
• 
I 

I 

(~ 

f , 

NATIONAL ADVISORY COMMITIEE 
FOR AERONAUTICS 

TECHNICAL NOTE 3668 

PRELIMINARY INVESTIGATION OF A FAMILY OF DIFFUSERS 

DESIGNED FOR NEAR SONIC INLET VELOCITIES 

By Richard Scherrer and Warren E. Anderson 

Ames Aeronautical Laboratory 
Moffett Field, Calif . 

Washington 

February 1956 

https://ntrs.nasa.gov/search.jsp?R=19930084930 2020-06-17T18:20:21+00:00Z





G 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE 3668 

PRELIMINARY INVESTIGATION OF A FAMILY OF DIFFUSERS 

DESIGNED FOR NEAR SONIC INLET VELOCITIES 
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SUMMARY 

Tests have been conducted with a series of diffuser shapes defined 
by empirical equations having constants which are related to the initial 
boundary-layer thickness . The shapes were designed to provide high pres 
sure recovery at near sonic inlet Mach numbers, and tests were conducted 
through the mass - flow range with a variety of attached and separated 
initial boundary layers. Tests were also conducted with two offset ducts 
and with a variety of surface conditions in the shortest duct. 

The experimental results provide substantiation for the design trends 
upon which the empirical equations were based. In addition, it was found 
that for the axially symmetric ducts tested, the effect of initial 
boundary-layer thickness on pressure recovery was as important as that 
of duct shape. The best performance was obtained with a short duct with 
a thin initial boundary layer . With separated boundary layers, extended 
entry lengths provided markedly improved pressure recovery and flow 
steadiness relative to a similar duct with no entry extension . The off
set ducts suffered losses in all performance parameters relative to a 
similar axially symmetric duct. Near maximum mass flOW, the surface con
ditions investigated had only small adverse effects on pressure recovery . 
A loss of several percent in total pressure recovery occurred with air 
leakage into the duct near the throat . 

INTRODUCTION 

Although numerous investigations of the performance of subsonic 
diffusers have been made over a period of years, the need for efficient 
air-induction systems f or the turbojet and ram-jet engines of supersonic 
aircraft has caused a demand for further research on this classic problem . l 

With efficient methods of supersonic compression, the initial Mach number 

lA review of the history of diffuser research is given i n reference 1. 
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in a subsonic diffuser is high (> 0 . 8) and positive pressure gradients 
can be large. Also, there exists an initial boundary layer at the duct 
entrance which can be thin, thick, or separated . To achieve the high 
levels of flow uniformity, steadiness, and pressure recovery required by 
jet engines, considerable care must be exercised in the layout of ducts 
to insure that high positive pressure gradients which cause separation 
are avoided and, in the case of initially separated flow, that reattach
ment will occur in the subsonic diffuser . 

Almost all experiments with isolated subsonic diffusers have been 
conducted with units having constant divergence angles and usually only 
pressure recovery has been measured. Notable exceptions are the investi
gations of references 2 , 3, and 4 in which extensive static -pressure 
distributions and numerous boundary-layer profiles were measured in large 
conical diffusers . In the design of subsonic diffusers for supersonic 
air-induction systems, it is also necessary to have knowledge of the geo
metric and flow variables affecting flow uniformity and flow steadiness 
in addition to knowledge of factors affecting pressure recovery. 

Numerous studies have been made using turbulent boundary- layer theory 
to obtain efficient diffuser shapes for incompressible two- dimensional 
and axially symmetric flows. However, as shown in reference 5, existing 
turbulent boundary- layer theory in compressible flow is not sufficiently 
refined for design purposes because the effects of positive pressure 
gradients are not known with sufficient accuracy . As a result, a variety 
of methods has been applied in the design of actual duct installations . 
For the most part, these duct shapes are simply fairings, based on expe 
rience, from the inlet to the exit after these areas have been located 
and their sizes calculated . Because of the almost infinite number of 
possible fairings, combined with the number of possible combinations of 
initial conditions, it is difficult to design an efficient duct shape 
for given operating conditions from existing data . When the additional 
considerations of off- design operation, and weight and volume limitations 
are included in the duct problem, it becomes doubly difficult to obtain 
an efficient duct. The purposes of the present preliminary investigation 
were: (1) to provide information for more systematic diffuser design by 
devel oping an empirical general equation for the radius distribution of 
axially symmetric diffusers, (2) to select coefficients for the general 
equation from study of available theory and experiment , and ( 3) to make 
measurements of pressure recovery , flow uniformity, and flow steadiness 
in several of the resulting diffusers . The experiments are exploratory 
in nature and serve to indicate qualitative agreement between the design 
trends upon which the empirical equations are based and the performance 
of the empirical duct shapes . The investigation also included measure
ment of some effects of duct center - line offset and surface conditions 
to determine the or der of magnitude of these effects. 
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NOTATION 

