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Rectangular-to-semiannular diffusing transition ducts are critical inlet components on supersonic air-
planes having bifucated engine inlets. This paper documents measured details of the � ow through a
rectangular-to-semiannular transition duct having an expansion area ratio of 1.53. Three-dimensional
velocity vectors and total pressures at the exit plane of the diffuser are presented. Surface oil-� ow visu-
alization and surface static pressure data are shown. The tests were conducted with an inlet Mach number
of 0.786 and a Reynolds number based on the inlet centerline velocity and exit diameter of 3.2 3 106.
The measured data are compared with previously published computational results. The ability of vortex
generators to reduce circumferential total pressure distortion is demonstrated.

Fig. 1 Schematic of bifurcated inlet.

Nomenclature
a, b, c = constant or coef� cients
Cp = static pressure coef� cient
Cp0 = total pressure coef� cient
c = vortex generator cord length
D = diffuser exit diameter
H = boundary-layer shape factor
h = vortex generator height
n = exponent
p = static pressure
p0 = total pressure
R = radius of diffuser exit
r = radial distance at diffuser exit
U = axial velocity
V = three-dimensional velocity vector
v = nondimensionalized velocity vector
X, Y, Z = global Cartesian coordinate system
x 9, y 9, z 9 = local Cartesian coordinate system
DPC = circumferential pressure difference
d = boundary-layer thickness
d1 = displacement thickness
d2 = momentum thickness
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u 2 = extent of distortion
t = dimensionless axial distance x/R

Subscripts
av = average of a quantity
cl = inlet centerline condition
max = maximum
0 = vortex generator width

Introduction

D IFFUSING transition ducts are critical components of air-
craft propulsion systems. Rectangular-to-semiannular

transition ducts are used as the subsonic diffuser portion of
bifurcated supersonic inlets. A diagram of a bifurcated inlet
can be seen in Fig. 1. The rectangular portion of the duct is
located immediately downstream of the normal shock, and the
semiannular portion is immediately upstream of the compres-
sor front face.

The primary function of the diffusing transition duct is to
decelerate the inlet � ow from a Mach number of roughly 0.8
to an airspeed of about Mach 0.4 relative to the compressor
front face. This must be done without generating large trans-
verse velocity components and with minimal � ow distortions
and total pressure losses. Design considerations favor shorter
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Fig. 3 Rectangular-to-semiannular transition duct td118.

Fig. 2 Schematic of internal � uid mechanics facility: 1, circular
to square contraction; 2, converging nozzle; 3, cross section duct;
4, TD118 HSR diffuser; 5, AIP instrumentation duct; and 6, � ex-
ible stainless-steel hose.

diffusers. However, shorter diffusers have larger adverse pres-
sure gradients and more streamline curvature, both of which
can cause signi� cant � ow distortion, pressure losses, and trans-
verse velocity components to develop.

Tests of a rectangular-to-semiannular diffusing transition
duct were conducted by Brown et al.1 In these studies, only
total pressure data were taken. Vortex generators were used to
eliminate � ow separation and improve the pressure recovery
of the duct.

An entire supersonic bifurcated inlet was tested by Mealson
et al.2 In this study it was determined that there was good
symmetry between the two halves of the inlet. This suggests
that it is acceptable to test one-half of the inlet and extrapolate
these results to the full inlet, at least for low angles of attack.

Anderson and Kapoor3 designed a rectangular-to-semian-
nular transition duct, named td118, that was conventionally
shorter than previous duct designs. A numerical study of the
� ow through this duct was done by them. Some small trans-
verse � ow vortices and signi� cant circumferential distortion
were predicted by this study. No separated � ow was predicted.
Results from experimental tests of the td118 duct are described
in this paper.

The authors of this paper, prior to conducting the experi-
ments documented here, completed a similar study on a duct
nearly identical to the one described in this paper.4 That duct
was made of a plastic material using a rapid prototyping stereo
lithography process. There are some differences between the
data from that plastic duct and the data presented here. The
duct used in this study, which was milled from aluminum,
more accurately represents Anderson and Kapoor’s3 td118 de-
sign than the plastic duct, hence, the data reported here are
more reliable.

The objective of the research described in this paper is to
provide a detailed set of experimental data to guide designers
of diffusing rectangular-to-semiannular transition ducts by pro-
viding a benchmark data set comparing computational results.

Data presented include two-dimensional velocity vectors at
the exit plane, total pressure recovery, surface static pressures,
and surface oil � ow visualization. The ability of vortex gen-
erators to reduce the amount of circumferential distortion is
also presented.

