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USE OF POTENTIAL FLOW THEORY TO EVALUATE SUBSONIC INLET DATA
FROM A SIMULATOR-POWERED NACELLE AT CRUISE CONDITIONS
by Lawrence J. Bober

Lewis Research Center

SUMMARY

Incompressible potential flow theory corrected for compressibility effects using the
Lieblein-Stockman compressibility correction was used to predict surface and flow-
field static pressures for a subsonic inlet at cruise conditions. The calculated surface
static pressures were in good agreement for the internal cowl surface at inlet mass
flows where local velocities were less than sonic and for the external surface at mass
flows and free-stream Mach numbers where local velocities were only slightly greater
than sonic. The analysis was used to determine the capture stream-tube location and
static-pressure distribution. Additive drag coefficients obtained from these results
were consistently higher than those obtained using one-dimensional compressible flow
theory. Increasing the distance between the inlet and boattail increased the cowl drag
force. The effect of the boundary layer on internal and external surface static-pressure
distributions was small at the design cruise Mach number of the inlet investigated.

The application of the analytical results as an aid to data reduction was demonstra-
ted and was found to be useful for predicting inlet weight flow, stagnation point location,
and inlet additive drag. The analysis also indicated an interaction between the inlet and
boattail flow fields for the experimental configuration.

INTRODUCTION

The use of turbofan simulators for wind-tunnel tests of nacelles for subsonic air-
craft offers advantages over either flow-through nacelles (refs. 1 and 2) or separate
tests of inlets (ref. 3) and boattails (refs. 4 and 5). Unfortunately, accurate determina-
tion of fan mass flow rate without extensive flow-field instrumentation is difficult for
simulator powered nacelles. Since inlet and nacelle performance are usually presented
as a function of mass flow ratio, accurate knowledge of the mass flow rate is required.



Determination of nacelle and, particularly, inlet performance depend on knowledge of
the inlet additive drag. Since this parameter cannot be measured directly, it has been
calculated from one-dimensional compressible flow theory (refs. 6 and 7). This calcu-
lation depends on the mass flow rate and the location of the stagnation point, which is
also difficult to determine experimentally.

The objective of the investigation reported herein was to demonstrate the use of in-
compressible flow theory corrected for compressibility effects to increase the under-
standing of data obtained from wind tunnel tests of a simulator powered nacelle at cruise
conditions.

To determine the simulator fan flow rate, analytically predicted internal cowl sur-
face static pressures can be compared with measured values. Comparison of calculated
and experimentally determined internal pressure distributions are shown for several fan
flow rates up to the choking value at free-stream Mach numbers from 0.60 to 0.85 and
at zero angle of attack. Theoretical pressure distributions on the cowl external surface
are compared with data. The effect of the boundary layer on the calculated pressure
distribution is presented. Calculated and measured stagnation point locations are shown
for a range of flow rates and Mach numbers. The effect of inlet-boattail spacing on the
cowl suction force is presented. Theoretical additive drag values are compared with
one-dimensional values for a range of mass flow rates at Mach numbers from 0. 60
to 0.85.

SYMBOLS
A cross-sectional area
CD, add additive drag coefficient
CD, cowl external cowl drag coefficient
CD,i nl inlet drag coefficient
Dadd additive drag
Dc owl external cowl drag
D.1 nl inlet drag
D _ox maximum nacelle diameter (54.61 cm)
L axial distance from inlet highlight to diffuser exit (28.16 cm)
l length of cylindrical section between inlet and boattail
M Mach number
m mass flow through the inlet

V]



m, mass flow at free-stream conditions through an area equal to the maximum na-
celle cross-sectional area

P total pressure

P static pressure

A"/ velocity

X length of external forebody (9.56 cm)
X axial distance measured from inlet highlight
0 ratio of specific heats

p density

¢ circumferential angle around inlet
Subscripts:

c compressible

i incompressible

isol isolated inlet

l local

s stagnation point
0 free stream
Superscripts:

- average or one-dimensional

* sonic

METHOD OF ANALYSIS
Analytical Methods

The potential flow analysis used in this study was the Douglas method (ref. 8) for
incompressible flow about axisymmetric bodies. Two basic solutions (ref. 9) were
combined to obtain arbitrary inlet mass flow rates for the zero-angle-of-attack condi-

‘ tions considered in this study.