A cross- sectional area 

a exit s l ope (tan 8 0
4 ) (See sketch p . 4.) 
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function of 

entry length in terms of inlet radii 

Napierian constant 

5* boundary- layer pr ofile shape parameter, 
8 

arbitrary constant 

Mach number 

mass flow , pYA 

maximum mass flow based on choked, isentropi c entrance conditions 

static pressure 

dynamic pressure 

t otal pressure 

static -pressure fluctuation 

Reynolds number 

radius 

constant in equation (2) 

local velocity within boundary layer 

l ocal velocity immediately outside boundary layer 

average velocity 

maximum velocity at station 3 

3 
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x distance downstream from minimum area station 

Y distance from reference surface or center line 

5 boundary- layer thickness 

5* boundary- layer displacement thickness 

e boundary- layer momentum thickness 

eO half of diffuser divergence angle 

p mass density 

Subscripts 

00 ambient conditions 

2 local conditions 

l bellmouth entrance station 

2' subsonic diffuser entrance (minimum area) station 

3 rake measuring station ( compressor inlet) 

4 exit station 

DIFFUSER- SHAPE EQUATIONS 

A study of available theory and experiment has indicated that at 
least four geometric variables must be included in an equation to define 
a family of reasonable diffuser shapes which are t o hav e near sonic 
entrance Mach numbers. These variables are illustr ated in the following 
sketch: 

® ( 
t 

2' 

Cl}Entry length 

~Initial slope 

3 

(])Maximum s l ope 

~EXit s l ope 
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The entry length is a region of nearly constant cross - sectional area 
and , as will be discussed in detail later, has been found to be essential 
in some duct systems . From a study of test data for diffusers with vari 
ou s init i al flow condi tions , duct shape s were generally found t o require 
a change in wall slope from the initial t o the maximum and final values 
when flow separation i s to be prevented . A criterion for avoiding sepa
ration in two- dimensional incompre ssi b le flow i s that separation will 
never occur when the boundary- layer shape parameter H (H = 5*/e) is 
equal to or less than 1.8 (see ref . 6) . This condition has been assumed 
and is fundamental in the empirical evolution of the shape equations and 
evaluation of the constants which are discussed in detail later in this 
r eport . 

It is possible to describe diffuser shapes, such as that shown in 
the sketch, with many different equations, but an exponential polynomial 
form was f ound t o be most convenient . It was also f ound convenient, and 
reasonable in the light of existing data, to use two equations to describe 
diffuser shapes. The first equation defines the l ongitudinal distribution 
of local radius of an axially symmetric diffuser as dictated by the desired 
initial, maximum, and final slopes . The second equation i s arranged to 
provide desired entry lengths by an exponential stretching of the ordinate 
spacings in the up stream direction. These equations are : 

( 1) 

where 

x 

a exit slope 

b 

K constant 

and 

(r~')extension ( 2) 

where 

c entry length extens ion in terms of i nlet r adii 

s constant 
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In these equations, the exponents were selected by inspection of 
diffuser contours resulting from calculations utilizing various combina
tions of exponents . The constants S, K, a, and b have been evaluated 
by a study of available data in conjunction with the empirical equation 
to provide satisfactory diffuser shapes . The initial slope of the curves 
defined by equation (1) is zero ; the reasons justifying the selection of 
this value will be discussed subsequently . 

The need for some entry length is indicated by the results of refer
ences 7 through 10 . Extended entry regions as great as 3 inlet diameters 
in length have been shown to provide steady flow for wide ranges of mass 
flow ratio at both subsonic and supersonic speeds . The reason for extend
ing the entry of a diffuser is to provide a region of nearly uniform 
pressure in which the boundary-layer shape parameter H can reduce to a 
value for which the subsequent diffuser was designed. Equation (2) pro
vides for the forward extension of a diffuser shape, from equation (1), 
by any desired amount through selection of a value of the constant c . 
Since there is only a qual itative link between the initial boundary-
l ayer conditions and the value of c, it is necessary to determine the 
best value for a given duct system by judgment and experiment . The value 
of S in the exponent of e in equation (2) was selected so that the 
maximum and exit slopes would remain essentially unchanged when the entry 
length was extended (S = 5) . A lower value of S would result in a 
reduction in maximum slope with increasing entry length . 

