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Serpentine Diffuser Performance with Emphasis on Future
Introduction to a Transonic Fan

Chase A. Nessler®, William W. Copenhaver?, and Michael G. List!
Air Force Research Laboratory, WPAFB, OH, 45433

A serpentine diffuser for embedded propulsion systems was characterized in terms of pressure
recovery and total pressure distortion generation within the discharge flow field. A new
experimental facility was constructed and also characterized for this investigation to provide
detailed, high fidelity measurements. Diffuser performance was characterized for five different
Mach numbers with 195 axial and circumferential static pressure measurements within the
diffuser flow path. Pressure distortion at the diffuser discharge was quantified with detailed static
and steady total pressure measurements at the 17 inch Aerodynamic Interface Plane (AIP). These
measurements were acquired using 8 total pressure rakes with ten radial probes each while
rotating the diffuser in five degree increments, yielding highly detailed pressure distortion
measurements at the AIP. The wall static pressure plots of diffuser performance display signs of
detached flow along the wall at design conditions. Total pressure contour plots at the AIP show a
concentrated pressure distortion pattern at the top center exit of the diffuser resulting in an overall
recovery factor of 0.983. Distortion descriptors are presented and discussed.

I. Introduction

A. Background

ext generation aircraft are utilizing integrated airframes that contain embedded propulsion systems. These

types of airframes require even more geometrically complex diffusing S-ducts than before, to condition the
airflow from the airframe inlet to the embedded engine, as shown in Figure 1. Shorter airframes that yield increased
thrust to weight ratios have led to a new generation of S-ducts that are ultra-compact and characterized as serpentine
diffusers. Serpentine diffusers vary from S-ducts by the addition of a third flow field turn back toward the original
inlet centerline, resulting in minimal vertical offset in the through-flow direction. In addition to this, serpentine
diffusers contain a continuous transitioning cross-section from a unique inlet cross-sectional shape to a circular
cross-section at the exit. Compact serpentine diffusers include highly curved surfaces which, in combination with a
significant amount of diffusion, generate multiple unsteady vortical flow structures on the scale of the fan blade
spacing. These structures impinge upon the front fan stages of the turbine engine, creating significant diffuser/fan
interaction.

Aerodynamic Interface Plane (AIP) Large Scale Vortices
! entering the fan

UAS Concept with Embedded inlet Computational Analysis of Serpentine Diffuser

Figure 1. Rendition of embedded propulsion installation in UAS

! Aerospace Engineer, Propulsion Directorate, 1950 Fifth St, Member AIAA.
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Inlet S-ducts have been used in both military and commercial aircraft on many different air platforms. Some
examples of these aircraft include the General Dynamics F-16, McDonnell-Douglas F-18, and the Boeing 727. The
complex flows that develop due to the centerline curvature, changes in cross-sectional shape, and increasing area;
have all been well documented [1-4]. It has been shown, both experimentally and computationally, that the
centerline curvature of an S-duct along with the changes in cross sectional shape, generates strong cross-stream
pressure gradients that produce secondary flows. These secondary flows develop axially into counter-rotating
vortices [5-8]. In addition to the secondary flows, a streamwise adverse pressure gradient exists from the increasing
cross sectional area, which can lead to flow separation within the S-duct. The resulting flow quality at the exit of the
duct and entering the first stage of the compressor is degraded by flow non-uniformity (distortion) and a reduction in
total pressure. The effect of flow non-uniformity and a reduced total pressure recovery is a decrease in compressor
stall margin and efficiency for a given engine.

In an extensive study by Rabe [9] with the Lockheed Martin STRICT serpentine diffuser, the diffuser geometry
was described as two S-ducts connected at the second turn, as shown in Figure 2. This interpretation of the duct
geometry agreed with the experimental results in that two sets of counter-rotating vortices were generated, one from
each S-duct. Although literature on serpentine diffusers is limited, the flow physics involved in these types of ducts
is very similar to that in an S-duct. With next generation aircraft imposing complex diffusing geometries with
shorter axial lengths, it is expected that the flow at the exit of a serpentine diffuser will contain more flow distortion,
vorticity, and more losses than previous S-ducts.

