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SUMMARY 

This report presents a systematic, theoretical study of the inlet design parameters 
of VTOL tilt-nacelles . The parameters considered a re  internal-lip contraction ratio, 
internal-lip major-to-minor axis ratio, diffuser-exit-area to throat-area ratio, and 
maximum diffuser wall angle and shape. Each of the inlets presented herein was ana­
lyzed at the same given flow condition of free-stream velocity, angle between the free-
stream and centerline of the inlet, and diffuser-exit Mach number. The effects of 
these geometric parameters on surface static-pressure distribution, peak surface 
Mach number, diffusion velocity ratio, and the tendency for the inlet flow to separate 
are presented. 

INTRODUCTION 

Lift cruise fans in tilt nacelles are  being considered for VTOL (vertical takeoff 
and landing) aircraft. The inlets of these types of nacelles are subjected to wide ranges 
of incidence angles, flight speeds, and throttle settings during takeoff, landing, and 
cruise. The inlet design is of major concern because at large angles of attack the inlet 
internal flow may separate. Separated flow increases distortion, which causes fan-
blade stress and may cause core-compressor stall. Separation-free internal flow is 
largely a function of the inlet internal design. The external-lip geometry must be com­
patible with the internal-lip design and must be designed to avoid drag rise at cruise. 
The inlet should be a s  small in diameter and a s  short as possible to minimize friction 
drag and weight. Therefore, the inlet design becomes a compromise between the in­
ternal and external lip shapes for the best low-speed and cruise performance. 

It is the purpose of this report to present the effect of pertinent geometric varia-
, 

bles on the aerodynamic performance of axisymmetric inlets applicable to tilt-nacelle 
VTOL aircraft. The geometric parameters investigated were internal-lip contraction 
ratio, internal-lip major-to-minor axis ratio, diffuser-exit-area to throat-area ratios, 
and maximum diffuser wall angle and shape. 

These geometric variables are investigated at a selected severe flight condition for 
their effect on the following dependent quantities: the surface static-pressure distribu­
tion, peak surface Mach number, diffusion velocity ratio (ratio of maximum to minimum 
surface velocity), separation location, and external surface area. 
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surface distance from inlet highlight to diffuser exit 
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velocity 

axial distance 

external forebody length (fig. 1) 

radial distance from inlet highlight 

external forebody thickness (fig. 1) 

incidence angle of inlet, angle between free-stream velocity and inlet axis 
(fig. 1) 

inlet circumferential position 

maximum wall angle 
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DESCRIPTION O F  INLET GEOMETRIES 

The nomenclature used to define the inlet geometry is shown in figure 1. The 
geometric variations of the inlets investigated are  shown in figures 2 to 5. 

Baseline Configuration 

The baseline inlet consists of the baseline lip and the baseline diffuser (inlet 1in 
fig. 2). The baseline internal-lip profile was an ellipse with a major-to-minor axis 
ratio a/b of 2.0 and an inlet contraction ratio (defined as the ratio of highlight area to 
throat area (%/Dt)2) of 1.56. 

The baseline external-forebody profile was a bisuperellipse curve of the form 
(ref. 1) 

The external forebody length-to-maximum diameter ratio (Z/Dmax = 0.266)was not 
varied. The value of this parameter was selected for the prescribed value of drag-
divergence Mach number of 0.8 (ref. 2). 

The baseline diffuser had a cubic wall with a maximum wall angle of 8.7' at its 
midpoint. The baseline diffuser-exit-area to throat-area ratio was 1.10. This re­
sulted in a design throat Mach number of 0.72 for a design diffuser-exit Mach number 
of 0.6. 

The same centerbody was  used for all inlets analyzed. The higlilight of the center-
body was located at a point X/Rd = 0.86 from the diffuser exit. The centerbody profile 
was a superellipse curve of the form 
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1.72 1 .72  
= 1  

At the diffuser exit y/Rd = 0 .46 .  

Geometric Variations 

Only one inlet geometric parameter was varied at a time. For lip design changes, 
the baseline W u s e r  was used, and, for  diffuser design changes, the baseline lip was  
used. 