The selection of a zero value of initial slope is justified quali 
tatively by reference to one - dimens i onal flow relations . It can be shown 
that when the flow at the entry is near sonic the rate of area change with 
length must be near zero to prevent large positive pressure gradients. 
Also, experimental pressure distributions shown in reference 11 indicate 
that to prevent the formation of a l ocal supersonic region near the wall 
at the entry to even a low- angle conical diffuser, it is necessary to use 
a low initial divergence angle (eO ~ 10). Another investigation of the 
flow at the entry to a 100 included-angle conical diffuser (ref. 3) shows 
that to prevent the formation of a supersonic region at the throat , a 
circular- arc fairing with a radius of at least eight times the throat 
radius was required . Seddon (ref. 12) also discusses the advantages of 
a low value of initial slope and some entry length to provide the best 
pressure recovery in subsonic nose inlets for wide ranges of inlet veloc 
ity ratio. The requirements of a near zero initial slope and a gradual 
fairing to the maximum slope are satisfied by equation (1) and are unaf
fected by equation (2) . 

A region of maximum slope exists because as the flow is decelerated 
from near sonic speed, the wall slope increases for a constant positive 
pressure gradient . The practical maximum slope is limited by boundary
layer separation and must be related to the initial boundary- layer thick
ness. Such a relation is obtained from the theory of reference 13 ~d, 
for a constant value of H, the relationship is 
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tan eO max = constant [ r2 ' 1/6 J 
e2, (Ree2 , ) 

Since the variation in (Ree ,) 1/6 is small bet ween usual models and full 
scal e aircraft flying at hi~h altitudes (the condition of maximum e2 ' )' 
the parameter r2 , /e2 ' is probably sufficient for correlation of test 
results . It has been used frequently in the past . Examination of experi
mental data (ref . 2) and calculations using relations from reference 13 
indicate that a reasonable relationship between the initial boundary
layer conditions and the maximum divergence angles is 

1 ( 4) 
eomax 

The form of this equation is obtained from the theory of reference 13. 
1 e2 , 

The constants were evaluated by plotting in the form vs . ---eO r2 ' max 
the data from reference 2 (where eO was measured using (r - 0*) as wall 
ordinates ) and from calculations for H = 1.8 based on reference 13. I n 
applying equation (1), it is necessary to express the parameter b in 
terms of e 2,/r 2' and this expression, based on equation (4) as a boundary 
condition , is a complex expression which can be approxi mated by the 
relation 

b = 0 .1942 - 6.42 e2' 
r2 ' 

The difference between the maximum slope as given by equation (4) and as 
finally obtained by equations (1) and (5) is less than ±0. 5° . Duct models 
for two values of e 2 '/r2 ' were used in the present investigati on . The se 
and the corresponding values of maximum divergence half angle and bare 
tabulated below 

0 .0045 
.022 

emax , 
deg 

5 ·75 
3 

b 

0.165 
.053 

These values were selected as representative of diffusers with thin and 
t hick boundary layers . 

The exit slope , the constant a in equation (1), is indicated by 
both theory and experiment to be less than the maximum slope for diffu sers 
with area ratiOS of the order of 2:1. The theoretical diffuser contours 
developed in references 7 and 13 required a gradual reduction in slope 
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with increasing length to maintain a constant H. In tests of conical 
diffusers (refs. 2, 3, and 4) with high subsonic values of M2 " H was 
found to increase rapidly toward the exit . These results indicate that 
if H is to be constant , the pressure gradient must be reduced more 
rapidly toward the exit than is possible with a conical duct; thus , the 
exit slope should be less than the maximum slope . Available data for 
values of (r - 5*) as a function of x for the conical diffusers of 
references 2 and 4 indicate that a reasonable exit slope is from 20 to 30 • 

This range is so narrow that the exit slope is considered to be constant 
and the value of a was selected as 0 .035 , which is the tangent of 20. 

The exit slope, as well as the maximum slope expressed by equa-
tion (4), does not include corrections to offset the effects of boundary
layer growth. Experimental measurements of 5* in conical diffusers 
(refs. 2 and 4) indicate that the effect of boundary-layer growth can be 
taken into account approximately by a constant incremental wall- divergence 
angle of from 1/20 to 10 except near the exit . Near the exit, the growth 
of 5* was unusually rapid and as a result, H became very large. How
ever, in the present investigation of diffusers with a remlction in wall 
slope toward the exit, and with a maximum slope of 100 or 120 , use of a 
constant divergence half- angle of 10 for boundary-layer compensation was 
considered satisfactory. As a result, the total divergence angles for 
the two values of B2,/r2' become 13 .50 and 80 • This incremental angle 
was added to the wall contours after the contours had been calculated by 
equations (1) and (2) ; thus, all duct models had an initial total diver
gence angle of 20. The constant K in equation (1) determines the value 
of x/r2' at which the wall contour closely approximates the selected 
exit slope . This condition, as indicated by inspection of a family of 
curves, occurs at K(x/r2') = 2.0. For the diffuser models it was decided 
that the wall slope should reduce to the exit slope when the duct cross
sectional area is twice the entrance area. These boundary conditions 
result in the value of K being 0.326 f or the 13.50 diffusers. 