“First S-Duet”

Figure 2. STRICT serpentine diffuser [9]

The purpose of this paper is to present the results from the first phase of a multi-phase research program to
investigate the flow characteristics of a typical, ultra-compact, serpentine diffuser and evaluate its effects on the
performance of a transonic fan. Initial results of diffuser wall static pressure measurements along with steady state
total pressure measurements at the Aerodynamic Interface Plane (AIP) located near the exit of the diffuser are
presented. Diffuser performance is characterized by the measured total pressure recovery and standardized
distortion descriptors, outlined by the Society of Automotive Engineers (SAE) Aerospace Recommended Practice
(ARP) 1420 document [10-11]. In addition to these results, a detailed description is given of the new research
facility that was constructed for this research program to investigate serpentine diffusers in isolation of the
compression system, with the overall goal of coupling the diffuser research article to a transonic fan.

B. Program Overview

Embedded inlet systems are enabling technologies to assure survivability and effectiveness of both manned and
Unmanned Arial Systems (UAS). Embedded inlet systems will be highly irregular, compact, and serpentine in
nature. The Air Force Research Laboratory (AFRL) located at Wright-Patterson Air Force Base (WPAFB) has
undertaken an extensive multi-phase research program with the objectives to 1) quantify the wall static pressure
field within the diffuser, both in isolation and coupled with the fan, as a benchmark data set for future computational
validations, 2) experimentally and computationally resolve a highly unsteady velocity field at the AIP of a
serpentine diffuser in both an isolated configuration and coupled with a transonic fan, 3) describe the impact of
identified flow structures on fan performance with special emphasis placed on inlet swirl, and 4) develop methods in
both the fan and diffuser to minimize the influence of the vorticity and pressure distortion on propulsion system
performance. These scientific and technical challenges will be addressed in a four phase approach. The first phase
consists of an evaluation of isolated diffuser performance through measurements of: diffuser wall statics, steady and
unsteady pressure distortion field at the AIP, and Particle Image Velocimetry (PIV) also at the AIP. In Phase II, the
steady state total pressure profile measured in Phase | will be simulated through distortion screens in-front of a
transonic fan. The influence of the pressure distortion alone on fan performance will be quantified. The research
compressor chosen to carry out this program is a single stage transonic fan. The rotating fan blade row has no IGVs
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and is a typical low aspect ratio fan blade representative of most high performance fan jet applications with a
relevant scale of 17 inches in diameter. Phase Ill of the program will demonstrate fan performance with the
serpentine diffuser positioned in front of the transonic fan. In this phase, the interaction that will occur as a result of
the close coupling of fan and diffuser will be investigated in detail. Fan performance will be quantified and
compared to that in Phase Il in which the swirl component of the flow field was not simulated. Finally, Phase IV of
the program will involve the demonstration of flow control techniques in the coupled diffuser/fan configuration to
mitigate detrimental interaction effects on the fan. Throughout this research program, an extensive computational
effort will be undertaken to model and quantify the flow physics in each phase. This paper will focus on overall
research capabilities and the results obtained to date of Phase | efforts.

1. Experimental Setup

A. Experimental Facility

The experimental facility used to conduct this research is the Compressor Aero Research Laboratory (CARL)
located at WPAFB in Dayton, Ohio. The CARL is contained within an 82 ft. x 29 ft. research cell that houses a
6,000 hp, 22,000 RPM capable drive system used for open loop fan and compressor research. This research cell also
contains a 6° diameter pipe connection to the Component Research Air Facility (CRAF) gas turbo exhausters with
an exhaust capability of over 100,000 CFM at a minimum pressure of 11 inches of mercury [12]. As part of this
research program, this exhaust capability was utilized for first time in the CARL, and a new experimental facility
was constructed specifically as an in-flow static test facility.

Although the design of this new static test facility was in parallel with the design and procurement of the diffuser
research article, the facility was to be adaptable for different configurations and uses. A future use of this facility
includes annular cascade testing and was named as the Annular Cascade Facility (ACF).