The contraction ratio of the lip was varied from 1.56 (baseline) to 1 . 4 6  and 1.69 
(inlets 2 and 3, fig. 2). 

The lip a/b ratio was varied from 2.00 (baseline) to 1 .75 ,  1.50, and 1.25 (inlets 
4 to 6, fig. 3).  

The diffuser-exit-area to throat-area ratio Ade/% was varied from the baseline 
1.10 to 1 .00  and 1.14 (inlets 7 and 8, fig. 4) .  

The maximum diffuser wall angle was varied from the nominal value of 8.7' to 
12' and 14' (inlets 9 and 10, fig. 5). For each of these maximum wall angles, the dif­
fuser wall was changed from a cubic to a conic design (inlets 11to 13, fig. 5). The 
conic segment was mated to the fan face with a circular a rc  and to the lip with an ellip­
tical section with an a /b  ratio of 3.0. 

A summary of the geometric variables is presented in table I .  

METHOD OF ANALYSIS 

Selection of Study Flow Condition 

The inlet incidence angle and throat Mach number (as determined by engine throttle 
setting) as a function of free-stream velocity during a typical landing approach are  
shown in figure 6 (from ref. 3) for a subsonic, VSTOL, tilt-nacelle aircraft, with and 
without a jet deflection vane in the exhaust jet. These data have been interpreted in 
terms of parameters pertinent to inlet aerodynamics (solid lines in fig. 7) and are  
compared with the experimental separation bound for a 1.56-contraction-ratio inlet 
(dashed line), 

Based on figure 7 a typically severe flow condition (the data symbol) was selected 
for analysis. This condition occurred at a free-stream Mach number of 0.18, an inci­
dence angle of 60°, and a diffuser-exit Mach number of 0.357.  

4 




Potential Flow Analysis 

The theoretical potential flows at the operating conditions for the various inlets 
were obtained using the calculational procedures for the axisymmetric inlets described 
in reference 4.  Briefly, the elements of the potential-flow computer-program system 
are  (1)a program for geometry definition, (2) an incompressible potential-flow calcu­
lation program, and (3) a program to combine basic potential-flow solutions into solu­
tions having specified values of free-stream velocity, incidence angle, and inlet mass 
flow, and also to correct the results for compressibility effects and local, supersonic-
Mach-number effects. 

The potential-flow calculations were used to obtain surface-pressure distributions, 
peak Mach numbers, and diffusion velocity ratios for the inlet geometries. All 
potential-flow results shown, except for the circumferential variations of surface 
Vmax/Vde, are  for the windward side of the inlet (0 = Oo)  since the most severe flow 
conditions occur there. 

Viscous Flow Analysis 

The theoretical viscous effects (boundary layer) for the inlets were obtained using 
a calculation’procedure as prescribed by Cebeci (ref, 5). In this procedure a finite-
difference technique is used to solve the governing boundary-layer equations. From 
this procedure, the internal-flow separation point was taken to be the point where the 
skin friction went to zero. A typical skin friction plot for the baseline inlet is shown 
in figure 8. The first segment of the curve, to the minimum at about S/Sstag = 0.24, 
is in the laminar flow region. The next segment, which ends at the local maximum, is 
the transition from laminar to turbulent flow. The flow after that point until separation 
(skin friction CF = 0) is turbulent. All inlets analyzed in this study that separated did 
so in the turbulent range. 

RESULTS AND DISCUSSION 

In this section the results will be presented as plots of surface-pressure distribu­
tion, diffusion velocity ratio, and external surface area, all a s  functions of the geo­
metric variables. 

Surface-pressure distributions are shown because they permit easy comparison of 
the nature of the adverse pressure gradients for the several geometries. 