Since high subsonic Mach numbers are achieved by the flow over much of an inlet at
cruise conditions, compressibility effects must be taken into account in the analysis.
The empirical compressibility correction developed by Lieblein and Stockman (ref. 10)
for internal flows was applied to the incompressible results. The compressible velocity
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in this method is given by

V. /Vi

Ps '
v, =Vi<i) | M

where Vc is the local compressible velocity, Vi is the local incompressible velocity,
p; is the incompressible density (equal to the stagnation densitz), EC is the local, one-
dimensional compressible density (as used in this study), and V, is the local, one-
dimensional, incompressible velocity. This compressibility correction gave good re-
sults at takeoff and landing conditions (refs. 11 and 12). For the external flow on the

surface starting at the stagnation point, Ec was taken to be the free-stream density, and

the incompressible free-stream velocity was used for Vl Thus the compressible ve-
locity in this region is given by

o Vi/Vi.o
v, - vi(—l) @
Po

This correction for the external surface is similar to the one used by Albers and Stock -
man (ref. 13).

The capture stream tube (fig. 1) was located in an iterative manner by applying the
compressibility correction to points in the flow field ahead of the inlet as though the cap
ture stream tube were a solid surface. At each axial location ahead of the inlet, where
a row of off-body points was included in the incompressible analysis, the following cal-
culations were performed:

(1) Assuming the compressible velocity at each point to be equal to the incompres-
sible velocity, the density at each point was computed and the mass flux was integrated
outward from the inlet centerline until the integrated mass flow was equal to the inlet
mass flow (input to the program). This gave an initial estimate of the radial location of
the capture stream tube.

(2) Using the current estimate for the location of the capture stream tube and treat-
ing the capture stream tube as a solid surface, the incompressible velocities at each
point were corrected for compressibility using equation (1).

(3) Densities at each point were calculated using the velocities calculated in item (2)
and the mass flux integrated as in item (1) to get a new location for the capture stream
tube.

(4) The calculations in items (2) and (3) were repeated until satisfactory convergence
was obtained for the location of the capture stream tube.
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Using the location of and the velocity on the capture stream tube at each row of off
body points, the additive drag was obtained by integrating spline fit curves of these
variables.

Inlet boundary layers were investigated using the method of Herring and Mellor
(ref. 14). The boundary-layer calculations were started using the option for plane
stagnation-point flows. The effect of the boundary layer on the inlet-pressure distribu-
tion was determined by adding the displacement thickness to the body and recalculating
the potential flow about this new body .

Since the configuration analyzed in this report consisted externally of the inlet fol -
lowed by a cylindrical section and a boattail region, these regions were included in the
analysis so that the effect of the boattail on the inlet would be reflected in the theoretical
results.

Determination of Mass Flow Ratio

The mass flow ratio at which an engine is operating can be determined by comparing
the experimentally measured inlet internal pressure distribution for which the mass flow
ratio is not known to a series of theoretical pressure distributions for which the mass
flow ratios are known (fig. 2). Comparison of the experimental pressure distribution
with the theoretical pressure distributions shown in figure 2 indicate a mass flow ratio
of approximately 0.660. For the same set of data, mass flow ratios determined from
other, more conventional methods (one-dimensional flow theory) were 0.651, 0.685, and
0.696. In adapting this method to computer data reduction, one or more pressure taps
(whose readings fall very nearly on the theoretical curve which ''best'" fits the data) are
used to determine the mass flow ratio from an analytically determined tabulation of cor-
rected weight flow against static-to-total pressure at the selected pressure tap. In
choosing a pressure tap for determining weight flow, consideration should be given to
locations where boundary-layer effects are negligible, where the static pressure is a
strong function of weight flow, and, as mentioned previously, where theoretical and ex-
perimental pressures are in good agreement. For the data shown in this report and in
reference 15, which reports on the experimental program, mass flow ratios were de-
termined from static-pressure taps located at x/L = 0.158 and 0.278.

GEOMETRY

The experimental results shown in this report were obtained in the wind tunnel test
described in references 15 and 16. A sketch of the model is shown in figure 3. The na-
celle contains a turbofan simulator designed for a fan pressure ratio of 1.15.