The CRAF exhauster connection protrudes through the CARL floor at a fixed location based on previous engine
research programs. Since space was limited within the research cell, the ACF was designed with a vertical test
configuration. The existing 6 ft. diameter pipe leading to the turbo exhauster complex was adapted to allow for a 17
inch diameter mating section for the diffuser research article. This adaptor section was designed to be 10 duct
diameters in length before the transition back to the 6 ft. diameter pipe to assure minimal downstream influence on
the diffuser exit plane measurements. In order to allow for closed-loop feedback control of the flow rate entering
the ACF, a flow rate trim station was installed and optimized. With this trim station in place, the overall inlet Mach
number to the serpentine diffuser could be controlled to within £0.5%. A 3-D CAD model of the ACF is shown in
Figure 3.

Research Article

In-Flow

Flow to CRAF
Exhauster Complex

Figure 3. 3-D CAD representation of the ACF
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B. Serpentine Diffuser Research Article

The serpentine diffuser research article’s geometry is non-proprietary and broadly applicable for subsonic
diffusers, with a design throat Mach # 0.65. The area ratio from inlet to exit is 1.19 with an engine face offset (inlet
center line to exit centerline) of 20%. It has an aggressive length to diameter ratio and limited line of sight
characteristics.

The ability to integrate the diffuser research article to the compressor facility research fan was a primary design
constraint. The transonic fan flow path diameter of 17 inches was used to scale the diffuser geometry with the
matching exit diameter. In order to appropriately couple the diffuser to the existing compressor facility flow path
hardware, it was decided to utilize an embedded bellmouth to guide the flow into the diffuser. This was
accomplished by using a short radius bellmouth, and immersing the bellmouth in the 48 inch diameter flow
conditioning barrel used for the compressor research article. For consistency between the isolated experiments in
the ACF and the coupled experiment in the compressor facility, a similar flow conditioning barrel was designed and
procured for the static test. By doing this, the same inlet flow conditions entering the diffuser will be achieved in
both the static and coupled experiments. A 3-D CAD representation of the facility layout is shown in Figure 4.

Air Filter

6,000 Hp, 22,000 RPM
Capable Drive line

Static Test Flow
Conditioning Barrel

Diffuser and
Compressor Flow Compressor
Conditioning Barrel Research Article

Diffuser
Research
Article

= L i
Figure 4. Compressor Aero Research Laboratory (CARL Facility)

The diffuser research article was developed to maximize the potential to understand the complex flow field
within, as well as quantify the exit conditions. Shown in Figure 5, it is constructed of aluminum to assure
dimensional stability making it applicable for long term research studies. It is positioned within a fixed “space
frame” to allow it to be rotated to within £ .1 degree of command location within the frame through a gear drive
system. This rotational capability was required to accommodate the fixed reference frame measurements that exist
on the research fan to which it will ultimately be coupled. Fan performance with inlet distortion can only be
quantified if measurements are made at circumferential increments that are much smaller than the extent of the
distortion. This can be accommodated by using a circumferentially traversing rake system at the exit of the fan; or
in this case by incrementally rotating the distortion created by the diffuser in front of the fan which has fixed exit
performance rakes. In addition, during the isolated diffuser phase of this research program, this rotational capability
will be used to increase the density of the measurements made from the diffuser exit fixed rake system.

Figure 5. Serpentine diffuser research article
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The diffuser was manufactured in 4 segments, assembled, and blended at the interfaces to assure a smooth flow
path profile. The segments are defined as Upper Forward Diffuser (UFD), Lower Forward Diffuser (LFD), Upper
Aft Diffuser (UAD), and Lower Aft Diffuser (LAD). The diffuser was also designed with a removable section
within the UFD that spans the axial region of maximum static pressure rise within the diffuser. This removable
section is identified as the Flow Control Plug (FCP). These designations; UFD, LFD, UAD, LAD and FCP are used
to identify wall static measurement locations within the diffuser. The FCP for this part of the research program was
a blank plug instrumented only with wall static pressure measurements. However, several plug replacements with
different flow control mechanisms have been designed for future research.