APPARATUS AND TEST 

Ducts 

One of the ducts of this series of tests is shown mounted on an air 
intake pipe in the photograph of figure 1, and the general arrangement of 
the test apparatus is shown in figure 2. Seven ducts were constructed of 
Fiberglas and polyester resin and an eighth model was machined from an 
aluminum casting. 

The duct contours are designated by a numbering system that consists 
of the maximum total divergence angle (including boundary- layer compensa
tion) and the throat extension in inlet radii. Five of the seven ducts 
had the following axially symmetric shapes: 
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l. 13 . 50 0 

2 . 13 . 50 
- 2 

3 . 13 . 50 
- 6 

4. 8 0 
- 2 

5 · 8°c - 0 . 5 

The 8°c - 0 . 5 was a conical duct with an entrance extension providing an 
initial contour about the same as the l3 . 5° - 0 duct . This conical duct 
was included in the test program for comparison purposes and because the 
shapes defined by equation (1) approach the conical for thick boundary 
layers . The 8°c - 0 . 5 duct contour is nearly identical to an 8 0 - 0 
shape except that the exit divergence of the 80 - 0 duct would be 60 

rather than 80 • The ordinates of the five axially symmetric ducts are 
shown in figure 3 and those of two offset ducts , having the 13 . 50 - 2 
basic shape , are shown in figure 4 . The center - line shapes of the offset 
ducts were similar to the wall contour of the 13 . 50 - 2 duct . All ducts 
tested had throat - station radii equal to 1.50 inches . 

The cast aluminum duct was made with the 13 . 50 - 0 shape and was used 
to illustrate effects of surface roughness and waviness . Effects of air 
leakage into the duct were determined with the 13 . 50 - 0 Fiberglas duct . 
The initial surface of the aluminum duct was machined , polished , painted , 
and repolished t o as smooth a finish as could be obtained . The revisions 
to this surface finish and the details of the leakage - hole locations in 
the Fiberglas model are discussed later with the presentation of the test 
data . 

I nstrumentation 

Measurements were made of total -pressure recovery, mass - flow ratiO , 
exit - flow uniformity, axial static -pressure distribution, entrance Mach 
number , entrance boundary- layer thickness , and the degree of flow unstead
ine ss . The l ocati ons of total- and static - pressure tubes in the ducts 
are shown in figure 2 . The average total-pressure ratio was obtained by 
the mass -derived method as discussed in reference 14 . The values of 
diffuser static pressure necessary in using this method were obtained by 
averaging rake and wall static -pressure measurements . The exit total
pressure rake was located at the values of x/r2 f for whi ch the area 
ratio , A2f/As, was 0 . 51 for all the ducts tested ( see fig . 3) . Alternate 
and possibly more desirable l ocati ons would be at values of x/r2 ' for 
equal flow velocities on the duct center line at a given mass flow in 
all models . These values of x/r2f) in theory are those for a fixed area 
ratio i n the duct contours without boundary- layer compensati on. However, 
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location of the exit rake at these stations requires more confidence in 
the method of boundary- layer compensation than appears justified , and, as 
a result, the rake was l ocated as indicated in figure 2 . The quantity of 
air flow was measured by a standard A.8.M .E. orifice meter downstream of the 
test duct . In addition, a small adjustable total-pressure probe in con
junction with a surface static tube was used to measure the boundary
layer velocity profiles at one point near station 2 '. The probe and a 
micrometer height gage which was adapted for surveying thin boundary 
layers allowed measurements to within 0 . 012 inch of the surface . A piezo
electric pressure cel l together with an oscillograph was used to measure 
the amplitude of static -pressure oscillations in the flow at the duct 
exit . The pressure-cell instrumenta~ion had essentially linear response 
in the frequency range from 0 to 3000 cycles per second . 