Experimental Facilities
Test Facility

The experiment was conducted at the NASA Lewis Re-
search Center using the Internal Fluid Mechanics Facility
(IFMF). A schematic drawing of the facility can be seen in
Fig. 2. Several previous duct studies have been conducted us-
ing this facility.5,6 Air was drawn directly from the test cell
into a large settling chamber containing honeycombs and
screens. From the settling chamber the air passed through a
three-dimensional circular-to-square contraction having an
area reduction ratio of 32. From this contraction the � uid

passed through a square-to-rectangular nozzle having an area
reduction ratio of 5. The � ow then moved through a transition
piece that changed cross section from sharp corners to � lleted
corners before entering the test duct. From the test duct the
� ow went through the aerodynamic interface plane (AIP) in-
strumentation duct, a � exible steel hose, and was exhausted to
a discharge plenum that was continuously evacuated by a cen-
tral exhauster. Details on the IFMF can be found in Porro et
al.7 Details on the modi� cations made for this series of tests
can be found in Foster et al.4

Rectangular-to-Semiannular Transition Duct

The duct used for this study is shown in Fig. 3. As men-
tioned earlier, this transition duct was designed by Anderson
and Kapoor3 for their computational study. Because of this, the
duct’s entrance is not truly a rectangle. The corners of the
entrance to the duct are slightly rounded to provide the smooth
boundary conditions necessary for some computational � uid
dynamics methods. The equation that determines the upper
surface of the duct is as follows:

n n
y 9/R z 9/R

1 = 1 (1)S D S Da b0 0

The coordinates x 9, y 9, and z 9 are perpendicular to a centerline
curve de� ned by the parametric equations

5

nX/R = C t (2)0,nO
n=0

5

nY/R = C t (3)1,nO
n=0

5

nZ/R = C t (4)2,nO
n=0

where the global coordinates (X, Y, Z ) have an origin at the
center bottom of the inlet of the duct. The duct was machined
out of aluminum. The top and bottom surfaces were produced
separately and bolted together.

AIP Instrumentation Duct

The AIP instrumentation duct was located immediately
downstream of the transition duct. Its � ow path was semian-
nular, just like the outlet of the transition duct. The hub-to-tip
ratio of the AIP duct was 0.4.

Two rakes of � ve-hole probes were in the AIP. These rakes
were rotatable circumferentially.



314 FOSTER ET AL.

Fig. 4 Example values used in distortion calculation.

Fig. 5 De� nition of surfaces within the duct.

To seal the joint between the rotating rings and stationary
portions of the duct, Te� ont tape was placed into the moving
joints. Also, an O-ring was placed on the outside of the duct.

Experimental Methods and Results
All of the results presented in this section are nondimen-

sional. Total pressure is represented as a ratio of the local total
pressure and the reference total pressure at the inlet of the
diffuser. Static pressure is presented as a static pressure coef-
� cient. Velocity is presented as a ratio of the local velocity to
the plane average velocity:

C = p /p (5)p0 0 0,cl

C = (p 2 p )/(p 2 p ) (6)p cl 0,cl cl

v = V/U (7)av

The reference states are de� ned as the inlet centerline condi-
tions p0,cl and pcl.

Total pressure distortion is reported using the methods out-
lined in the Society of Automotive Engineers (SAE) Aerospace
Recommended Practices (ARP) report 1420.8 The bene� t of
this method is its generality. The quantities calculated to de-
scribe total pressure distortion were intensity, extent, and mul-
tiple-per-rev value. The intensity describes the magnitude of
the distortion. The extent describes the area covered by a low-
pressure region, and the multiple-per-rev value describes the
number of low-pressure regions there are in one 360-deg rev-
olution. Each of these values were calculated for each circum-
ferential ring of data taken. The maximum value of the product
of the intensity and the extent were taken as the char-
acteristic distortion quantity for each case reported. The equa-
tions used to calculate these values were

DPC (PAV) 2 (PAVLOW)i i
Intensity = = (8)S DP (PAV)i

where

360

1
(PAV) = P(u ) dui E360 0

PAV is the average total pressure on a circumferential ring and
PAVLOW is the average total pressure for a low-pressure re-
gion. P(u ) is de� ned as a linear � t equation between data
points. Distortion extent is de� ned as follows:

Q

2extent = u = u (9)i ikO
k=1

As shown in Fig. 4, = u2i 2 u1i, and2u i

A
DPC DPC

(MPR) = u max u (10)i ik ikO FS D GY FS D GP Pk=1 ik ik

where MPR = multiple-per-rev distortion parameter. Example
values can be seen in Fig. 4.