As previously discussed, a 48” diameter flow conditioning barrel was located upstream of the diffuser entrance
in the static test to help guide the flow into the diffuser bellmouth. At the entrance of the flow conditioning barrel
was a 48" short radius bellmouth followed by a 4 inch thick section of ¥%” web honeycomb section to straighten the
flow entering the flow conditioning barrel. Downstream of the flow straightening section were two 12 mesh flow
conditioning screens to reduce free stream turbulence and create a uniform velocity field across the diameter of the
flow conditioning barrel. The velocity distribution across the flow conditioning barrel was measured at the same
axial location of inlet temperature and pressure measurements. The velocity was uniformly distributed within £15%
from the center to the outer walls of the flow conditioning barrel and the turbulence was measured at 2%. Within
the flow conditioning barrel, 22 thermocouples were positioned 13 inches upstream of the diffuser bellmouth and
arranged at centers of equal area. These thermocouple readings were averaged and used to establish diffuser inlet
temperature. Along with these temperature measurements, 4 wall static measurements near the location of the
thermocouples were used to establish inlet total pressure. Velocities within the flow barrel were nominally 70 ft/sec
allowing for the static pressure to be used as the total pressure and still remain well within the measurement
uncertainty of the overall pressure measurement system. This was the same arrangement that has been used in the
compressor facility to determine inlet temperature and pressure. The diffuser research article installed in the ACF
with the flow conditioning barrel is shown in Figure 6.

Figure 6. Detailed configuration of isolated diffuser test setup on the ACF
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C. Diffuser Instrumentation

The diffuser contains a total of 195 wall static pressure measurements, 0.042 inch diameter and blended flush to the
diffuser walls for documenting internal performance. At a common circumferential location, 97 evenly distributed
axial static pressure taps exist; 50 at bottom dead center of the diffuser and 47 at top dead center. Along the top of
the diffuser in the upper aft section, a viewing window was placed to allow for future optical flowfield measurement
techniques to be used. This section prohibited the installation of static pressures along its axial length. The
remaining 98 static pressure measurements were located at four different axial locations within the diffuser and
distributed circumferentially along the diffuser wall. Those locations were at the entrance to the diffuser near the
minimum area (throat); forward and aft on the flow control plug; and near the exit to the diffuser.

The diffuser was designed to accommodate multiple exit measurement case rings where the AIP was established.
The AIP for the diffuser was 2.54 inches downstream of the diffuser exit, and 1/3 of a duct diameter upstream of the
fan research article stack axis. There are currently three cases of equal axial length available to independently
position at the exit; 81 element time-averaged total pressure rake case; 40 element time-resolved total pressure rake
case with an interchangeable five element 5-hole probe rake, and an optical diagnostic (PI1V) case. Data presented in
this paper were obtained with the time-averaged total pressure rake case which will be described in detail here.
Figure 7 shows the time averaged total pressure rake case used to acquire the data presented. The figure also shows
the case installed at the exit of the diffuser on the ACF.

Figure 7. Time averaged total pressure rake case (Left). Rake case installed in ACF (Right)

This case is configured with 8 rakes evenly spaced around the circumference of the diffuser exit with ten probes
on each rake at radial centers of equal area. In addition, a single probe was positioned at the center of the case for
further radial profile definition. These 81 total pressure measurements along with diffuser rotational capability were
used to establish the exit total pressure profile in unprecedented detail at this scale. With nine diffuser positions at
five degree increments between each rake, the equivalent of 721 exit steady total pressure measurements are
provided at the exit of the diffuser. In addition, eight wall static pressures were positioned circumferentially
between the rakes at the same axial plane (AIP) of the total pressure probe tips.

The probes were constructed from stainless steel tubing with 0.027 inch inside diameter and 0.625 inch outside
diameter, producing a total blockage of approximately 4% of the flow path. Each probe tip had an internal bevel
angle of 26° at the AIP plane which gave a yaw tolerance of + 25° at a Mach number of 0.62 (Gracey [13]).