The exit -velocity distributions measured in the present investigation 
were compared with those presented in reference 14 in which an analysis 
was made of the accuracy of various methods of calculating total-pressure 
recovery and the extent t o which the accuracy may be affected by exit 
velocity distribution . The comparison indicated that at a mass - flow ratio 
of 0 . 95 , the maximum difference between the total-pressure recoveries pre 
sented herein and those which could be calculated by the most exact method 
of reference 14 should be only about 0 . 25 percent . The values of static
pressure unsteadiness corresponding to the measured exit -velocity distri 
butions in the straight ducts were found to be consistently less than 
about 1-1/2 percent of ambient t otal pressure . It is assumed that when 
the value of flow unsteadiness is less than this amount the inaccuracies 
of total-pressure measurements are equal to those in steady flow . A 
gradual deterioration of accuracy is to be expected with increasing flow 
unsteadiness . 

Tests 

Preliminary tests were conducted t o develop a technique for obtaining 
desired boundary- layer thicknesses at the diffuser entrance (minimum area 
station) . It was found that a series of wire rings about 1 inch apart 
upstream of the throat would produce adequately thickened boundary layers 
up t o 82 ' /r2 ' of about 0 . 016 . Greater values resulted in a deterioration 
in repeatability and were not used . As a result, the 80 ducts were not 
tested at the design value of 82 , /r2 ' which was 0 . 022 . Wires of several 
different diameters from 0 .032 to 0 .125 inch were used and considerable 
care in wire installation was required t o obtain adequately repeatable 
boundary- layer surveys . The boundary- layer thickness decreased only 
slightly with increasing throat Mach number . The table below lists the 
trip -wire sizes and their l ocations for the profiles used in the present 
investigation (shown in fig . 5). 
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Attached flow 

Wire location, 
Wire diameter , 8 2 , /r2' in . upstream from 

station 2' in . 

A 0 .00143 No wire 
B .00826 1.25 0 .040 
C .01560 0 . 75 , 1 . 25, 2 .25 0 .040 

Separated flow 

5*/r2' 
Wire location, 

Wire diameter, in . upstream fr om 
station 2 ' in . 

D 0 . 0147 0 . 25 0 .030 
E .0600 At station 2' .062 
F .0906 At station 2' .125 

In order to obtain separated boundary layers, it was necessary t o 
l ocate the wire ring at or just ahead of the minimum- area station 2 ' . 
With such a wire l ocation , reattachment was apparently controlled by the 
magnitude of the initial divergence in the diffuser . In the case of the 
thinnest separated boundary layer (designated D in fig . 5) reattachment 
had already occurred ahead of the probe measuring station . The momentum 
thicknesses of the attached profiles and the displacement thicknesses of 
the separated profi l es are tabulated in figure 5. The displacement 
thickness of the separated profile has been used in preference to the 
momentum thickness because displacement thickness increases conSistently 
with increased depth of the separated region . The reverse f l ow velocities 
in the separated portion of the boundary layers were not measured, and, 
as a result, the reverse velocities were assumed to be zero in computing 
displacement thickness . 

RESULTS AND DISCUSSION 

The range of inl et Mach numbers of primary interest in the present 
invest i gation is between 0 . 77 and 1 .0 . A Mach number of unity would 
occur in an optimum supersonic inlet with isentropic f l ow whil e a Mach 
number of 0 . 77 is that which exi sts behind a normal shock wave at a free 
stream Mach number of 1 . 3 . The static- pressure- rise ratio for this normal 
shock wave is approximately that which will separate a turbul ent boundary 
l ayer (see ref . 15 ) and thus 0 . 77 represents a lower limit of M2 , with
out separation of the initial boundary l ayer . 
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Three curves have been prepared to facilitate interpretation of the 
test data . In figure 6, mass - flow ratio is plotted as a function of inlet 
Mach number M2 , for the three attached boundary- layer inlet conditions . 
The M2 , range of primary interest as discussed above is also denoted in 
the figure . The plot of a flow- uniformity parameter Vm/V3 as a function 
of t otal -pressure ratio Pt /Pt is shown in figure 7. The curves of 

3 00 

figure 7 were obtained by employing the assumptions that the total- pressure 
recovery at some point near the duct center at station 3 was equal to 
Pt

oo 
and that the static -pressure variation across station 3 was negli -

gible (see Appendix) . These conditions are satisfied at mass - flow ratiOS 
up to that at which the flow unsteadiness exceeds 1 - 1/2 to 2 percent of 
Pt for all except the offset ducts . Inlet total-pressure ratios are 

00 

presented in figure 8 for the various entry conditions . Thes e values, 
when combined with the pressure ratios in figures 9, 17, and 18 for corre 
sponding mass - flow ratiOS, provide the values of Pt /Pt necessary t o 

3 00 

obtain indications of flow uniformity from figure 7. The curves of fig -
ure 7 show that only small losses in total pressure are acceptable if a 
low value of the uniformity parameter Vm/V3 is to be maintained . 2 It 
should be noted that the curves of figure 7 were obtained by the use of 
mass - derived values of Pt