Reference 6 established that two parameters readily obtained from potential flow 
are  useful in determining if separation will occur. These are (1)the diffusion velocity 
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ratio, defined as the ratio of the maximum to the minimum surface velocities, and (2) 

the peak surface Mach number. For many of the inlet geometries the minimum surface 
velocity is essentially the diffuser-exit velocity. At low average throat Mach numbers 
(below 0.6), the inlet flow appears to be diffusion limited; that is, at a given throat 
Mach number and free-stream velocity, the diffusion velocity ratio increases, up to a 
limit at which separation occurs, as the angle of attack increases. From experimental 
data for 30.5-centimeter-diameter STOL model inlets, the diffusion-velocity-ratio 
limit was in the range 2.4 to 2.8. This means that, if the diffusion velocity ratio is 
above 2.8, the inlet flow will probably separate; if it is below 2.4, the flow will prob­
ably stay attached; in between these limits is a band of uncertainty. Similarly, the 
peak Mach number limit was in the range of 1 .4  to 1 .6  and occurred at average throat 
Mach numbers above 0.6. The inlets presently under study were analyzed at a throat 
Mach number of around 0.4 and therefore can be expected to be diffusion-velocity-ratio 
limited. 

The limiting value of diffusion velocity ratio is expected to increase with increasing 
inlet size or Reynolds numbers. This diffusion velocity ratio is one of the chief depen­
dent parameters used herein to evaluate the tendency toward separation of the geome­
tries studied. 

A dependent parameter used to indicate the severity of the flow separation for the 
inlets that separate is the dimensionless distance X/Dde from the point of separation 
to the diffuser exit. The larger this distance, the more extensive the separation is 
likely to be. This parameter is obtained from the boundary-layer calculations and will 
be used in conjunction with the diffusion velocity ratios to evaluate the aerodynamic 
performance of the various geometries. 

The final dependent parameters to be discussed herein are  the dimensionless 
length L/Dde, maximum diameter Dm,/Dde, and external surface area 4Dm,L/ 
Dde. The latter is a simple geometric parameter that serves as a measure of the 
relative forward nacelle external surface area and hence the resulting weight and drag. 

In summary, the dependent parameters presented herein are inlet surface-
pressure distribution, diffusion velocity ratio, dimensionless distance to separation, 
and dimensionless length, diameter, and external surface area. The independent geo­
metric variables a re  lip contraction ratio, lip major-to-minor axis ratio, diffuser­
exit-area to throat-area ratio, diffuser wall angle, and diffuser wall shape (conic or 
cubic). All results are for  the given flow condition: Mo = 0.18, a = 60°, and diffuser-
exit Mach number of 0.357. 
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Effect of Lip Contraction Ratio 

The inlets considered in this section all have a cubic diffuser with a maximum wall 
angle of 8.7', lip a /b  ratio of 2.0, Ade/% = 1.10,  and a drag-divergence Mach num­
ber of 0.8 (table I, inlets 1to 3; and fig. 2 ) .  

Figure 9 shows the surface-pressure ratios as a function of dimensionless dis­
tance from the throat for the contraction ratios of 1.46, 1.56, and 1 . 6 9 .  For all the 
inlets the minimum pressure location (peak Mach number) occurred very near the high­
light. Also, a s  the contraction ratio increased, the minimum pressure increased, and 
the wall static-pressure rise decreased. Most of the static-pressure rise occurs up­
stream of the throat; correspondingly, the diffuser pressure distributions are quite 
similar. 

The value of diffusion velocity ratio is derived from the results of figure 9 and pre­
sented in table II and figure 10.  The diffusion velocity ratio decreases greatly with in­
creasing contraction ratio. While increasing contraction has a pronounced favorable 
effect on the diffusion velocity ratio, it also significantly increases the L/Dde, Dmm/ 
Dd (fig. 2 )  and the surface-area parameter (fig. 10).  Therefore, the contraction ratio 
selected should be just large enough to maintain attached flow. 