D. Data Acquisition

Pressure data was acquired through a 256 channel Scanivalve pressure measurement system. This system will
also be used when the diffuser is coupled to the fan; thereby eliminating any bias effects between the two
configurations. The AIP rake total pressures were measured with 5 modules of 16-channels each, 5 psid maximum
range transducers, while all other pressures were measured with 15 psid maximum range transducers. All pressure
transducers were referenced to atmospheric pressure. With the steady total pressure rake case installed, it was not
possible to measure all existing (195) static pressures on the diffuser. When AIP total pressure data was being
acquired, a subset of the wall static pressures was selected for measurement. This subset contained all of the
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diffuser throat and axial static pressures. Separate test periods were required to obtain data from all the diffuser
static measurement locations. As a result of this requirement for multiple experimental runs and the need to evaluate
diffuser exit conditions with at least 3 different exit measurement cases, repeatability of the measurements must be
considered.

Flowfields within serpentine diffusers typically have unsteady components that can be sensed with modern day
steady-state data acquisition systems. The measurement scan rates of these steady-state systems are high enough to
capture components of unsteadiness. Through a series of experiments, an optimum balance was achieved between
the time to acquire a “steady-state” data point and achievement of maximum steady state repeatability. To obtain
this balance, the data system was set to acquire a running average of 600 individual measurements reported from the
pressure sensing system. To obtain this running average value, a time period of approximately 3 minutes was
required to obtain a steady-state data point. Therefore all reported steady data is based on the arithmetic mean value
of 600 measurements acquired by the Scanivalve system. With this approach, the repeatability of the data presented
is within £1.5 % of the measured (differential) value.

Twenty four evenly spaced circumferential static pressure measurements, 2.5 inches downstream of the
minimum area “throat” section of the diffuser were used to establish throat Mach number. It was not possible to
place these measurements at the minimum area location due to mechanical constraints imposed by the bolting
flanges of the diffuser and the ability to rotate. Numerical averages of these measurements were used to quantify the
throat Mach number for diffuser inlet condition control with the trim feedback control (trim flow) identified in
Figure 3.

I11. Results

A. Axial and Circumferential Wall Static Pressure Measurements

Wall static pressure measurements were obtained for two axial and four circumferential traces for five different
Mach numbers. All wall static pressure data has been normalized with respect to the inlet total pressure measured
within the flow conditioning barrel. Circumferential data is plotted starting from the middle left corner looking
downstream and progresses clockwise around the diffuser flow path. As mentioned before, each data point is a
mean value with a repeatability of (+/-) 1.5% of the measured value.

Figure 8 is a plot of the circumferential static pressure distribution along the experimental throat of the diffuser.
The axial location of the throat with respect to the diffuser cross-section is shown in Figure 9 and 10. The static wall
taps contained within the upper and lower forward sections of the diffuser are indicated. The geometrical shape of
the diffuser at this cross-section consists of a relatively flat bottom section and a circular top section. At this axial
location, the flow has exited the short radius bellmouth and just entered the diffuser. The pressure profile shows the
highest wall static pressure located at the center of the upper surface with a symmetric distribution of lower pressure
on either side. The lower diffuser section which is relatively flat at this cross-section, exhibits a flat low pressure
profile along the surface. The wall static pressure at the bottom of the diffuser does not begin to increase until it
reaches the sides, where it transitions to a circular profile. This flat profile is expected to contain the lowest static
pressure relative to the top section, in anticipation of the downward turn the diffuser geometry makes and the need
for the flow to accelerate around it.

The effect of Mach number is shown as a shift in static pressure as expected for the attached flow along this
surface. The extent of the shift due to the change in Mach number is more pronounced on the bottom surface which
has a higher velocity than the top surface. For the Mach numbers tested, the change in Reynolds number is minimal
and it is expected the Mach number variation will have little impact on the flow physics.
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Figure 8. Circumferential wall static pressure distribution at the experimental throat

The axial wall static pressure distribution along the top dead center and bottom dead center of the diffuser is
presented in Figure 9 and 10 respectively. In both figures, an axial cross-section of the diffuser upper and lower
surface is shown with a normalized axial length. The locations of the four circumferential measurement planes are
indicated along with the locations of the static pressure taps within the flow path.

The axial static pressure distribution is expected to exhibit similar flow physics seen in duct flows with centerline
curvature, changing cross-sectional shape, and a diffusing cross-sectional area as described in previous studies.
Schlicting [14] along with other investigators, were able to describe the fluid motion in a bend and the necessity of a
pressure gradient being established to provide the inward acceleration. This causes an increase in static pressure on
the outer wall relative to the static pressure along the inner wall. This phenomenon is easily seen in the axial static
pressure distribution on both the upper and lower surfaces.

