is mostly academic because if space
were available to locate generators far upstream of the inlet, the

diffuser could, in many cases, be lengthened, thus eliminating the need
for vortex generators.

The table of reference values given in figure 32 corresponds to the
basic installation used when each varisble was changed. It is evident
that the reference conditions were not optimum; therefore, it follows
that the indicated optimums may not be exactly accurate. The biggest
discrepancy between the indicated optimums for the three data curves and
the reference values occurs for the chord ratio %/8*1. The value of
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20.8 is about l% times that used for a reference and might correspond,

for instance, to & larger optimum spacing than that indicated. Refer-
ence 26 presents data illustrating clearly the effects of vortex genera-
tors on turbulent boundary-layer flow. In the reference a parameter is
discussed which is referred to as the "solidity" and is defined as

€sin e, A maximum value of 0.35 1s recommended for the parameter.
s

Since it is considered to be proportional to the vortex strength, the
maximum velue is assumed to be optimum, and thus the value of 20.8 was
selected for the ratio of chord to displacement thickness. Corresponding
values of span and angle of attack recommended in the reference are
approximately equal to those chosen herein.
o

In any diffuser with boundary-layer control, the principal object is
to obtain a satisfactory performance from the standpoint of total-pressure
loss or velocity distribution, or both. Since in systems which involve
secondary flow (suction or injection) the auxiliary-flow power and quan-
tities must be considered in evaluating the performance, the secondary
objective is to minimize these quantities. References 14 and 27 indicate
that the most satisfactory suction power coefficient is as follows:

p, - B 0 -F
8 7 100 T,

where, as shown in figure 33, ﬁI - H; 1is the pressure rise across the

auxiliary-flow pump. If the auxiliary-flow ducting losses are signifi-
cant, they should also be included in the pump pressure rise. If
desired, the coefficient may be divided by the pump efficiency. In an
actual design, it is quite probable that the suction air would not be
discharged into the diffuser inlet, and in addition it is possible that

a pump would not be required if a suitable low-pressure region is avail-
able for discharge of the suction air. However, for research purposes as
well as to evaluate the performance, it is necessary to reference the
pump pressure rise to inlet total pressure to avoid the use of variables
extraneous to the flow in the diffuser. In addition, it is clear that in
an actual installation the pump pressure rise as indiecated is equivalent
to the pressure drop chargeable to the auxiliary-flow system, since the
system can only be responsible for pressure deficiencies below the total
pressure at the diffuser inlet. The diffuser performasnce may be corrected
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for pumping power as follows:

Op _——)
B = ( /qcl actual
= p—
57 (Ap/qcl)ideal
H . (E 2
qcl qcl measured

The preceding discussion and a study of the investigations available
in the literature and of unpublished data lead to the following general
guiding principles applying to the design of suction boundary-layer-
control systems:

(a) The basic diffuser design should be as aerodynamically efficient
as the space and other restrictions will allow in order to reduce to s
minimum the suction-flow quantities and pressure drops required.

(b) The final design, when used with control, should be free from
flow separation in the diffuser because this drastically increases the
suction-flow quantities and pressure drops required.

(¢) The area of the diffuser wall covered by suction-flow openings
(holes, slots, porous media, etc.) should extend to a position slightly
upstream from the location of natural flow separation without control.
This procedure locates the suction openings as near to the high-pressure
end of the diffuser as possible, thus reducing the pump pressure rise.
The use of suction control appreciably upstream from the natural separa-
tion point is not justified since there appears to be no particular
merit to maintaining low boundary-layer shape factors except at the
diffuser exit where uniform velocity distributions are desired.

(d) The diffuser wall area covered by suction-flow openings should
extend a sufficient distance downstream to produce the quality of exit
velocity distribution desired.

(e) The suction openings should be the maximum size consistent with
structural integrity and the maintenance of an aerodynamically satisfactory
surface. The size and distribution of the suction openings should also be
such that Hy (fig. 33) does not exceed Py at the upstream openings, a

situation which would allow recirculation of the suction flow through the

diffuser wall. .
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While the preceding principles will serve as a guide in laying out
a design, they furnish no quantitative values. Quantitative values, in
general, are not available in the literature. For instance, such basic
quantities as the amount of suction flow required for a given design and
set of conditions still have to be determined experimentally. The opti-
mum quantity for a given configuration would be expected to be determined
by the condition of the inlet boundary layer. The data of reference 24
for a conical diffuser with A of 4.0 and 26 of 30° indicate that a

suction quantity of 4 to 6 percent of the inlet total flow per increment
of 0.0l in 6*%/Rl is required. However, this result should be con-

sidered with reservations because of the method used in reference 24 for
evaluating suction power, which was the prime factor in determining
optimum performance. Unpublished data by Wilbur and Higginbotham on a
34° annular diffuser with a cylindrical outer body and AR of 1.91 show

that for this case, for 5*l/Rl of 0.078, the optimum value of suction

quantity varies between 0.13 percent and 0.32 percent per increment of
0.01 in 6*1/Rl according to the value of total open area of the suction

holes. An upper limit for the optimum value of 0.36 percent was indi-
cated and was fixed by the deterioration of the boundary layer on the
uncontrolled flow near the outer wall. The deterioration was caused

by the increased pressure gradient produced by the suction control on

the inner wall, In the case of a single-wall diffuser, such as a conical
diffuser, a limitation of this type would not be imposed unless struts

or a similar drag-producing object were installed in the diffuser.

Another significant result derived from Wilbur and Higginbotham's investi-
gation is that the principal advantage of suction from an appreciable area
of the diffuser walls, as opposed to suction from a restricted sector such
as a slot, appears to be that area suction produces better exit velocity
distributions. Static-pressure rise and total-pressure loss were
unaffected by varying the extent of area covered by the suction openings.
These results necessarily are limited to the particular configuration
tested since similar data for other types are not available.

Effects of Distorted Inlet Velocity Distribution

All data presented and discussed prior to this section of the paper
have corresponded to favorably shaped inlet boundary-layer distributions
such as would be obtained in flow along a surface in practically a zero
pressure gradient. A few minor exceptions have been noted. In any
practical diffuser installation the diffuser is preceded by some other
duct element, such as a bend, air inlet, or turbine, which in many cases
does not discharge a uniform or favorable velocity distribution. 1In
such instances, the diffuser performance is generally adversely affected
and is substantially below that predicted by most research data. Dis-
torted velocity distributions may occur at the diffuser inlet in either
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subsonic or supersonic flow systems; however, the most serious cases occur
in the subsonic diffuser preceded by a supersonic compression inlet which
has subjected the boundary layer to intense pressure gradients produced by
compression shock waves.

Conical diffusers.- Reference 20 presents data on the effect of vari-
ous degrees of inlet velocity distortion on the performance of curved-wall
diffusers with different lengths of low-expansion-angle (26 of 2°)
ducting on the upstream end of the diffuser. These data are summarized in
figure 34(a) in terms of loss in effectivenessl as a function of inlet
boundary-layer thickness for an inlet Mach number of 0.2. Inlet velocity
profiles and boundary-layer shape factors are given at the top of the
figure. It will be noted that the two thickest boundary layers correspond
to separated flow at the inlet. The variation in inlet velocity distri-
bution was obtained by mounting spoilers on the wall of the inlet bell
upstream of the diffuser. One curve of Peters' data (ref. 10) for a
straight-wall, 10° diffuser and for a low inlet boundary-layer shape fac-
tor is given for comparison purposes.