3
• 

For simplicity of presentation the discussion is divided into the 
following four subheadings : 

1 . Axially symmetric ducts with attached initial boundary layers 

2 . Axially symmetric ducts with separated initial boundary layers 

3 . Ducts with offset axes 

4. Surface conditions 

Axially Symmetric Ducts With Attached 
Initial Boundary Layers 

The total-pressure ratios obtained in tests of the five axially sym
metric ducts for three values of B2, /r2' are presented in figure 9. 
Corresponding values of the more conventional total- pressure loss 

~he duct area ratio (A2 , /A3 = 0 .510) results in the maximum Mach 
number at the diffuser exit , M3 - 0.3, being less than that for a typical 
turbojet engine , M3 = 0 . 4 to 0 . 5 , in which Vm/V3 should be less than 
1 . 2 . The allowable pressure loss for Vm/Vs < 1.2 would be greater 
for ducts with higher maximum values of M3 . - The allowable values of 
Vm/V3 for ram-jet engines, which use l cwer values of M3 , have not been 
established. 
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coefficient (Pt 3 - Pt2,)/Q2' are given in figure 10 for comparison with 
results of other diffuser investigations . In maki ng such comparisons one 
should recognize the effects of the averaging methods on the values of 
total -pressure ratio . ( See ref . 14.) 

The effect of initial boundary- layer momentum thickness on total
pressure ratio is most clearly illustrated by a cross plot of figure 9. 
Such a cross plot for M3 = 0 . 3 is shown in figure 11 . The total-pr essure 
r atios are apparently as sensitive t o initial boundary- layer conditions 
as to the range of duct shapes that were investigated . For thin initial 
boundary layers the change of pressure recovery due to duct shape was 
gr eater than for thick boundary layers . The use of extended entry sec 
tions resulted in l ower values of pressure ratiO for thin boundary l ayers 
as can be seen by the trend of the curves for the 13. 50 - 0 ) 13 . 50 

- 2) 
and 13 . 50 - 6 ducts . These results and the empirical equations indi cate 
that for a thin i nitial profile the flow should be diffused rapidly . 
This) of course ) suggests removing the boundary l ayer at the diffuser 
entry . It is possible that reducing maximum slope with increasing entry 
length) by using a l ower value of S in equation (2)) could provide 
improved pressure recovery . Although tests were not conducted at the 
greater design value of B2' / r2 ' ) 0 .022) the results shown in figure 11 
indicate that the 80 - 2 duct could be better than the others with thick 
b oundary l ayers even though some entry extension was used . 

The l ongitudinal static-pressure distribut i ons of the ducts f or 
M3= 0 . 3 are shown in figure 12 . It is of importance that the i nitial 
rapid rise i n pressure that is most apparent with the l ongest duct 
(13.50 - 6) was found ) by assuming one - dimensional flow) to be due to 
the 10 incremental diver gence angle for boundary- layer compensation . 
Thus ) the need for zero initial s l ope t o maintain low init i al pressure 
gr adients i s evident . In view of the effect of the method of boundary
layer compensation on the pressure gradient) it is apparent that the 
boundary condition of (dr/dx)2 ' = 0 should be imposed in compensation 
methods as well as i n duct contour equations . 

The f l ow steadiness results shown in f igure 13 indicate that the 
flow i s never st eady at the higher mass - flow ratios (m2 ' /m2 ' * > 0 . 50 ). 
The maximum total amplitude ) and also the frequency )3 increase steadily 
with increasing mass-flow ratio . The uniformity of the t otal-pressure 
profiles in f i gure 14 i ndicates that the basic oscillat i on is probabl y 
not due to flow separation which also indicates that the exit s l ope was 
not too large . Increasing boundary-layer thickness resulted in greater 
unsteadiness and) occasionally) singl e high- amplitude oscillations would 
occur . In some models a definite beat frequency of riSing and falling 

3The predominant frequency increased to a maximum value of approxi 
mately 1200 cycles per second at m2, /m2 1 * -7 1 . 0 . 



14 NACA TN 3668 

amplitude was indicated and was audib l e as well . The maximum amplitudes 
of these oscillations are indicated as solid symbols in figure 13 . 

The f l ow uniformity parameter Vm/V3 was calcul ated for the f l ow 
shown in figure 14(a) to indicate the level of uniformity attained at 
high mass - flow ratios with the thinnest boundary layer . Both direct 
integration of the local velocities and use of figures 7 and 8 result in 
(Vm/V3) = 1 . 21 at the mass - flow ratio of 0 .980 . At lower mass - flow 
ratios the flow is more uniform . All the other ducts , however, had higher 
values of Vm/V3 at equivalent percentages of the maximum mass - flow 
ratio with the thinnest boundary layer and had still hi gher values with 
thicker boundary layers . 