Details of the inlet geometry to which the analysis was applied are shown in figure 4.
The inlet external forebody is an NACA 1 series contour (ref. 3) with a highlight to max-
imum diameter ratio of 0.935 and a forebody length to maximum diameter ratio of 0.175.
Based on the correlation of reference 17, this inlet has a drag divergence Mach number
of 0.80 at a mass flow ratio based on maximum nacelle projected area of 0.65. The in-
ternal contour from the highlight to the throat is a 2:1 ellipse having a contraction ratio
of 1.26.

DISCUSSION OF RESULTS
Surface Static Pressure Distributions

Internal pressure distributions. - The following comparisons of theoretical and ex-
perimental cowl internal pressure distributions demonstrate that reasonable results can
be obtained when mass-flow ratios are determined in an experimental program by using
the method discussed previously.

Figure 5 shows three sets of experimental inlet internal pressure distributions to-
gether with the analytically predicted pressure distributions, which yielded the indicated
mass-flow ratios. The free-stream Mach number for all three cases was 0.60. The
agreement is very good in figures 5(a) and (b) where the flow is entirely subsonic, but
in figure 5(c) the agreement is not as good in the first 50 percent of the inlet length.
This is apparently due to the extensive region of supersonic flow which exists in the in-
let at this (choked) condition.

Comparisons of theoretical and experimental internal cowl pressure distributions
are shown in figures 6 and 7 for free-stream Mach numbers of 0.75 and 0.85, respec-
tively. At the lower mass flow ratios shown in figures 6(a) and (b) and 7(a) and (b) the
agreement is very good. However, in figures 6(c) and 7(c) where comparisons are made
for the inlet choked, results are similar to those shown in figure 5(c) for M0 = 0.60.

An indication of the accuracy of the present method for determining mass-flow ratio
can be obtained by comparing the mass-flow ratio at which the inlet choked (figs. 5(c) ,
6(c), and 7(c)) with the values obtained from one-dimensional, compressible flow theory.
For free-stream Mach numbers of 0.60, 0.75, and 0.85, the one-dimensional choking
mass flow ratios are 0.799, 0.714, and 0.686. The mass-flow ratios indicated in fig-
ures 5(c), 6(c), and 7(c) are an average of 2.4 percent lower than the one-dimensional
choking values. This difference is probably due to pressure gradients, in a direction
normal to the flow, which reduce the maximum mass flow that can pass through a given
area to a value less than the one-dimensional value.

In general, the theoretical internal pressure distributions agreed very well with the
experimental pressure distributions from the highlight to x/L = 0.8 at free-stream
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Mach numbers between 0.60 and 0.85 and for all mass-flow ratios where no local super-
sonic flow was observed inside of the inlet. At all free-stream Mach numbers and
mass-flow ratios, a slight discrepancy was present near the fan face.

External pressure distributions. - Comparisons of theoretical and experimental

cowl surface static-pressure distributions are shown in figure 8 for a free-stream Mach
number of 0.60 at the same mass flow ratios shown in figure 5. (The mass-flow ratios
were determined as described previously using the measured internal cowl pressures
and the theoretical pressure distributions.) The theory accurately predicts the minimum
pressure on the external cowl, although the location of the minimum pressure as indica-
ted by the theory is slightly upstream of the location indicated by the data. At the lowest
mass-flow ratio conditions (fig. 8(a)) shown, the maximum surface Mach number indica-
ted by the theory was 1.28; the maximum value indicated by the data was 1.27.

At a free-stream Mach number of 0.75, the agreement between the theoretical and
experimental external cowl surface static-pressure distributions as shown in figure 9 is
not as good as those shown in figure 8 for a free-stream Mach number of 0.60. At the
low mass-flow condition shown in (fig. 9(a)), large discrepancies between the theoretical
and experimental pressure distributions were present from the highlight (x = 0) to
x/X = 0.3 (or maybe 0.4). The local Mach numbers in this region (except for a small
region near the highlight) as determined from the data were supersonic with a maximum
value of 1.60. The maximum Mach number indicated by the theory was considerably
higher, about 2.26. Downstream of this region, where local Mach numbers were 1.03
or less (x/X = 0.48), agreement was very good. As the mass-flow ratio was increased
(fig. 9(b)), agreement improved; at the highest mass flow condition (fig. 9(c)), agree-
ment was nearly as good as at M0 = 0.60. Figure 9(c) shows the theoretical and experi-
mental pressure distributions at the choking mass-flow ratio. Only in a small region
near the highlight is there any significant discrepancy between the theoretical and ex-