For the two thinnest boundary layers, the longer diffusers suffered
performance losses due to excessive friction losses. For the two thickest
boundary layers with separated flow, the longer diffusers produced higher
performance because the upstream low-expansion-angle ducting allowed the
flow to become attached and more uniform before the high expansion rate
started. At a boundary-layer thickness S*l/Rl of 0.06 the data of ref-

erence 20 are optimistic compared with Peters', especially since Peters'
data correspond to the more favorable inlet conditions. The results show
clearly that some length of low-expansion-angle ducting is advantageous
for cases wheére the inlet flow distribution is distorted.

The effect of changes in inlet Mach number on the loss in effective-
ness of the diffusers of reference 20 is illustrated in figure 34(b) for
three cases of distorted inlet velocity distributions. The superiority
of lengths of low-expansion-angle ducting upstream of the main diffuser
is again apparent for cases where the inlet flow is distorted.

lFor the data of reference 20 in figures 34(a) and 34(b), the pre-
viously discussed definition of effectiveness 1 does not apply. The
assumption of quasi-one-dimensional flow inherent in the definition of
ideal static-pressure rise used heretofore was violated by the existence
of separated flow at the inlet to the point where it appeared advisable to
modify the definition. In these instances (figs. 34(a) and 34(b)), the
ideal static-pressure rise was defined as the sum of two quantities. One
of the quantities was defined as the static-pressure rise obtainable
ideally by mixing the inlet velocity distribution until it is uniform in a
constant-area duct with no total-pressure loss. The other quantity was the
isentropic, one-dimensional, static-pressure rise associated with the
diffuser area ratio, M;', and qcl'.
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Annular diffusers.- Reference 28 presents data on the effect on )
1 - n of various degrees of inlet velocity distortion, which were
obtained by mounting spoiler screens in the ducting upstream of the I
diffusers. TFigure 34(c) sumarizes these data for two cases, with and
without a splitter-vane installation. Since the several distributions
tested represent no regular progression of a single variable defining the
amount of distortion, the data have been presented as a principal function
of expansion angle, and the values of inlet boundary-layer thickness and
shape factor have been identified.

For sufficient distortion of the inlet flow for the lowest expansion
angle, with or without splitter vanes, the loss in 1 approached the
theoretical value for a sudden expansion, which is 0.48. The curve for
the highest degree of distortion suggests that an expansion angle of
about 4° would be required to obtain a performance approaching that for
the undistorted flow at the optimum angle of about 7°. High performance
could also have been obtained through use of boundary-layer controls or
by smoothing out the distribution upstream of the diffuser through use
of a constant-area straight section or some other device. Sufficient
data do not exist to determine the most efficient procedure. The use of
a splitter vane produced stable flow; however, high performance was not
obtained in any case, apparently because of the friction losses associated
with the splitter-vane surface. No attempt was made to obtain the optimum
splitter-vane installation.

Anslysis of shock—boundary-layer interaction effects.- The flow -
delivered by supersonic inlets to the subscnic diffuser has generally
been subjected to a normal shock and in some cases also oblique shocks.
The incidence of these shocks on the boundary layer upstream of the
subsonic diffuser may produce seriously distorted boundsry-layer velocity
distributions at the subsonic diffuser inlet. The boundary layer in such
a condition cannot negotiate high pressure gradients; therefore, unless
boundary-layer control or its equivalent is used in the throat of the
inlet, the rate of area expansion of the subsonic diffuser must be low,
especially near the throat. An approximate analysis has been made by
using typical supersonic-inlet recovery data in order to determine the
magnitude of the losses chargeable to shock-—boundary-layer interaction;
where shock——boundary-layer interaction loss is defined as the loss
experienced in the subsonic diffuser in excess of that which would have
been obtained with a favorable inlet boundary-layer distribution.

The analysis was based on data from investigations of the genersl
configuration shown in figure 35. Since the majority of the data in the
literature is on conical spike inlets with no contraction and since this
type of inlet appeared to have the broadest application, it was selected
as the basis for the analysis. However, a limited amount of data is glso
included for the designs with internal contraction. Only test data corre-
sponding to supersonic supercritical operation at O° angle of attack were -
used in order to make possible the calculation of shock losses.
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Comparisons of theoretical shock pressure recoveries with measured

overall recoveries are given in figures 36 and 37. The symbols used

are identified with regard to the reference source and configurations in
tables II and ITI. Figure 36 contains data on inlets with no internal
contraction and figure 37 on inlets with contraction. For simplicity of
presentation, the curves of figures 36 and 37 were calculated by using
cone surface values for the flow parameters required to calculate normal-
shock losses. In addition, the curves of figure 37 are based on the
maximum area contraction for starting the inlet. The difference between
the recovery values for each symbol and the appropriate calculated shock
recovery curve represents losses occurring in the subsonic diffuser.

This difference varies between 4 and 20 percent of free-stream total
pressure Hpy with the majority of the data corresponding to about 8 per-

cent. The data scatter is not surprising in view of the wide variety of
configurations included. For all cases given in table II except the
highest expansion angles and area ratios, a loss of O.O8H0 in the sub-

sonic diffuser is far in excess of what would be predicted from data such
as those given in figures 3 and 6. The conclusion is that large losses
may be obtained in the subsonic diffuser as a result of shock—boundary-
layer interaction effects.

The data of figures 36 and 37 were used to estimate the subsonic-
diffuser loss chargeable to shock-—boundary-layer interaction. The cal-
culation consisted of subtracting from the overall measured loss the sum
of the calculated shock losses and the estimated subsonic-diffuser loss
for favorable inlet boundary-layer conditions (based on figs. 3 and 6).
Since only supersonic supercritical operation with the normal shock at
approximately the minimum-area section was considered, the shock losses
and conditions upstream of the normal shock at the subsonic-diffuser inlet
could be accurately computed. Flow conditions at and upstream of the cowl
inlet were determined from conical-flow theory. The total pressure and
Mach number in the plane of the inlet were determined by averaging the
values at the cone surface and cowl lip. This procedure was not used in
calculating the curves of figures 36 and 37 because it would have intro-
duced another variable, the ratio of cowl diameter to cone diameter. The
small increase in accuracy did not justify the added complication in pres-
entation. The total pressure and Mach number based on average values are
used as independent variables in presenting shock-—boundary-layer induced
losses for cases with no internal contraction or straight section. The
quantities differ from weighted averages by less than 1 percent. With
internal contraction and/or a straight section, average values in the
plane of the inlet were used in calculating supersonic flows downstream of
the inlet by one-dimensional relations and also in calculating total-
pressure losses and Mach number changes due to friction effects in ducting
between the inlet and the minimum-area section. Passage areas involved in
the calculations corresponded to planes through the average normal to the
annular surfaces. The basic subsonic-diffuser loss corresponding to a
favorable inlet velocity distribution was estimated by using figures 3
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and 6. The extra friction loss of annular diffusers, as compared with
that for conical ones, was accounted for. Since the expansion angles of
all the diffusers were low, no correction for increased loss coefficient
due to high inlet Mach numbers was used.