The best duct shape of those investigated with a thin attached initial 
boundary layer is apparently the 13 . 50 - 0 shape . However , an i ncrease 
in initial boundary- layer thickness causes a rapid reduction in total
pressure ratio and the Soc - 0.5 duct becomes the best . With thick bound
ary layers the 80 - 2 duct appears best . This trend is in agreement with 
the trends upon which equation (1) and the constants were based . A sig
nificant conclusion of this portion of the investigation is that the 
initial boundary- layer thickness is as important as the wall contour in 
determining the pressure recovery, flow uniformity, and flow steadiness 
at high mass - flow ratios . 

Axially Symmetric Ducts With Separated 
Initial Boundary Layers 

Ducts with a maximum divergence angle of 13 . 50 were tested with three 
thicknesses of separated initial boundary layers . The total-pressure 
ratios attained in these tests are shown in figure 15 and a cross plot at 
a constant value of diffuser discharge Mach number of 0 .25 is shown in 
figure 16 . The high pressure recoveries for the 13 . 50 - 6 duct at 
(5*2 , /r2 ') = 0 . 06 are consistent with the low values of the static
pressure fluctuations shown in figure 17 . It is appar ently pOSSib l e, 
with long entry lengths, to attain as low values of flow unsteadiness 
with initial separation as are attained with unseparated flow . The gen
eral shape of the curves in figure 16 and comparison with the total
pressure ratios for thin attached initial boundary l ayers indicates that 
entry length has a favorable effect when the initial boundary layer is 
separated . The rapid reduction in total- pressure ratio at large values 
of 5*2' /r2" however, suggests that there is a practical limit to the' 
value of 5*/r that can be allowed in inlet design . 
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Ducts With Offset Axes 

The total-pre.)sure ratios attained with the offset ducts are shown 
in f igure 18 , and it is apparent that the offsets have caused substantial 
additional l osses relative to the axially symmetric duct . As shown by a 
comparison of figures 19 and 13, the pressure loss for the duct with the 
r2 ' offset is accompanied by at least doubled values of flow unsteadiness 
(6P3/Pt ) at most mass - flow ratiOS. Exit velocity distributions indicate 

00 

that some separation always occurred in the offset ducts . As a result , 
the flow uniformity at high mass - flow ratios in both offset ducts had 
values greater than Vm/V3 = 1 . 5 . 

Tests were also conducted with semicircular boundary- layer - thickening 
wires l ocated so as t o affect only the steeper side of the duct (upper 
surface in fig . 4) . The amplitude of flow oscillations with these circum
ferentially nonuniform boundary- layer thickness distributions were essen
tially identical to those obtained with equal size annular wires as shown 
in figure 19 . The performance of the offset ducts is obviously affected 
by the choice of shape and mean- line contour, and it is probable that 
somewhat better shapes than those tested are attainable f or the same 
length and offset. 

Surface Conditions 

The investigation of surface conditions was conducted with the 
13 . 50 

- 0 duct shape, and several roughnesses, waviness amplitudes, and 
leakage conditions were investigated . The results obtained with the 
thinnest attached boundary layers are shown in figures 20 and 21. Results 
obtained with thicker boundary layers with each surface condition showed 
some reduction in the adverse effects . Since the measured effects of 
surface conditions were small, only the data for the thinnest boundary 
layer are presented . 

Surface roughness .- The range of r oughness investigated was from the 
smooth polished aluminum model to a surface with discrete circumferential 
ridges throughout the duct (fig . 20(a)) . These ridges were produced by 
tape strips . The tape was 0 . 003 inch thick and 3/4 inch wide and was 
placed in circumferential strips at numerous positions in the duct . The 
tape thickness was 1 . 4 times the momentum thickness of the boundary layer 
at the throat . The dimensions of the sanded roughness and slight waviness 
in the models indicated in figure 20(a) were not measured . The sanded 
r oughness was definitely perceptible to the touch . The slight waviness 
was due t o nonuniform shrinkage of the polyester resin from which the 
model was made and was very perceptible when viewed with a l ight shining 
axially through the duct . The effects of this range of surface conditions 
amounted to about 1 percent reduction in pressure recovery . 
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Surface waviness .- The effect of duct -wall deflections throughout 
full - scale ducts under internal pressure l oad s was simulated as shown 
in figure 20(b). It was assumed that the duct shell would deflect 
between rigid circumferential stiffeners , and wave amplitudes (model 
scale) of 0 , 0 . 010 , 0 . 020 , and 0 . 040 inch were used . Increasing waviness 
caused the small reduction in pressure ratio shown in figure 20(b )j how
ever, some change in flow unsteadiness is shown in figure 21 . The flow 
uniformity was little affected . 