. perimental results. S

The discrepancies noted near the highlight at a free~stream Mach number of 0.60
(fig. 8) and at the highest mass-flow ratio condition at a free-stream Mach number of
0.75 (fig. 9(c)) might be due to the coordinates used to represent the inlet in the potential
flow calculation. These coordinates were not obtained from measurements of the inlet
model but from specifications for construction of the model. Inspection of the model
after performfng the calculations indicated deviations from the specifications near the
inlet highlight. These deviations might have been sufficient to cause the observed dis-
crepancies between the theoretical and experimental pressure distributions near the
highlight. Calculations using the actual inlet geometry were not performed since insuf-
ficient measurements were made to adequately define the actual inlet geometry.

The discrepancies noted at the lower mass-flow ratios for a free-stream Mach num-
ber of 0. 75 could be caused by the inability of the analysis to adeduately predict the flow



where local Mach numbers are considerably greater than 1.0 or by the presence of a
region of separated flow on the cowl. )

Theoretical and experimental external cowl surface static-pressure distributions at
a free-stream Mach number of 0. 85 are shown in figure 10. At this Mach number, which
is above the design drag divergence Mach number, the theory represented poorly the ac-
tual flow for all mass-flow ratios at which calculations were performed. Even at the
highest mass-flow ratio (inlet choked; fig. 10(c)), where the agreement was expected to
be best, the theory and experimental results disagreed over the entire external surface
of the inlet. This is not surprising since both the theoretical and experimental results
indicate supersonic flow over the entire surface except for a small region near the high-
light, and it is unreasonable to expect a subsonic analysis to accurately predict such a flow

Effect of boundary layer. - Boundary-layer effects on the cowl pressure distribu-
tions were investigated primarily to determine the accuracy of the procedure used to de-
termine the inlet mass-flow ratio. Thus an extensive study of boundary -layer effects
was not performed.

An attempt was made to use the laminar to turbulent transition correlation of Smith
(ref. 18) as given by Cebeci, Mosinskis, and Smith (ref. 19) for the internal and exter-
nal boundary -layer calculations. However, the boundary-layer analysis indicated lami-
nar separation before transition was predicted. As a result, transition was assumed to
occur just upstream of the indicated laminar separation point. Turbulent separation, as
indicated by zero skin friction, was not encountered in this study.

The effect of boundary -layer growth on the internal and external cowl pressure dis-
tributions is shown in figure 11. The free-stream Mach number and inlet mass-flow ra-
tio in figure 11(a) are approximately equal to the design cruise conditions for the inlet.
Internally, the boundary-layer effect was negligible from the highlight to slightly down-
stream of the throat or at about x/L = 0.3. Externally, there was no appreciable effect
on the inlet portion of the contour which ended at approximately x/L =0.3. Accounting
for the boundary layer causes decreases in local pressures of less than 1 percent with
the maximum effect occurring internally at the diffuser exit. _

The effect of the boundary layer on the cowl pressure distribution is shown in fig-
ure 11(b) for the theoretical choking condition in the inlet at free-stream Mach 0.75.
Internally, the choked flow condition has the most severe adverse pressure gradients,
causing the thickest boundary layers and the largest deviations from the inviscid pres-
sure distributions. Internally, the boundary-layer effect was negligible upstream of the
throat (x/L =0.198), caused about a 2-percent decrease in pressure at the diffuser
exit, and caused a maximum decrease in pressure of about 4 percent at about x/L =
0.42. Externally, there was no appreciable effect on the inlet pressure distribution.

Stagnation-point location. - Accurate knowledge of the stagnation-point location is
important because it defines the starting point for the pressure integration, which deter-
mines the cowl suction force. One-dimensional additive drag calculations also require
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knowledge of the stagnation-point location. The effects of mass-flow ratio and free-
stream Mach number on the theoretical and experimental stagnation-point locations are
presented in figure 12. The analysis indicated that the stagnation-poiht location at a fix-
ed mass-flow ratio was independent of free-stream Mach number for the range 0.60

to 0.85. The agreement between the theoretical and experimental stagnation-point loca-
tions is reasonable, although the experimentally determined locations were consistently
closer to the inlet highlight on the internal surface of the cowl. As noted previously this
could be due to discrepancies between the actual inlet coordinates and those used in the
analysis. '.