The shock—boundary-layer interaction losses calculated according to
the preceding procedure are given in figure 38 for configurations with no
internal contraction and in figure 39 for the cases with internal con-
traction. The data are presented as a function of the Mach number Jjust
upstream of the normal shock since the Mach number determines the normal-
shock strength, which should govern the interaction losses. The total-
pressure loss was referenced to the total pressure upstream of the normal
shock for the same reasons. Since the normal-shock strength is the only
independent variable accounted for in figures 38 and 39, differences in
loss values at any given Mach number M,, are probably due to differences

in geometry and/or differences in the condition of the boundary layer
prior to the normal shock.

The data of figure 38 form two distinct groups. One group produces
an approximately constant loss coefficient (AH/H of 0.028) with changes
in Mach number and includes the majority of the data. The other group,
which originated from a single source, produces a loss-coefficient varia-
tion which increases rapidly with Mach number. The similarity of the
models and test conditions (see table II for identification of symbols)
indicates that differences in the condition of the boundary layer prior to
the normal shock probably were not significant. The most probable reason
for separation of the data into two groups is the differences in subsonic-
diffuser expansion angles. The high curve corresponds to an expansion
angle of 9.4° whereas the expansion angles for the data averaging a loss
coefficient of 0.028 range from about 30 to 5°. The data scatter about
the lower curve probably results from the secondary effects of the many
differences in model configuration, such as cowl shape, inner-body angle
and shape, length of constant-area passage, and so forth.

The data with internal contraction given in figure 39 cover the same
expansion-angle range as the lower curve in figure 38; however, much
higher losses are indicated. The data scatter is large, which produces
low correlation accuracy. The higher losses indicated presumably could
be due to thickening and distortion of the boundary layer in the con-
tracting section.

From the standpoint of estimating performance, it is of interest to
determine the relation of shock-—boundary-layer interaction losses to the
basic diffuser loss predictable from data for favorable inlet boundary-
layer distribution. TFigure 4O presents the data for no internal con-
traction in the form of the ratio of interaction loss to basic diffuser
loss as a function of Mach number. The dats for low expansion angles
(3° to 5°) showed an average interaction loss equal to 75 percent of the
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basic diffuser loss. The interaction loss for the expansion angle of
9.#0 incressed repidly with Mach number, reaching a value of about
16 times the basic diffuser loss at a Mach number of 1.87.

The effect of thicker boundary layers on interaction losses msy be
obtained from the data of figure 41, which presents test results on
half-conical inlets mounted either on a flat plate or a fuselage shape.
Such configurations would produce an initial boundary-layer thickness at
the cone apex. The subsonic-diffuser expansion angles were 3° and 5°.
The presence of the thicker boundary layer increased the loss substan-
tially in each case. The use of boundary-layer control reduced the
losses substantially.

Shock-—~boundary-layer measurements in a 5° diffuser.- Data were
obtained on a 5° converging-diverging conical diffuser run at a Mach
number of 1.4 to provide additional information on shock—boundary-
layer interaction effects on diffuser performance. The configuration,
tests, and measurements are described in the gppendix. Total- and
static-pressure surveys were made at several stations in the diffuser
for a series of normal-shock locations. This procedure resulted in
Mach numbers before the normal shock ranging from about 1.27 to 1.57.
Thus, the test conditions differ from those pertaining to the prior
analysis of the spike-type inlets where the performance applies only
to the case with the shock near the minimum section.

The values of shock—boundary-layer interaction loss coefficient
obtained in the investigation are given in figure 42 as a function of
the Mach number before the normal shock. The total-pressure loss is
referenced to the compressible dynamic pressure after the normal shock.
The loss coefficient increased rapidly with increasing Mach number even
though the expansion angle was small and no separation was measured in
the diffuser. The loss curve of figure 39 for spilke-type inlets with
contraction was converted into terms of AH/q and is also presented in
figure 42. There is a marked similarity between the two curves, with
the conical diffuser producing apprecigbly higher losses at the higher
Mach numbers. This result is probably due to the appreciasble run of
supersonic flow between the throat and the downstream shock positions.
This segment of the flow was subjected to alternate compression and

" expansion waves which may have impaired the boundary-layer shape.

The growth of the boundary-layer parameters A¥,, 0, , and A¥,./0,

along the length of the diffuser for several different shock positions is
shown in figures 43, L4, and 45, respectively. The boundary-layer param-
eters correspond to three-dimensional, compressible values. The ratio
of the area at a local station to the area at the shock position is the
independent variable. The displacement and momentum areass increased in a
systematic fashion with diffuser length for the two weaker shocks. The
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two stronger shocks produced abrupt increases at first, followed by
lesser rates of increase. In general, the overall rate of increase
became higher as the normal-shock strength increased.

The behavior of the shape factor A¥, ec5 resulting from the
changes in A*, and ec5 (fig. 45) indicates that after the initial

increase in shape factor caused by the shock, the 50 expansion angle
produced a general reduction in the value of A¥* ec3 as the flow

proceeded along the length. This is an important result since it indi-
cates that an expansion angle of 5° is low enough to produce an improve-
ment in the boundary-layer distribution under adverse inlet conditions.
The range of two-dimensional, incompressible 5*/9 generally assoclated
with flow separation is 1.8 to 2.6. Since some of the higher values
indicated in figure 45 fall within this range when converted to two-
dimensional quantities, separated flow could be expected. The measure-~
ments indicated no separation; however, some flow asymmetry could have
existed with small local regions of separation.

The change in Mach number distribution at the several survey sta-
tions with changes in shock position is illustrated in figure 46. As
the shock was moved downstream, the subsonic distributions became more
distorted and exhibited higher peak Mach numbers. For instance, the
peak Mach numbers at station 5 were 0.52, 0.58, 0.71, and 0.93 for shock
positions 1, 2, 3, and 4, respectively, which illustrates the magnitude
of the adverse effects of shock--boundary-layer interaction obtainable
even though flow separation was not present to any measureable extent.

The velocity distributions at the exit of the subsonic diffuser
are given in figure 47 for several Mach numbers before the normal shock.
Although the curves do not show an exactly progressive change with
increasing Mach number, a definite trend towards less uniform velocity
distributions with increasing normal-shock strength (increasing Mach num-
ber before shock) is apparent in general. In each case the depression in
velocity near the center line of the duct was caused by the total-pressure
loss due to the combination of the normal shocks on the throat center line
and in the diffuser proper. As the diffuser normal-shock losses ingreased,
the total-pressure losses at the walls due to shock—boundary-layer inter-
action increased at a higher rate, which produced a trend towards smaller
deficits in ufU on the center line and a thicker boundary layer as the
normal-shock strength increased. While the 5° diffuser produced better
boundary-layer velocity distributions at the exit than those at the inlet
and thus produced low values of boundary-layer shape factor at the exit,
figure 47 clearly shows that the resultant exit velocity distributions
for the higher shock strengths were quite nonuniform when considered on an
area basis. Smaller expansion angles or boundary-layer controls would be
required to obtain more uniform distribu}ions.
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CONCLUDING REMARKS

The subsonic-diffuser data avallable in the literature have been
reviewed, reduced to certain appropriate performance coefficients based
on the total-pressure loss, static-pressure rise, and exit velocity dis-
tribution, and presented as functions of the significant geometric and
flow variables. The presentation has been divided into the following
parts: performance at low speeds (inlet Mach numbers of approximately
0.20), effects of increasing the inlet speed up to choking Mach numbers,
illustrations of the effectiveness of boundary-layer controls, and
illustrations of the effects of distorted inlet velocity distributions
as obtained at subsonic speeds with spoilers upstream of the inlet and
as obtained from compression shocks in supersonic inlets.