For this diffuser geometry, the incoming air is initially turned downward. In this first bend, the top surface is on
the outside of the turn and acts as the pressure surface. The pressure distribution initially indicates an adverse
pressure gradient coming in through the throat and impinging upon the first turn. As the flow progresses around this
first turn, the pressure gradient becomes favorable. The static pressure begins to decrease along this surface as the
flow begins to accelerate in anticipation of the second turn. Near the middle of the second turn, the pressure
gradient changes signs again and becomes adverse as the flow comes around the second turn and the upper surface is
now on the inside of the turn (suction surface).

The static pressure continues to increase (boundary layer should thicken) along the top surface in the second turn
until the profile flattens out at an axial location of 0.48. This is believed to indicate separation. In studies by
Wellborn et al. [3] and Valkili et al. [7], the constant static pressure profiles were shown to agree with the flow
visualization of where the flow separated along the duct. In these studies, the static pressure eventually continued to
increase, but occurred forward of the reattachment point as a result of the diffusion taking place in the duct.
Although the static pressure begins to increase again at an axial location of 0.54, reattachment cannot be confirmed
at this location with this current data. Downstream of this location is the viewing window for optical measurements;
static pressure taps were not installed in this area at the time of this study. Towards the exit of the diffuser the data
shows the static pressure did continue to increase, but is beginning to come back down at it enters the constant cross-
section, circular rake case.
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Figure 9. Axial static pressure distribution on the upper diffuser surface
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Figure 10. Axial static pressure distribution on the lower diffuser surface
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The static pressure profile from the lower surface of the diffuser shown in Figure 10 appears to contain no
separation region as indicated by the smooth and continuous profile. Overall, the static pressure behaves in a similar
fashion as the upper surface. The flow enters the diffuser and is immediately turned downward. The lower surface
is on the inside of the turn and displays an adverse pressure gradient up until the middle of the second turn. At this
point the diffuser geometry has turned the flow back upward, and the lower surface is now on the outside of the turn
and displays a favorable pressure gradient. There is no indication from the static pressure data on the lower surface
that it was affected by the flow separation on the upper surface. The static pressure continues to decrease along the
surface of the second turn up until nearly the end of the third turn, which turns the flow back axially. At this point
the static pressure demonstrates a swing in the pressure gradient as it comes through the small curvature at the end
of the duct. It is noted that the variation in cross-sectional shape along the duct is greater towards the discharge.

The effect of Mach number on both static pressure profiles is a downward shift due to the increased velocity.
For the Mach numbers tested here and the data presented, there does not appear to be an effect on the location or the
extent of the separation. Again, although the Mach number was varied, its change in Reynolds number was minimal
and it is expected that the Mach number variation would have little impact on the flow physics.

Figure 11 is a plot of the difference in the static pressure on the upper and lower surface of the diffuser. A linear
interpolation of static pressure was used in this calculation so that the difference in static pressure could be
calculated at a common location. The purpose of this plot is to demonstrate the pressure gradient that exists between
the upper and lower surfaces. A positive value on this plot indicates the upper surface has a higher static pressure
and its magnitude is an indication of the potential of the low momentum fluid on this top surface to translate out and
around to the lower pressure bottom surface. This plot also shows the locations where the difference in static
pressure between the two surfaces becomes neutral. This occurs at an axial distance of 0.21 and 0.62. It is noted
that the separation along the top surface occurs just downstream of the maximum static pressure difference between
these two surfaces. At this location there is a large potential for the low momentum fluid on the bottom surface to
translate around to the top surface, effectively increasing the boundary layer thickness and providing favorable
conditions for separation.
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Figure 11. Axial static pressure difference between upper and lower diffuser surface
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Figures 12-14 are of the circumferential static pressure distribution located at: the entrance of the flow control
plug, exit of the flow control plug, and near the exit of the diffuser. The location of the measurement plane for
Figure 12 is located just downstream of the middle of the second turn and just upstream of the axial separation
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location. Wall statics wrap completely around the diffuser flow surfaces at this measurement plane. The profile is
symmetric and gives an indication of the circumferential pressure gradient that is present and the potential for
secondary flow to exist. This measurement plane does show three points on the upper surface of constant static
pressure, but it is not clear if this is indicative of the downstream separation. In comparison to the circumferential
static pressure profile at the experimental throat (figure 8), the profile is flipped in that the upper surface contains the
region of low static pressure relative to the lower surface. This reversal of the static pressure gradient is due to the
centerline curvature of the diffuser geometry and upper surface changing from being on the outside of the first turn
and then the inside of the second turn and vice versa for the lower surface.
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Figure 12. Circumferential static pressure distribution near the entrance of the flow control plug