To explain where various � ow phenomena occur in the dif-
fuser, the three distinct surfaces in the diffuser will be referred
to as the ramp, centerbody, and cowl. The ramp is the portion
of the lower surface of the diffuser that has only two-dimen-
sional curvature. The centerbody is the axisymmetric portion
of the lower surface of the diffuser that is faired into the hub
of the compressor. The cowl is the upper surface of the dif-
fuser. These three surfaces can be seen in Fig. 5.

Measurement Techniques

The primary measurements taken for this study were AIP
surveys of the time-averaged three-dimensional velocity com-

ponents and the time-average total pressures. These measure-
ments were made using two � ve-hole probe rakes. Each rake
held three independently calibrated � ve-hole probe tips. The
measurements were taken at intervals Dr/D = 0.016 in the ra-
dial direction, and Df = 5 deg in the circumferential direction.
The probes were calibrated and used in the same manner as
described in Reichert and Wendt.9

Surface static pressure measurements were also taken. The
static taps were located in three lines that ran the axial length
of the diffuser and in three circumferential planes. The axial
lines were along the centerline of the cowl, the centerline of
the ramp and centerbody, and along a line on the ramp at a
distance of 0.4R from the centerline.

The other measurement technique used was surface oil � ow
visualization. Using this technique the near-surface � ow pat-
terns could be observed. The � ow pattern observed was re-
corded both by photography and by transferring the � uorescent
oil to blotter paper by placing the paper on the duct surface
and allowing it to absorb the � uorescent oil.

Test Conditions

Test inlet � ow conditions were obtained 0.6R upstream of
the inlet of the diffuser. Boundary-layer measurements were
taken with a pitot probe having a 0.010-in.-diam tip. The
boundary layer was fully turbulent. All tests were conducted
at an inlet centerline Mach number of 0.786. The Re, based
on inlet width and centerline velocity, was 3.2 3 106. The inlet
� ow conditions are summarized in Table 1.

A series of � ve-hole probe measurements were also taken
at the inlet plane. These con� rmed that the cross-stream ve-
locities were negligible at the inlet of the diffuser. The inlet
conditions differ from those used by Anderson and Kapoor.3

They had a Re of 2.4 3 106 and a boundary-layer height of
d/D 3 100 = 1.20.

Baseline Case

Surface Oil Flow Visualization

A tracing of the streaklines from surface oil-� ow visuali-
zation can be seen in Fig. 6. The streaklines on the ramp show
a large area of relatively stagnant � ow near the center of the
ramp. However, no areas of reverse � ow are seen. This area
of stagnant � ow appears around x/D = 0.7 and continues to an
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Table 1 Inlet � ow conditions

Variable Value

Mcl 0.784
Recl 3.2 3 106

(d/D) 3 100 0.800
(d1/D) 3 100 0.135
(d2/D) 3 100 0.089
H 1.52

Fig. 6 Surface oil-� ow visualization.

Fig. 7 Surface static pressure measurements.

Fig. 8 Exit plane total pressure contours.

Fig. 9 Transverse velocity components.

axial location of x/D = 1.6. After that axial location no stagnant
� ow is apparent. However, strong cross� ows away from the
center of the duct are seen. These are the result of the center-
body increasing in size. This steers � ow away from the center
of the duct.

Surface Static Pressure Measurements

The axial distribution of static pressure is shown in Fig. 7.
Initially, static pressure on the cowl is slightly higher than that
on the ramp or centerbody. At x/D = 0.6 the cowl has a lower
static pressure than the other surfaces. This corresponds to the
same axial position where stagnant � ow streaklines were ob-
served by surface oil � ow visualization. As the centerbody
increases in size, the static pressure along the centerline of the
centerbody also increases. The higher static pressure on the
centerline of the centerbody could be responsible for the sur-
face oil streaklines pointing away from the centerline of the
centerbody from an x/D = 1.0 – 1.5. After x/D = 1.5 those
streamlines appear to return to a streamwise direction, which
corresponds to the relatively lower centerline pressure at that
point.

The cowl static pressure distribution seems to be in general
agreement with the computational results of Anderson and Ka-
poor.3 The fact that there is some divergence between the com-
puted and measured data around x/D = 0.7 suggests that the
stagnant � ow seen in the surface � ow visualization causes the
boundary layer to grow faster than predicted by the compu-
tations.