At low inlet speeds the construction of several fairly extensive
performance maps for conical, rectangular, square, and annular diffusers
was accomplished from the large amount of data available in the litera-
ture, Orders of magnitude were determined for the effect on performance
parameters of increasing the inlet speed. The compressibility effect on
optimum diffuser design was found to be largely unknown. Illustrations
of the effectiveness of boundary-layer controls, in particular vortex
generators and suction, were drawn from the available data, and some
engineering approximations for optimum configurations of vortex-generator
installations were made. From an approximate analysis of typical
supersonic-inlet data, estimates of shock—boundary-layer interaction
effects on total-pressure losses were made for a variety of shock condi-
tions and diffuser configurations. Original data presented herein
illustrate the effects of shock—boundary-layer interaction on the flow
development in a 5° conical diffuser.

Certain aspects of diffuser design and performance were found to be
in particular need of more research effort, including the effect of com-
pressibility on optimum diffuser design, design information on boundary-
layer-control systems for short diffusers with favorable inlet conditions,
and optimum diffuser and boundary-layer-control designs with unfavorable
inlet conditions (for example, with shock—boundary-layer interaction).

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., May 18, 1956.
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APPENDIX

DETATLS OF AN INVESTIGATION OF A 5° CONVERGING-DIVERGING

DIFFUSER AT A MACH NUMBER OF 1.4l

Additional information relative to the data presented in figures 42
to 47 is given in the following paragraphs.

Apparatus and Instrumentation

The setup, which is diagramed in figure 48, consisted of an inlet
bell of 20:1 contraction ratio, a supersonic nozzle with an 8- by 9%-inch

test section, and the converging-diverging diffuser mounted in the super-
gsonic nozzle. The nozzle produced a Mach number of l.41 with a maximum
variation in Mach number of 0.006 in the vicinity of the diffuser inlet.
The cross-sectional area of the nozzle test section was increased somewhat
near the diffuser inlet in order to prevent the duct from choking in this
section. The disturbances originating from the point where the contour
changed intersected the model downstream of the diffuser inlet and did
not affect the entering flow. The converging-diverging diffuser was
started by momentarily increasing the test-section Mach number through
use of a retractable conical body inserted in the throat of the inlet
bell.

The line drawing of the diffuser (fig. 49) includes the apparent
shock locations and the survey stations. The convergent section had an
inlet diameter of 4.491 inches, a contraction ratio of 1.066, an included
wall angle of 50, and an external lip angle of 8°. The diverging section
had a ratio of exit area to throat area of 2.0. The break in contour at
the junction of the converging and diverging sections was rounded slightly.
A straight section 1.13 diameters in length was located downstream of the
diffuser exit. Butterfly-type doors at the end of the straight section
were used to vary the diffuser back pressure and thus the shock location.
The duct surface was chromium plated on machined steel.

Wall static orifices were installed along two generatrices 90° apart
in a region extending from the inlet lip to l% inches downstream of the

throat. One of these rows was extended along the full length of the
diffuser. Eight orifices were equally spaced circumferentially at the
diffuser exit. Sting-supported total- and static-pressure tubes were
used to make surveys at the several stations indicated in figure k9. a
shielded total-pressure tube located upstream of the inlet bell was used
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to obtain reference total-pressure readings. The ratio of the absolute
static pressure immediately downstream of the normal shock to the refer-
ence total pressure was used as a correlating parameter in resetting a
given shock condition.

Flow Distribution in the Throat

The pressure and Mach number distributions entering the diverging
part of the diffuser were obtained by surveying the throat at station 1.
The results of these surveys are presented in figure 50 for the case with
the oblique shock attached. The total-pressure distribution indicates a
boundary-layer growth on the wall and a high loss on the center line
extending over a very small region. The maximum value of the loss on the
center line is approximately equal to that for a normal shock at a Mach
nunber of 1.41. The normal shock at the apex of the conical shock
theoretically should have occurred slightly downstream of the throat for
the 5° convergence angle; however, because of the boundary-layer growth
the effective convergence angle was apparently somewhat higher. This
result placed the normal shock slightly upstream of the throat.

The static-pressure distribution shows a peak static pressure in the
center region due to the normel shock. The static pressure in the throat
did not reach a value corresponding to the pressure rise through a normal
shock at a Mach number of 1.4l. Since the normal shock occurred upstream
of the throat, the static pressure on the center line in the throat was
determined partially by the ambient static pressure of the surrocunding
supersonic stream. The Mach number distribution resulting from the total-
and static-pressure variations was nonuniform and varied from a value of
1.23 near the wall to about 0.93 on the center line. Surveys a short
distance downstream of the diffuser throat indicated that the Mach number
on the center line became supersonic again as a result of the lower static
pressures produced by the increasing Mach number of the surrounding
supersonic stream.
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TABLE I.- SUBSONIC-DIFFUSER DATA