Effect of Lip Ellipse Major-to-Minor Axis Ratio 

The inlets considered in this section all have cubic diffusers with maximum wall 
angles of 8.7O, lip contraction ratios of 1.56, Ade/% = 1.10,and drag-divergence 
Mach numbers of 0.8 (table I, inlets 1, 4, 5, and 6; and fig. 3). Figure 11 shows the 
surface-pressure ratio as a function of dimensionless distance from the throat for the 
lip a /b  ratios of 2.00, 1 .75 ,  1.50, and 1.25. As a/b decreases, the minimum pres­
su re  point (peak surface velocity and Mach number) moves closer to the throat, and, a s  
a consequence, the adverse pressure gradient on the lip increases. It should be noted 
that the lip a /b  ratio, like the previously discussed lip contraction ratio has little ef­
fect on the static-pressure distribution in the diffuser. The envelope of minimum sur­
face pressure points has a maximum at a /b  = 1.5.  The diffusion velocity ratio is 
also lowest at about a /b  = 1.5 (fig. 10). Reducing the a/b ratio reduces inlet length 
slightly (fig. 3) and the surface area parameter (fig. 10). Therefore, for the given 
flow condition, the diffusion velocity ratio parameter suggests that an a /b  ratio of 
about 1 .5  can be advantageous. 

7 


I 




Effect of Diffuser-Exit-Area to Throat-Area Ratio 

In this section the inlets all have cubic diffusers with maximum wall angles of 
8.7', lip a /b  ratios of 2.0,  lip contraction ratios of 1.56, and drag-divergence Mach 
numbers of 0.8 (table I, inlets 1, 7, and 8; and fig. 4). 

Figure 1 2  shows the surface-pressure distribution as a function of dimensionless 
surface distance from the throat for diffuser-exit-area to throat-area ratios of 1.00, 
1.10, and 1.14. These area ratios resulted in one-dimensional design throat Mach 
numbers of 0.6, 0.72, and 0.79, respectively, for a design diffuser-exit Mach number 
of 0 .6 .  Note that equal throat and diffuser areas, Ade/At = 1 . 0 ,  indicates equal Mach 
numbers at these locations. As  indicated in figure 12, the value of the local surface 
pressure at the throat decreases in a manner related to the increase in one-dimensional 
Mach number as  Ade/% increases. As  can be seen from figure 10 and table 11, the 
diffusion velocity ratio decreases with decreasing diffuser-exit-area to throat-area 
ratio. From figure 4 increasing Ade/% increases the inlet length L/Dde but de­
creases the maximum diameter Dmax/Dde. The result of these two changes is to in­
crease the surface-area parameter as shown in figure 10. Therefore, reducing 
Ade/At reduces both the diffusion velocity ratio and the external surface area (both 
favorable trends), suggesting a value of Ade/% = 1 . 0 .  

Effect of Diffuser Wall Angle 

The inlets considered in this section all have internal lip a/b ratios of 2.0,  con­
traction ratios of 1.56, Ade/% = 1.10,  cubic wall diffusers, and drag-divergence 
Mach numbers of 0 .8  (table I, inlets 1, 9, and 10;  fig. 5). Figure 13 shows the 
surface-pressure ratio as a function of distance from the highlight for the 8.7', 1 2 O ,  
and 14' maximum wall angles. Note that, because the centerbody geometry was held 
constant relative to the diffuser exit, the centerbody highlight location relative to the 
inlet throat changed with diffuser length as shown on the abscissa. As  can be seen, the 
change in the diffusers has little effect on the surface static-pressure ratios upstream 
of S/Dde = 0.15, the upstream lip region. Close to the throat one can see a change. 
The larger wall angle inlets have a more gradual pressure rise than the smaller angle 
inlets between the throat and S/Dde = 0.5, an apparently contradictory effect. This, 
however, is due to the centerbody location for each inlet affecting the flow passage 
cross-sectional area.  

Values of the diffusion ratio Vmax/Vmin for these configurations are  independent 
of diffuser wall angle. But at the higher wall angles the minimum velocity is slightly 
less than the diffuser-exit velocity, and the location of the minimum velocity is just  up­
stream of the diffuser exit. This effect is comparatively small for maximum diffuser 
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wall angles up to 14O, a s  can be seen by the small increase in Vmm/Vmin with dif­
fuser wall angle in figure 10 .  