Capture stream-tube pressure distributions. - Figure 13 is a comparison of typical
capture stream-tube pressure distributions calculated from the two-dimensional analysis
described previously and from one-dimensional compressible flow theory. The ratio
of static-to-total pressure at the stagnation point as calculated from one-dimensional
theory is considerably less than the actual stagnation value of 1.0.

Inlet Forces

The cowl drag force Dcowl is determined by integrating the difference between the
local surface static pressure and the free-stream static pressure from the stagnation
point to the location of the maximum nacelle diameter. The cowl drag force is thus
given by

A
_ max _
Dcowl - _4‘ (pl pO)dA
s

The additive drag Da ad is determined by integrating the difference between the local
static pressure on the capture stream tube and the free-stream static pressure from
free-stream conditions upstream of the inlet to the stagnation point on the inlet surface.

This can be written as
AS
Daga= fy (o1 ~Ppld8

0
The inlet drag Dinl is the sum of the cowl drag and additive drag,

D

Dint = Deowt + Dy

dd

These terms are made dimensionless by dividing them by the product of the free-stream

dynamic pressure %ypoM(z) and the maximum nacelle cross-sectional area Amax and



are thus denoted by CD, cowl’ CD,add and CD, inl’ -

Cowl drag. - The effects of mass-flow ratio and free-stream Mach number on the
theoretical and experimental cowl drag coefficients are shown in figure 14. Both indi-
cate that the cowl drag coefficients are weak functions of Mach number at Mach 0.79 or
less. At a free-stream Mach number of 0.85 the experimental cowl drag coefficients
are lower than at the lower free-stream Mach numbers. Since the design drag diver-
gence Mach number of the inlet is 0.80, this behavior is reasonable. The theoretical
results at a free-stream Mach number of 0.85 are at about the same level as the theor-
etical results at the lower free-stream Mach numbers, since the inviscid, subsonic an-
alysis used in this study does not consider the effects that cause drag divergence. Al-
though the pressure distributions shown in figures 9(a) and (b) indicate significant dis-
crepancies between the theory and the data, the theoretical and experimental cowl drag
coefficients of figure 14 are in reasonable agreement. The theoretical pressures shown
in figures 9(a) and (b) are lower than the data from the highlight to about x/X = 0.03
and higher than the data downstream of x/X = 0.03. When the pressures are integrated
to obtain cowl drag coefficients, these discrepancies offset each other and reasonable
agreement is obtained. Thus, for free-stream Mach numbers below the drag divergence
Mach number, the analysis is reasonably accurate in predicting the cowl drag.

Due to the relative proximity of the inlet and boattail, the external cowl pressure
distribution could be influenced by the flow over the aft end of the model. This possi-
bility was investigated analytically, and the results are shown in figure 15 for free-
stream Mach numbers of 0.60 and 0.75. This figure shows the differences between the
cowl drag coefficients for finite inlet-boattail spacings and the cowl drag coefficient for
an isolated inlet (no boattail present). These results indicate that reducing the distance
between the inlet and the boattail causes a decrease in the cowl drag. For the geometry
used in the experimental investigation, the theoretical results indicate that the cowl drag
coefficients are lower than those for an isolated inlet by roughly 0.012. This difference
is a very weak function of free-stream Mach number and inlet mass-flow ratio. Results
are not shown for free-stream Mach 0.85 since results shown in figures 10 and 14 indi-
cate that the theory does not accurately predict the flow over the external cowl at this
free-stream Mach number. At a fixed free-stream Mach number and irl:let mass-flow
ratio, the inlet additive drag was unaffected by variations in ¢ /Dm ax’ !