51

5* B*
Reference Symbol|Configuration| Control -] Ag R_ll sli H]_ Rﬂl
(1) (1) (1)
10 (0} Conical  fewmeoemean-| Variable| 2.33 |Variable| 1.2 to 1.3 | 0.13 [0.2 x 108
13 [m} Conical  |-cecmemmeo 120 2.00 |Variable 1.26 Variable|2.1
13 O Conical  f-m-o-memae 23° 2,00 |variable 1.23 Variable|2.l
13 A Conical  [-e--ocoo-d| 120 2.00 (Variable|1l.22 to 1.33|Variable|l.2
16 [N Conical  [-mmmmemaen Varisble| 4.00 | ~0.006 [wacaceoeooe- <0.45 |0.5
17 A} Conical  |---=m-=man| 100 2.00 [Variable 1.45 Variable|1.2
Vortex o
23 (8] Conteal | rators 23 2.00 |Variable 1.28 Varisble|2.8
19] ° Conical  [-mmomemmmm Variable| %.00) | %0.006 |-mmmamonaemn Variable|1.0
21 0 Rectangular |[---------e Varisble |Variable| ~0.006 |--rewacaeaac 0.10 |0.8
2h; (o] Conical Suction | Varishle| 4.00 [Variable{1.58 to 1.21f 0.18 |0.7
18 D | Rectangular |e-e-----ur Varisble| 4.00 | 0.02 |-commmooeoo Varisble|0.3
Vortex
12 (v} Aonular | ators| Voriablel 1.91 0.078 1.20 <0.40 0.7
Suction
14 D Annular {Mectim }Varia'ble 1.91 0.078 1.20 <0Q.40 lo.7
27 0 Amnular  [{Suction 780 | 1.91 | o0.078 1.20 <o0.50 |o0.7
Injection * ° * *
29 D Anmiar Variable 1.75 0,017 1.52 Variable|0.6
29 < Annular Variable| 1.75 0.002 1.15 Varisble|1.9
8, A Conical Variable [Variable| =0.01 [-ccccaeacea <0.20 0.2
8,9 q Rectangular Variable |Variable| 0.0l |--ecececaaa- <0.20 [0.2
8,9 a Square  |-—---—c-—c Varisble| 4,00 e J+) NE [P <0.20 |0.2
8, 9 O | Rectangular Variable [Variable| =0.01 |--ccmccoaaca <0.20 {0.2
8,9 a Conical Variable [Variable| =0.01 {--occcoeoomc <0.20 |0.2 ~
15 v Conical Variable |Variable| 0.082 1.34 0.45 [0.45
Unpublished (Wilbur, Injection o
Higginbotham, and Wood)| U Annular 3&10:1 3 1.91 0.078 1.20 <0.%0 (0.7
Vortex
22 o Comical | /o otors| VEFisble| 5.20 | =0.007 |=m-m-m-m-mon 0.50 |2.4
U:E‘;”;::f s (“]ub‘)‘r © Anmular Suction e | 1.0t | o.078 1.20 <o0.40 |o.7
28 s} Annular Vane Varisble| 3.19 |Variable| Variable 0.30 |0.4
Vortex o <
25 fa| Annular generators 16.7 1.91 0.078 1.20 0.40 0.7
Surface o
% v Conical roughness 23 2.00 0.01k4 1.17 Variable|2.1
20 Q Conical  |-m--e-caama Variable| 1.96 [Variable| Varisble |Variable|0.35
Injection
Unpublighed (Wilbur | o® | 191 | o.o78 1.20 <o.40 |o.
and Higginbotham) Annular stxcm:ion T .9, .OT! .2 . T

1Va.lues taken at an inlet Mach number of 0.2 1if possible.
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52 NACA RM I56F05
TABLE II.- SUPERSONIC-INLET DATA FOR MODELS WITHOUT INTERNAL CONTRACTION
Length of minimum
Equivalent conical | Area ratio |section preceding
Reference (Symbol| expansion angle of | of subsonic | diffuser inlet 8g | 983 Mo Remarks
subsonic diffuser diffuser (inlet hydraulic
diameters)
3,08 3.02 0 25 | 3.1 1.7, 1.9, 2.0 Conical
31 0 3.12 2.82 [o] 20 | 27.4 1.7, 1.9, 2.0 Conical
3,32 3.15 o] 25 | 31L.9 1.7, 1.9, 2.0 Conical
32 m] 1.5 1.18 0 30 | k2 1.72 Conical
15 [ 31.2 1.65 Conical
20 | 39.8 1.85 Conical
20 | 30 1.85 Conical
33 O 5 4.08 o] %
25| 37.2 1.85 Contcal
30 | bk.2 1.85 Conical
15 | 22.9 1.85 Conical
34 A 6.7 2.6 3.3 25 | k6.2 1.79 Conical
Conical
35 4 6.7 2.6 0 17| ~--- 1.9 with vedge
center body
36 a 7 2.3 3.3 25| 6.2 1.59, 1.79 Conical
37 0 5.3 1.73 0 30 | 46 1.7, 2.01 Conical
0 25| 43 2.0 Conical
38 (o 4.3 2.58
3.0 25 | 43 2.0 Conical
b.3 2.58 o] 25| 3 2.0 Conical
4.6 2.58 1 25 | 43 2.0 Conical
39 0 k.9 2.58 2 25| 43 2.0 Conical
5.6 2.58 3.5 25| 43 2.0 Conical
4.3 2.58 o] 30 | 48 2.0 Conical
Conical with
40 0 4.3 2.58 0 25| 43 1.8, 2.0 translating
center body
Half-~conical
L v 5 3.9 ° 25|38 1.88 on flat plate
Half-conical
42 A\ 4.5 6.7 o 30| 39.4 2.93 on flat plate
Half-conical
L3 Y/ L.75 2.38 0 25|46 [1.57, 1.74, 1.85 | > fuﬁimée
1.75, 2.10
bk Q 9.4 3.48 0 30| 42.6 2.30, 2.50, Conical
2.7k
Half-conical
45 o 3.0 1.63 o 304 50 1.6, 1.9 on flat plate
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TABLE IJI.- SUPERSONIC-INLET DATA FOR MODELS

WITH INTERNAL CONTRACTION

Equivalent conical

Area ratio of

Internal con-

Reference | Symbol | expansion angle of . 8g 9, traction ratio Mo Remarks
subsonic diffuser |SUPsonic diffuser A /A ’
'3.7 to 5.3 2.47 to 3.67 20 {26 to 32 | 1.06 to 1.16 2.45 Conical
.5 2.54 25|37 to 39 | 1.12, 1.1k 2.45)
4.5 to 5.5 2.54 to 3.67 20127 to 30 | 1.09 to 1.26 2.75
Cowl l1lip angle
46 O <k.5 2.56 25 37 1l.12 2.75 and ratio of
s inner body
4.5 to 5.5 2.5 to 3.5 20 |27 to 30 [ 1.09 to 1.32 3.30 to cowl inlet
diameter varied.
5 to 6 3.87 to k.62 25|31 to 33| l.22 to 1.25 3.30
5 3.12 30 38.8 1.10 3.30
4.5 3.4 15 37.5 1.12 1.85 Conical
L7 O
4.7 3.73 20 4o.5 1.08 1.85 Conical
15 31.k4 1.32 1.85 Conical
33 O 5 k.08 20| 36.2 1.13 1.85 Conical
25 L4i.4 1.04 1.85 Conical
37 @] 2.48 1.55 25 L6 1.05 1.5, 1.7 Conical
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wall static-pressure ratio, g /te.r

88

(o] o:]
o ~h

N

T

Acc eleration due to turn

|
8 1z /6 z0 24 18
Diffuser length, L/D,

Figure 1l.- Typical longitudinal static-pressure distribution.

diffuser; &% (R = 0.006; My = 0.82; reference 17.
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Loss factor , K

12

L

10

SR,
-\F f.ﬂg
\ ,03;
\ ~02
a \ﬁQﬁﬁo
400
\\ Nz.28
\
-\
\
\
\
S
\
\
\ Friction-loss factors
L v Fre 1on fa
\ \ Kf_ztanegi-_ll_
\ \ /?,",21/0‘
A\ 150, :
\ J \\
A\ f \
SRR
\ \2oo \
\
A \\\ \
: \
% L
\\ \ \\ \\\\
i \\”\0\\\ N See table I
\\\ \\\\ BN _ ’ for Symbols
L 4.00\\\\ NN
NN\ N
N
N
NN 9.00
L N~ -
\§ ~
=
| I | [ O N A | { | [ T I I A I SN RN
2 3 4 5 6782310 15 20 2530 40 50 60 80 100 180

Expansion angle , 26

Figure 2.- Total-pressure-loss factor. Conical diffusers; M < 0.2.
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Loss factor , K