Figure 5 (left hand column) shows that increasing wall angle appreciably reduces 
the inlet length L/Dde but does not influence the maximum inlet diameter Dmax/Dde. 
The reduction in inlet length significantly reduces the inlet external surface area with 
increasing wall angle as shown in figure 10.  Thus, a more in-depth investigation of 
larger wall angles as possible optimum designs is indicated. 

Effect of Diffuser Shape 

The inlets considered in this section all have internal a /b  ratios of 2.0, con­
traction ratios of 1.56, Ade/% of 1.10, conic diffusers, and drag-divergence Mach 
numbers of 0.8 (table I, inlets 11to 13; and fig. 5). The effect of diffuser shape (i.e., 
conic or cubic) for maximum wall angles of 8.7', 1 2 O ,  and 14' on the internal static-
pressure distribution is shown in figure 14. Since the conic diffuser is shorter than its 
corresponding cubic diffuser, the conic diffuser shows a steeper average pressure gra­
dient. This steeper pressure gradient is due to the conic diffuser! s reaching and main­
taining its maximum wall angle a short distance from the throat. The cubic diffuser, 
on the other hand, gradually approaches its maximum value midway between the throat 
and the diffuser exit. It should also be noted that the pressure distributionin theconic­
diffuser has an abrupt change in slope a short distance downstream of the throat. This 
change is due to the curvature discontinuity between the transition section and the coni­
cal (zero curvature) diffuser. (Refer to Geometric Variations section for details. ) 
Geometric design refinements could smooth the pressure-distribution curve. The dif­
fuser minimum pressure, like that for the cubic diffuser, is generally less than that at 
the diffuser exit and is upstream of the diffuser exit. Figure 10  shows that there is 
little difference in the diffusion velocity ratios of the two types of diffusers. 

A comparison of the conic and cubic diffusers of figure 5 shows the conic inlets are 
short but have the same maximum diameters. Correspondingly, the conic diffusers 
have a smaller external surface area as shown in figure 10. Therefore, conic wall dif­
fusers warrant consideration, especially for high Ade/At!s and lower wall angles. 

Circumferential Variation of Diffusion Velocity Ratio 

The diffusion velocity ratios in table I1 are for the windward lip since that is the 
location of the most severe pressure gradients. However, for the three inlets that dif­
f e r  in contraction ratios (inlets 1,10, and ll),the circumferential variation in diffusion 
velocity ratio is plotted in figure 15. As stated, the most severe diffusion ratio occurs 
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at the windward lip (0 = 0'). However, midway between the windward and leeward lips 
(0 = 90°), the difEusion velocity ratios for the three inlets are much reduced and almost 
equal. The dashed line in the figure is an example of a diffusion velocity ratio limit. 
For the 1.69 inlet no separation occurs. For the 1.56 inlet the extent of separation is 
about 35O on each side of the windward lip. For the 1.46 inlet the region of separation 
extends about 50' on each side of the windward lip. This angular extent information 
can be used to estimate the angular extent of boundary-layer control measures needed 
so that the inlets would not separate. Also, from figure 15 one can conclude that it is 
not necessary for an inlet to maintain a constant value of contraction ratio. It would be 
possible to design an inlet with a large contraction ratio on the windward lip that faired 
into a smaller value at the leeward lip without adversely affecting the aerodynamic per­
formance of the inlet. In fact, figure 15 can be used to prescribe the circumferential 
variation of contraction ratio. 

Scale Effects 

Scale effects a re  those brought about by a change in Reynolds number due to a 
change in the size of the inlet. One of the effects of an increased size is that turbulent 
flow tends to remain attached for  a relatively longer distance. This tendency can be 
seen in figure 16, which shows the comparison of the skin friction for inlet 1(baseline 
inlet) between typical model scale (D = 50.8  cm) and ful l  scale (D = 215.9 cm) . The 
full-scale inlet exhibits a lower skin friction in the laminar region than the model, 
because of the increased Reynolds number. This result had been predicted in refer­
ence 7 .  However, once transition begins, the full-scale inlet reaches fully turbulent 
flow sooner and stays attached longer. 