Air leakage into duct .- The leakage investigated occurred through 
groups of 1/32- inch- diameter holes drilled at about 3/ 32- inch spacings 
at each duct station as shown in figure 20(c) . Leakage into the down
stream part of the duct had little effect on pressure recovery . A sig
nificant reduction in total- pressure ratio occurred at high mass - flow 
ratios when leakage was allowed near the throat as we l l as in the down
stream region . 

Summary of surface - condition tests .- It was anticipated that the 
13 . 50 - 0 duct would be particularly sensitive to surface conditions 
because of the large maximum divergence angle . However , the results , 
particularly with roughness and waviness, resulted in unexpectedly small 
variations in pressure recovery . It appears likely that this result is 
r elated to the measured increase in flow uniformity with increasing extent 
of surface roughness r eported in reference 16 . 

CONCLUDING REMARKS 

The experimental results of the present investigation provide sub 
stantiation for the design trends, upon which the empirical equations 
were based, as follows : 

1 . When the entry flow was nonuniform, that is, separated bound
ary layer, extended entry lengths resulted in better pressure recovery, 
as well as more steady and uniform flow at the duct exit station . 

2 . The initial slope must be zero for near sonic entry conditions 
for the duct contour with or without boundary- layer compensation to 
have low initial pressure gradients . 

3 . The empirical interrelationship of the parameter 82 , /r2 ' 
and the maximum divergence angle , that was used in deriving the duct 
shapes , provided high pressure recovery and steady uniform flow at 
high mass - f l ow ratios when the initial boundary layers were thin . With 
the thickest boundary layer the diffuser shapes provided by the empiri 
cal relations are near coniccl and provide at least as good performance 
as low- angle conical diffusers . 
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4. Although the exit s l ope was not a variable in the present 
investigation, the fact that steady uniform flow was obtained in the 
13 . 50 - 0 duct at high mass flows with thin initial boundary layers 
indicates that the exit s l ope was not too large . 

Other results of the experimental investigation ar e : 
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1. For the axially symmetric model s, the effect on total-pressure 
ratio of initial boundary-layer thickness was found to be as great as 
that of the range of duct shapes i nvestigated. Thi s , of course , indi 
cates the advisability of maintaining thin initial boundary layers to 
allow use of short diffusers. 

2. The offset ducts of the present investigation suffer ed l osses 
in all performance parameters relative to the equivalent axi a lly sym
metric diffuser. As a result , it appears advisable to minimi ze the 
offset in duct deSign . 

3 . The effects of the surface conditions investigated on t he 
losses i n total- pressure ratio were not large . The largest.losses 
occurred with air l eakage into the duct near the entry. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Fie l d , Calif ., Sept . 6, 1955 
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APPENDIX 

FLOW UNIFORMITY 

In subsonic incompressible flow 

and 

where 

(Ptm - Pm) /Pt3 
(Pt3 - P3 ) /Pt3 

[
_( P_t-=m::..../_Pt.....:3~1)_-_(_Pm~/P_3_)_( p_3....;..I _P_t 3=-) ] l /2 

(P3/Pt3) 

NACA TN 3668 

P maximum value of local total pressure at the survey rake station 
tm 

Pt
3 

average value of the total pressure at the survey rake station 

P3 average value of the static pressure at the survey rake station 

Pm static pressure corresponding to Ptm 

Pt Pt 
00 3 

where Pt 
00 

designates the free - stream total pressure . 

In ducts where isentropic flow exists somewhere in the streamtube 

l.00 

Also, if the flow is steady and the average Mach number at the rake station 
P 

is low (M3 < 0 . 30) P: can be assumed equal to 1.00 without appreciable 
error . Then 
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The ratio of the maximum local 

then a function of the average Mach 

velocity to 

C
P3 

number p 
t3 

the average velocity is 

= f(M3)) and the total-

pressure ratio Pt
3

/ Pt
OO

• Since these two variables also determine the 

duct mass - flow ratio, m2, /m2' *, when the duct geometry is known, the 
velocity ratio Vm/V3 can be plotted as a function of mass-flow ratio 
with the total- pressure ratio as an independent variable (see fig . 7). 
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A-20326 

Figure 1 .- Photograph of t est instal lation . 
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Figure 9 .- Total- pressure- ratio characteristics of straight diffuser 
models for three thicknesses of attached boundary layer . 
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