SIFIED
&h\@kﬁﬁ\%lu NACA RM L56FO5

See table I for Symbols

\ Ag
2.34
2.00
200
2.00
4,00
200

/
ppp OO0

] 5/R,
\ \ \\ /150\\ g/zg

Ax :
-\ \ \ l \\ o

L\ \ \ N\
\ 236\ <\ o ‘
R S S
O N
B O\ AN 3 &~:003
AN A\ NG =017
\Www
AN N -006
- \\ N ,".'006,'.006
SN LB Eow
~>
~—T
l I N T T B A I S B
I 2 3 4 5 678500 15 20 25 35

Expansion angle , 28

Figure 3.- Loss factor including high Reynolds number data. Conical

diffusers; M; < 0.2.
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NACA RM L56F05

1.2

8

1

Lo

[«

NGRS 145

" o

27

.
¥
N
> 7 .
o @
S <
N /)
Q
S 3
2 S
S )
N
N S 4+
S 3
Y
g 3
N U 40
Q S
§ 3 3
QJ B
S S
Q
x 351
2k Ly
. Not /r =.235+.00374(26)"%°
ote: . , FVES ,
Applies Lo 202 8°L 20 V2 “
/ 30 VA s ' | [ I 1 1 1 ! 1 1 1
’ See lable I 5 10 /5 20
for Symbols Expansion angle , 20
0 | 1 | 1 | 1 1 | 1
0 or 02 03 04 05 06 07 08 08

Inlet boundary-lager thickness,dyr,

Figure 4.- Loss-factor correlation.

Conical diffusers; M; < 0.2.
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UW@@TIED‘ NACA RM L56F05

10+

From fig. 2 for

x Ag of 4.00
A

S 6

N

I\

)

vy

S 5t

~

N

1 See table I
for symbols

0 1 1\ | | S N N S 1 | 1 1 | S I T S
/ 2 3 4 5678910 5 20 2530 490 %
Expansion angle , 28,

(a) Function of 20..

Figure 5.- Loss factor. Rectangular diffusers; M; < 0.2.

-



Uy,
NACA RM LS6FO5 col‘@%%mpga.. 59

12+

Loss factor, K

See table I ror symbols.

0 1 1 { | N I I | - | | A VNS OO N VAN (N SN N T I
/ 2 3 4 567890 15 20 2530 40 5060 80 0
Expansion angle, 26,

(b) Function of 28.

Figure 5.- Continued.

ENTIAL

‘ SS{F’EA



60

12

Loss faclor, K
o ~
[ T

Oy
I

uReEEEIRERL

NACA RM

See table I for symbols

| N I T T T

3 4 5 6788310

15 20 2530 40

Expansion gngle, Z8.

(¢) Function of 28.c¢.

Figure 5.~ Concluded.
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Loss Faclor,K

o

£

\\ See table I for symbols
o
\
\
\ \
-\ \
\ L/
\ \ 26
\ A
_\ \\ /.50\ Ap=1.75
\ \ \ t \ SIR=0T i §YR =018
VA D L e
— o=2-94 018 3
VA S
W\ X \
\ \ \ o 20=equivalent
\\\3‘}0\\ \ ) 4 Ten | =
N
L \\ \ \\\\
: NN A=175
Pk N e
\ ~
— lat N
gZ’féf fgcrf cfo,r/f/ i/aa/ \\\\\\
diffusers, Kg= \\\\ -
£ Agtl g = 2x/0° —= D~ K
ZZan® Ap-1 " T~
|l | | T A B B I I A Y A WS NI AR AT e ani inetl
/ 2 3 4 5 6 7 8 910 15 20 25 35

Expansion angle, 26

(a) Measured values.

Figure 6.- Loss factor. Annular diffusers; M) ~ 0.2.
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Loss factor, Ky

N

£

> ]
uNeRASRIRET

See table I for symbols

NACA RM L56F05

Q)

&/R =078

Ag=lT5 - o
H] lent 1
N Jf/RF-0/7_L (;3 3 20=equivalent cone angle
M 28 . ; ﬁk‘l75
—— /4‘1 R =.002
| ] il Lo b bt by e e barpatvontidnnl
! 2 3 4 5 6 7 8 910 15 20 25 35

Expansion angle ,20

(b) Measured values minus friction; Kg = K - Kr.

Figure 6.- Concluded.

d@ﬁm@gﬁ%




vaOII'IED

)

NACA RM L56F05

1o
9gr i
/
8r
ir
&~ 61
<4
l/;\
V‘ -
L
v
3 L
N 5
X
-«
g -
N
AN
Wy
.4 -
&R,=.007
3
0).004
See table T
for symbols.
2r \ Symbol Ag
O 234
\ O 200
b J <> l
O R~ ~006 A
- N 400
- 9,
|- \ - @ 000 D zo0
| . ooe- g b
\ ggg g 400
N TY ~ o s»
Ry =210 Q%
0 1 1 1 ] L4 b0y v e b araabaasalaasd e b v batabadid
| 2 3 4 5 67890 15 20 0 40 060 80 100

Exoarnson angk, 29

Figure 7.- Effectiveness loss. Conical diffusers; M; =~ 0.2.
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NACA RM L56F05

34

10—
!
| /
.9 /
/
/
/
!
/
8 /
/
/
/
/
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1F /
/
/ /
!
!
!
6 /
{
&
L
.
-
vy
S s+
v
v
U
N
N
5
\ 4
=
Ly
ar /
/ |
L !
&R - .082 / §/R ~.006
a5 / /
130 /520 /
Ae & /
| 237 * /
2 f&_.:', /
45 ﬁk / /
b7 //
// //
400 y
/- -7 A
: 2‘54//
//
0 1 | 1 L 1 ) N RN NS FRRTI RNl Lo et e bl
! 2 3 4 5 618910 15 20 0 40 0 60 80 100

Figure 8.- Effectiveness loss.

Expansion angle, 20

Conical diffusers; M; = 0.2 to 0.5.
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Inlet boundary-layer function, -/ sy 0x

Figure 9.- Effectiveness-loss correlation.

10
9r
8- -
-~
///
5 ~
7 I~ x //
s
Z
b
6+ < gL
:‘\
Q
= *g
220
2
4 N F(26) = 02262(20) + . /IES
N
& 2
2
3+ 2
<
S
4r Note : Values occur ot 8/7R,=.056
/}J/ati:tzezf“zw [ N A N U NN N TR NN N S N B
I Applies 10 c6=5"= 05 Y i S
Expansion angle , 26
0 i | | | | | | | |
0 .01 0z .03 04 .05 06 07 08 09

Inlet boundary-layer thickness, &K,

Conical diffusers; AR = 2.34;

M) = 0.13; reference 10.
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NACA RM L56F05

- |
$|§- 4 | / ” Conical
N L ] ] dPp=2.34
" ] &’/R,»018
2 L l__{HR=4.0
| j 8°IR=02
g | P %
N - !
N 3 II
R 3
S I
® ~ /
§ /
L /
- A
/ 500
L / -400
/ 3
d st /1 [ [8)---- ,
2z //}> /ncsg;;;i_qaq%?a:;/e/ / Z“ 3
- / AN
/.)>/ 7 / §-<S,/R— 008
I ‘= IR
- .
; \ /%// 79«7)
Piotted against N 7./ .
g eguzgn/:nt?:nlsang/eAN----N\\O\_O/:p,//‘/ ,
- o
L See tabie I for symbols
i /|
0 1 | Lot b Ll v s boebnnbmtonlagl
! 2 3 4 5 6785%1I0 15 20 30 40 50

Figure 10.- Effectiveness loss.