For the inlet geometries previously discussed, the effects of scale on separation 
location are  shown in figure 1 7 .  As can be seen, the full-scale inlet exhibits delayed 
(better) separation characteristics (i.e. , smaller x/Dde) than the corresponding 
model inlet. In fact, the full-scale inlet with Ade/% = 1 . 0  did not separate, while 
the model inlet did. Scale effect is considered to be most important for the following 
cases: 

(1)Uwer  contraction ratios 
(2) Higher a/b ratios 

(Both of these factors give smaller highlight radii. ) 
(3) Lower diffuser-exit-area to throat area ratios 
(4)Cubic and low wall angle diffusers. 
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SUMMARY OF RESULTS 

The effect of internal lip and diffuser design on the aerodynamic performance was 
theoretically investigated for  inlets of tilt-nacelle VTOL aircraft. The major geomet­
ric variables investigated were internal-lip contraction ratio, internal-lip major-to­
minor axis ratio, diffuser-exit-area to throat-area ratio, and diffuser shape and maxi­
mum wall angle. The flow condition for each inlet analyzed was free-stream Mach 
number of 0.18, incidence angle of 60°, and diffuser-exit Mach number of 0.357. 
Some of the specific results based on both potential flow and boundary-layer analyses 
are  

1. As contraction ratio is increased, the inlet becomes less likely to separate, 
but it also increases in size. Therefore, the contraction ratio selected should be the 
smallest that gives the required aerodynamic performance. 

2. For a given contraction ratio, the lowest value of Vmax/Vmin occurred at an 
a/b = 1.5. 

3. As diffuser-exit-area to throat-area ratio decreases, the inlet becomes less 
likely to separate and decreases in size. Therefore, the smaller values of Ade/% 
are desirable. 

4. Increasing the maximum wall angle of the diffuser from 8.7' to 12' and 14' had 
little effect on the separation characteristics of the inlet, but did significantly reduce 
inlet size. Therefore, the larger angle diffuser walls should be considered when de­
signing an inlet. 

5. Increasing the scale of the inlet results in the tendency of the flow to remain at­
tached for a relatively longer distance. The magnitude of the scale effect depends on 
the inlet geometry. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 6, 1978, 
505-05. 
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TABLE I .  - VTOL INLET GEOMETRIC PARAMETERS 

Inlet Contraction Up major- Diffuser Maximum 
ratio, to-minor wall diffuser 
CR axis ratio, shape wall angle, 

a b  'maxy 
deg 

f 

Diffuser- Inlet axial 
exit-area length to 
to throat- diffuser-exit 
area ratio, diameter 

ratio s, 
x'Dde 

1.10 0.96 


.93 

1.01 
.94 
.911 .88 

1.00 .77 

1.14 1.03 

1.10 .75 


.67 


.77 


.66 


.62
1 
TABLE 11. - VTOL INLET POTENTIAL FLOW RESULTS 

Inlet Throat Maximum Diffuser- Surface Predicted 
Mach 

number 
surface 

Mach number, 
exit surface 

Mach number, 
diffusion 

ratio, 
boundary-layer

bbehavior 
(a) Mmax Mde Vmadvmin 

0.4

1 
1.066 
1.236 
.917 

1.037 
1.004 
1.037 

0.3472 
.3500 
.3455 
.3476 
.3482 
.3483 

2.90 
3.23 
2.57 
2.83 
2.76 
2.82 

.357 .966 .3503 2.64 

.418 1.147 .3475 3.08 

1
.4 1.066 

1.066 
1.081 
1.082 
1.056 

.3473 

.3466 

.3426 

.3463 

.3470 

2.93 
2.97 
2.98 
2.97 
2.94 

aFlow conditions: free-stream Mach number, 0.18; incidence angle, 60'; 
diffuser-exit Mach number, 0.357. 

bDiffusion rate for attached region, 52.4; uncertain region, 2.4 - 2.8; 
separated region, >2.8. 
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Figure 1. - Inlet nomenclature. 
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