Five-Hole Probe Data

The total pressure distribution in the exit plane is shown in
Fig. 8. The curvature of the ramp was responsible for the large
areas of low total pressure that can be seen on either side of
the centerbody. The other area with large total pressure loss is
the center of the cowl. The area-averaged total pressure recov-
ery was p0/pref = 0.957. The distortion was characterized by an
intensity of 0.059, an extent of 60 deg, and a MPR value of
2.0.

The transverse velocity components in the exit plane are
shown in Fig. 9. The results are symmetric. The most pro-

nounced feature of the � ow is that the vectors are pointed away
from the centerbody toward the cowl. These vectors combined
with the ramp surface cross� ows indicate that a large amount
of � uid was being pushed away from the centerline of the duct
toward the center of the ramp. This could be the reason that
the total pressure recovery near the centerbody is larger than
near the cowl.

Comparison with the work by Anderson and Kapoor3 shows
that there is good agreement between the computational and
experimental results for the � ow at the exit of the diffuser.

Vortex Generator Case

Vortex generators have been used effectively to improve to-
tal pressure recovery and distortion in many subsonic ducts,
even in the absence of � ow separation, such as was demon-
strated by Brown et al1 and Reichert and Wendt.10 In an attempt
to improve the td118 duct’s performance, two pairs of coro-
tating vortex generators were placed on the cowl surface and
two sets of corotating vortex generator pairs were placed on
the ramp surface on either side of the centerbody. These lo-
cations were chosen based on the surface oil-� ow visualiza-
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Fig. 10 Vortex generator size and placement.

Fig. 11 Surface oil-� ow visualization.

Fig. 12 Total pressure contours for vortex generator case.

Fig. 13 Transverse velocity components for vortex generator
case.

Fig. 14 Comparison of distortion intensities.

tion, and based on the areas in the exit plane pressure contour
plot that had low total pressure recovery. A sketch of the vortex
generator placement can be seen in Fig. 10.

Surface Oil-Flow Visualization

Figure 11 shows the surface oil-� ow visualization data from
the ramp and centerbody surfaces with vortex generators used.

The vortex generator array almost completely eliminated the
region of stagnant � ow on the ramp surface. Near the exit of
the duct, from x/D = 1.5 – 2.0, the effect of the centerbody
diameter increasing can be seen as the streamlines bend away
from the centerbody toward the cowl wall.

Five-Hole Probe Data

In Fig. 12, the total pressure contours show a larger area of
low momentum � uid near the centerline above the centerbody
surface. This is most likely caused by the vortex created by
the vortex generator pushing lower momentum boundary-layer
� uid up the centerbody surface. The velocity vectors shown in
Fig. 13 also show that � uid is moving up the surface of the
centerbody toward the centerline of the duct. However, this
area of higher losses is offset by lower losses near the cowl
surface and the ramp. On the cowl the vortex generators
steered the low momentum � uid away from the centerline,
reducing the size of the low total pressure area seen in Fig. 8
near the centerline of the cowl surface.

Similarly, the vortex generators on the ramp surface are re-
sponsible for drawing the region of high total pressure recov-
ery down very near the ramp surface, by steering low-mo-
mentum � uid away from the center of the ramp and drawing
higher momentum � uid from the mean � ow toward the ramp
surface. This can be seen in Fig. 12 in the area near the ramp
centerbody intersection.

The area-averaged total pressure recovery for this case is
0.956. The total pressure distortion is characterized by an in-
tensity of 0.026, an extent of 67 deg, and a MPR value of 2.3.

These distortion parameters can be used as a tool to better
understand the effect of the vortex generators on the pressure
recovery. A plot of the distortion intensity for each radial ring
from r/R = 0.42 – 0.98 can be seen in Fig. 14. This shows that
while the area-averaged total pressure did not change signi� -
cantly with the use of vortex generators, the total pressure
losses were more evenly distributed along any given circum-
ferential ring.

Summary
Rectangular-to-semiannular transition ducts are an integral

part of the propulsion system for any aircraft utilizing bifur-
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cated inlets. Because of the shape of the � owpath, the total
pressure distortion is quite large. This is because of areas of
low total pressure near the ramp and cowl surfaces at the exit
of the duct. This distortion can be reduced by use of vortex
generators; however, for the con� guration studied here, vortex
generators reduced total pressure distortion, but did not im-
prove the total pressure recovery of the duct.
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