Frxpansion angle, 28

Rectangular diffusers; My = 0.1 to 0.3.
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NACA RM L56F05 67

Jr
b
5+
I o4
i & /Rmoz
4+ Corcal

p=2.34

&/R=018
§ —
L
- —
")
9
. sl =
3 3r
Y
< -
)
N
G —
3
$ n
w L
Ar > &/R,=.008
2 500
B
i See tavle I for symbols
0 | 1 (R U B W B VR IR NS SR WS NUTTY U1 FST1 (71T M |

! 2 3 4 5678310 15 20 30 40 S0
Exparision angre, 28,

Figure 11.- Effectiveness loss. Rectangular diffusers; M; = 0.1 to 0.3.
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Correlated effeg tiveness
1oss , (1-7)/ A
W

2 51*//?/ ﬁk
| =02 400
018 2.34 (conical)
008 175to5.00

Ve

See table I
— for symbols

0 1 l 1 b b bt bvvorbveabvedondmd 1 1
/ 2 3 4 5 6 78910 15 20 Jo 40 S0

Expansion angle ,(26),

Figure 12.- Effectiveness loss. Rectangular diffusers; M; = 0.1 to 0.3. .
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SIFIED
t:\,
’ - 12
I
S ?
i ok !
/
/
i
9+ /
/
/i
R~ /B
L8t /
- //
3
N //
g
; ¥ /
]
N /
. N /
S /
g 6 Conical /
Ap=2.34 * /02078
\‘C 6?/R.= 029 }7 2/ ’_Ql g,
= Y =08 / s
oF
&'IR=035
. Rg =319
. 4
| 20
4 -F
3 F
20= equivalent cone angle
Zr . See table I for symbols
- &/k = .002
Ag= L75
/ i B — e & — g
‘ &R =017 / 26
Ag=1T5 Y
R
0 L“— 1 | | L LU bt gttty bvochndenbd o bv be b baded v raanad
! 2 3 4 5§ 678910 15 20 30 40 %0 60 80 100 180

Expansion angle ,26

- Figure 13.- Effectiveness loss. Annular diffusers; Mj =~ 0.2.
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Figure 1k.- Recovery of diffuser effectiveness in tailpilpe. Ml = 0.13.
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TL
6
ST 264 26,
i &/R
L (R e | o / .0'5/8}
- 26 A i 3.2%2 029  Diffuseronl
T 4L 26 R y
v;‘ -
vy
2 -
v 3
) |
o
> I
S I /
2 L e /R,
= 2r / 058
3 029 t Diffuser plus
) i 018 | talpipe
: T
0— i { | oL bt e bparsbirnlanl [ N A N AR AR
/ Y4 3 ¢4 5678910 15 Z0 30 40 5060 80 100

Expansion angle,284

Figure 15.- Effectiveness loss. Conical-diffuser—tailpipe combinations;
AR = 2.34; My = 0.13; reference 10.
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24

22 L
Q .
had N P d(H-P) ) rM*
Rg 20 2 (-P) dBIR) ~ Agl/P-1](1%))
&) 1
\ -y
32
SYERS
Y 4
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33 M,
Vv S 9
Q@ \\)/6
N 8
Uy &
~ \ 07‘ — 7
N
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] :’)(f’ I = ‘ 4
W 8 ’ ’
S X A “ 2
NN .0
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) /]

10 =—

T |
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Area ratio, Ap

(a) Change in pressure gradient with Mach number.

Figure 16.- Compressibility effect on the ideal pressure gradient.




Diffuser radius, Local expansion
7 angle, 26

R/R,
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(b) Effect on design indicated by ideal pressure gradient.

Figure 16.- Concluded.
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Increase tn loss coefficient

26
24
2z
20
18
16
14
12

1.0

UNCHASHFER.

NACA RM L56F05

| / x T \T
- / I
/ I
/ l
- / |
/ |
Reference
26 AT |
23° 2 10 |
10° 2 D + I
12 2 A / —
- 127 2 B—+F i
/ l
———Separated flow / |
l
Note ; ¥ indicates Mach / |
number corresponding / |
to choke. / l
See table I / |
for sf/mbols / ’
/
B /
/
— /
yd
— //
-
1 11 I8 ] 1 | |
3 4 b 0 7 Yol 9 1O

Inlet Mach number, M,

(a) Conical diffusers; 5*1/R1 = 0.003 to 0.006.

Figure 17.- Inlet speed effects on loss coefficient.
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NACA RM LS6FO5 %’Xﬁ{aﬂm% .

26}
24+ \T
W 22
3 B Ref:
Ul eferencé
[ 26 Fg
~ | symbol /
I 10° 2 B /
AN n 122 2 O /
B 23 2
§ 1.8 AN
\g ~ _———Separated flow /
A
Y 1.6 - /
S /
O | Note:% indicates Mach Y,
b number corresponding
Q 14+ to choke. / /
S | See table I // /
Y for symbols /
Q 1.2 /
Q ,
S
~ | | |
1.0
2 3 4 %) 6 7 o}

Inlet Mach number, M,

(b) Conical diffusers; &%) [R; = 0.0Ll7 to 0.030.

Figure 17.- Continued.
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26 - ' M
I
24 | T
_ ]
Q ———Separated flow |
w22 F
MR ll l
NN |
N |
S ;t 20 26,
,\\’ | Reference 18 80°
R 106"
S e SR 7
Q 312"
~ | '
N
S 6
| Note : % indicates Mach
32 number corresponding
AN /4 to choke.
S _
3
N 1.2
S
S == __
1.0
8 l | l | I i | 1 | 1 | ] | l

2 3 4 5 o e 8 9
Inlet Mach number , M,

(c) Rectangular diffusers; S*l/Rl ~ 0.02.

Figure 17.- Continued.
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Increase I1n loss coerficient

1.8

1.6

1.4

Reference
| 51*/ R, symbol 20
.016 o} /2°
o 016 o 6°
002 4 6°
B 002 N /12°
HR = I.75
—

Jee table T

|2l for symbols.

1.0 ] ;

8 : Note: % indicates Mach number corresponding to choke.

6 ] I I ] l I ] | I 1 ] 1 1l | I
2 3 4 5 6 7 8 XY,

Inlet Mach number, M,

(d) Annular diffusers.

Figure 17.- Concluded.
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Increase In effectiveness 10ss 5 (1=7) /(1) -2

yﬁ@éﬂﬁﬁi}rﬁu NACA RM L56FO5

“r / M

| j / .
o / /
// //
24 ———Separated flow / /
- / 4
/. //
20+ //-—23 2 © //
/ /
B : / /
181 /S
/ /
| Iy
! 120 2 a
L6 / s
3 /7
/ﬂ/ 20 Reference

Z
!

Ap '
l Symbo
4
4

4

Un Note: % indicates Mach number correspona’/nj to choks.

- See table I for symbols.
4 | | 1 1 I 1 | | | | L [ I RN B |
2 3 4 5 6 7 8 9 10

Inlet Mach number, M,

(2) Conical diffusers; &[R; = 0.003 to 0.006.