Additive drag. - Shown in figure 16 are the éffects of mass-flow ratio and free-
stream Mach number on the calculated additive drag coefficients. Results obtained using
the two-dimensional incompressible potential-flow analysis with the compressibility cor -
rection to determine the location of and the pressure distribution along the capture
stream tube are shown in figure 16 together with results obtained from one-dimensional
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compressible flow theory. The stagnation-point locations for the one-dimensional cal-
culations were those obtained from the two-dimensional analysis. At a given mass-flow
ratio and free-stream Mach number, the two-dimensional additive drag coefficients are
consistently higher than the one-dimensional additive drag coefficients with a difference
of from 0.015 to 0.018 for the mass-flow ratio range of 0.55 to choking and the Mach
number range of 0.60 to 0.85. In an experimental inlet program where instrumentation
is inadequate to accurately determine inlet additive drag, using one-dimensional com-
pressible flow theory to calculate additive drag will give inlet drag values that are too
low.

Inlet net force. - The inlet drag coefficient is equal to the additive drag coefficient
plus the cowl drag coefficient. The theoretical inlet drag coefficients are shown in fig-
ure 17 as a function of mass-flow ratio and free-stream Mach number. The net force on

the inlet changed from a drag at the lower mass-flow ratios to a thrust at the higher
mass-flow ratios. The mass-flow ratio at which the additive drag equaled the cowl suc-
tion force increased with increasing Mach number. If one-dimensional additive drag
values had been used in the calculation of net force, the inlet drag coefficients would be
lower than those shown in figure 17. '

SUMMARY OF RESULTS

Incompressible potential-flow calculations, corrected for compressibility effects
using the Lieblein-Stockman compressibility correction, have been performed for the
inlet of a simulator-powered nacelle for free-stream Mach numbers from 0. 60 to 0. 85
and inlet mass-flow ratios from 0.55 to choking. The internal pressure distributions
obtained using this method were compared with experimental pressure distributions to
determine mass-flow ratios for the experimental program. '

Comparisons between theoretical and experimental results allowed the following
observations:

1. Experimental and theoretical internal cowl pressure distributions were in very
good agreement for the first 80 percent of the inlet length at all free-stream Mach num-
bers and for all mass-flow ratios where no local supersonic flow was observed inside
the inlet.

2. External cowl pressure distributions were in good agreement at a free-stream
Mach number of 0. 60 for all mass-flow ratios shown. At a free-stream Mach number of
0.75, agreement was good at the choking mass flow but became worse as the mass-flow
ratio was lowered. At a free-stream Mach number of 0.85 agreement was poor at all
mass-flow ratios shown.
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3. Stagnation-point locations on the cowl lip agreed reasonably well for the mass-
flow ratios and Mach numbers investigated, but the experimental locations were consist-
ently closer to the inlet highlight. The analysis showed no effect of free-stream Mach
number on the variation of the stagnation-point location with mass-flow ratio. Experi-
mental data for the Mach number range 0. 75 to 0. 85 showed the same effect but the data
for Mach number 0.60 did not fall on the same curve as the other data.

4. Cowl drag coefficients obtained by integrating the theoretical external pressure
distribution decreased with increasing mass-flow ratio for all free-stream Mach num-
bers. At high mass-flow ratios the theoretical cowl drag coefficients were nearly inde -
pendent of free-stream Mach number. The theoretical results were in reasonable
agreement with data for free-stream Mach numbers of 0.60 to 0.79 but were higher than
the data at free-stream Mach number of 0.85.

The theoretical results allowed the following additional observations to be made:

5. The effect of the boundary layer on the pressure distribution both internally and
externally was small at the design cruise Mach number (0.75) for the design mass flow )
and for the choking mass flow. At the design condition the boundary layer caused de-
creases in local pressure of less than 1 percent with the maximum effect occurring in-
ternally just ahead of the fan face.

6. Theoretical additive drag coefficients obtained by integrating the pressure along
the calculated capture stream tube were consistently higher than one-dimensional addi-
tive drag coefficients at the same free-stream Mach number and mass-flow ratio. The
difference between these values was between 0.015 and 0.018 for a mass-flow ratio
range of 0.55 to choking and a Mach number range of 0.60 to 0.85.

7. The calculated net external force on the inlet changed from a drag at the lower
mass-flow ratios to a thrust at higher mass-flow ratios. The mass-flow ratio at which
the additive drag equaled the cowl suction force increased with increasing Mach number.

8. The presence of the boattail in close proximity to the inlet as used in the experi-
mental program caused the cowl drag coefficient to be lower than that for an isolated in-
let by roughly 0.012 at free-stream Mach numbers of 0.60 and 0. 75.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 12, 1974,
501-24.
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