Figure 18.- Inlet speed effect on effectiveness loss.
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Increase /n effectiveness /0ss,
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See table I for symbols

28 Reference Jj/mbo/
12° A
23 O
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— — — p— —

Note : % indicates Mach number corresponding to choke.
| i I | l | | | | l | |

|

3 4 g ¥z 7 o}
Inlet Mach number ,M,

(b) Conical diffusers; S*l/Rl = 0.017 to 0.030.

Figure 18.- Continued.
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L0

20 +
- |
18- Note: ¥ ndicates Mach number T
corresponding to choke.
o B /
v
&) L6 T
" Curved wall /.5’7/?’ 878
v B _._,J—‘ 024 16
N 103 /
N M Straight wall /
S N raight wa
QU S ] -~
u: R~
i 42 /
VNS =
X
NN
QV)) A8
NS
o
Q
<
N

W4 3 4 5 6 7 .8 .9 Lo
Inlet Mach number, M,

(c) Conical diffusers; 6*1/R1 = 0.002 to 0.024; AR = 1.96; reference 20.

Figure 18.- Continued.
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1FfEh

Increase in errectiveness [05sy (1-7)/(-9)y, -

2.6

24

2.2

2.0

18

.6

14

12

10 |

— — —JSeparated flow

26y
Reference 80°
106"
Pe=4 158" ’
21.0% |
3.2 =

e
e
p——

Note: % indicates Mach number correspondm? tochoke.
| I | ] | | | I l ] 1 | l

2 3 4 5 .6 7 4 9

Inlet Mach number, M,

(d) Rectangular diffusers; S*l/Rl ~ 0.02.

Figure 18.- Continued.
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Increase in efrectiveness [oss,

[.8

1.6

See table I for Symbol,s

]

Note : ¥ ingicates Mach number correspondi

| | I | | I |

ng to choke.
|

|

c8

J,'VR,Symbol

002 a
002 4
.0/lé D
.0lé6 D

ﬁR =75

- a

3

4 5 6
Inlet Mach number, M,
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Figure 18.- Concluded.
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Figure 19.- Typical values of diffuser choking Mach number.
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Figure 20.- Calculated velocity distortions for given values of total-
pressure distortion.
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Ratio of local to fotal area, (PR)*

(a) Conical diffusers; thin inlet boundary layers; M; = 0.20.

Figure 21.- Ex1t flow distributions.
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(b) Conical diffusers; thick inlet boundary layer; S*I/Rl = 0.082;
M; = 0.45; reference 15.

Figure 21.- Continued.
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Note: Velocity distributions along line (a) /ocated af peok velocily point
on line (b), which is a center line.

(c) Rectangular diffusers; thin inlet boundary layer; 8*1/Rl ~ 0.02;
AR = 4.0; My ~ 0.2; reference 18.

Figure 21.- Continued.
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(d) Annular diffusers; thick inlet boundary layer; AR = 1.91; My = 0.25.

Figure 21.- Concluded.
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(a) Conical diffusers; thin boundary layer; S*l/Rl = 0.003 to 0.007;
Ag = 2.00.

Figure 22.- Effect of inlet speed on exit flow distributions.
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(v) Conical diffusers; thin boundary layer; S*l/Rl = 0.015 to 0.030;
Ap = 2.0.

Figure 22.- Continued.
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Velocity ratio, YU

Aalio of local fo Fotal area

(c) Rectangular diffusers; thin inlet boundary layer; S*l/Rl ~ 0.02;
AR = 4.0; reference 18.

Figure 22.- Continued.
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Velocity ratio, &t

Fatro of local fo fotal area

(d) Rectangular diffusers; thin boundary layer; S*l/Rl ~ 0.02; AR = L.0;
reference 18,

Figure 22.- Concluded.
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Figure 23.- Exit ct‘:':tgplacement area. Conical diffusers; My = 0.2 to 0.45.
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Figure 25.- Varilation of length-diameter ratio with area ratio and
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(a) Mean dynamic pressure as a function of 286.

Figure 26.- Exit flow-distribution factors. Conical diffusers;
M} = 0.20 to 0.45.
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Figure 26.- Continued.
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Figure 26.- Concluded.
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Figure 27.- Reductions in 1 - 1 obtained with boundary-layer control.
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28.- Reductions in 1 - 1 obtained with boundary-layer control.

Annular diffusers; My = 0.25 to 0.30.
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Figure 29.- Effect of boundary-layer control with vortex generators on
the exit velocity distribution. Annular diffusers; S*I/R]_ = 0.078;

AR = 1.91; M; ~ 0.26; reference 12.
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Figure 29.- Concluded.
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Figure 30.- Effect of suction, injection, and vanes on the exit velocity
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distribution. Annular diffusers; S*l/Rl = 0.078; AR = 1.91;

M; = 0.26.
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Figure 30.- Continued.
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Figure 30.- Concluded.
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Figure 31.- Effect of boundary-layer controls on exit displacement area.
Annular diffusers; My = 0.25 to 0.30.
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Figure 32.- Effects of several vertex-generator geometric variables on
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(a) Conical diffusers; Mj; =~ 0.2.

Figure 34.- Effect of inlet velocity distribution on 1 - 7.
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(b) Curved-wall conical diffusers; Ag = 1.96; reference 20.

Figure 34.- Continued.
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Expansion angle , 26

(c) Annular diffusers; AR = 3.19; My = 0.30; reference 28.

Figure 34.,- Concluded.
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Constant~area passage
or convergent section
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Subsonic-diffuser inlet.
Normal-shock location.
(Minimum area section)
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_—__>
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Figure 35.- Diagram of a typical supersonic inlet.
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Figure 36.- Experimental and theoretical variations of pressure recovery
with Mach number for supersonic spike inlets having no internal
contraction.
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Figure 37.- Experimental and theoretical variatlons of pressure recovery
with Mach number for supersonic spike inlets having internal contraction.
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Figure 38.- Variations with Mach number of the shock-induced loss in
the diffuser section of supersonic spike inlets having no internal
contraction.
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Figure 39.- Variations with Mach number of the shock-induced loss in
the diffuser section of supersonic spike inlets having internal
contraction.
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Figure 40.- Variation of the ratio of the shock-induced loss to the

basic subsonic-diffuser loss with Mach number for supersonic spike
inlets having no contraction.
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Figure 41.- Effects of inlet boundary-layer thickness on the shock-
induced loss in the subsonic-diffuser section of supersonic spike
inlets having no contraction.
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Figure 42.- Variations with Mach number of the shock-induced loss in
the diffuser section of a supersonic convergent-divergent inlet.
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Figure 43.- Compressible three-dimensional displacement area as a function
of survey location for various shock positions.
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Figure 44.- Compressible three-dimensional momentum area as a function
of survey location for various shock positions.
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Figure 46.- Mach number distribution at several stations in the diffuser
section of a convergent-divergent supersonic inlet for several
different shock locations.
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Figure 47.- Velocity distributions at station 7 in the convergent-
divergent inlet.
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Figure 49.- Line drawing of the supersonic diffuser.
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Figure 50.- Total-pressure, static-pressure, and Mach number distributions
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