The location of the measurement plane depicted in Figure 13 is just downstream of the separation region
indicated on the axial static pressure distribution in Figure 9. This measurement plane only includes wall statics
along the upper surface of the diffuser within the flow control plug. As mentioned earlier, it is not clear if the flow
has reattached at this point. The static pressure profile shows a symmetric distribution of static pressure with the
lowest pressure located at the center. Although not much can be concluded from these two circumferential
distributions in terms of flow separation, these measurement planes will be very beneficial with the application of
flow control in future studies.
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Figure 13. Circumferential static pressure distribution on the upper surface of the flow control plug

Figure 14 shows the circumferential wall static pressure distribution near the exit of the diffuser. The profile along
the upper surface (outside turn) is reversed to that in Figure 12 which is located on the inside of the turn. The degree
of turning along the bottom surface at this location is minimal, which has resulted in a decrease in the pressure
difference between the two surfaces.
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Figure 14. Circumferential static pressure distribution at a plane near the exit of the diffuser
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B. AIP Measurements

Measurements were made at the AIP through a well instrumented steady pressure rake case described above.
The data presented here is for a Mach number of 0.691 based on wall statics at the experimental throat and the inlet
total pressure. All pressure measurements are normalized with respect to the inlet total pressure. In order to get the
resolution presented in the figures below, the diffuser flow path was rotated with respect to the fixed exit rakes as
described previously. Again this resulted in the equivalent of 721 total pressure measurements, and 72 wall static
measurements.

Figure 15 shows the circumferential static pressure distribution at the AIP and contains repeat points to
demonstrate the repeatability of the measurement. The distribution is symmetric, but still contains a significant
amount of variation even though the cross-section is completely circular. The point of the lowest static pressure is
located near the bottom of the duct and the highest static pressure is located at the top of the duct. This indicates
that a potential is still present at the AIP for secondary flow to exist.

o DIFFUSER THROAT MACH 0.691, AIP CIRCUMFERENTIAL STATIC
PRESSURE DISTRIBUTION
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® Repeat Points
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Figure 15. Circumferential static pressure distribution at the AIP

The five circumferential static pressure profiles along with the axial static pressure profiles presented show the
presence of a static pressure gradient between the two surfaces. This gradient reverses several times as the upper
and lower surface transitions from being on the outer and inner bends of the centerline curvature of the duct. The
presence of this gradient gives an indication that secondary flow is present within the flow field. The extent of the
secondary flow was not measured in the current investigation, but was shown to exist in the corresponding
computational efforts [15-16]. The effect of this secondary flow is apparent in the AIP total pressure profiles shown
below. Work done by Detra [17] and other investigators, have shown that the secondary flow results from the core
flow having a higher velocity and therefore acted upon with a higher centrifugal force (relative to the fluid near the
walls) induced by the curvature of a bend. The higher centrifugal force on the core flow pushes the fluid to the outer
wall, which displaces the slower moving boundary layer fluid out and around and accumulates on the wall of the
inside of the bend. The investigations on typical S-ducts cited previously have shown this accumulation of the
boundary layer fluid which, as a result of the increased vorticity induced by the secondary flow, can roll up into a
pair of counter-rotating vortices. This correlation is used here to describe the source of the pressure deficits shown
in the total pressure contours.

A contour plot of the steady state total pressure measured at the AIP is shown in Figure 16. The profile indicates
there is a large, localized total pressure deficit at the top of the exit of the diffuser. This deficit at the AIP is seen in
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similar investigations of typical S-ducts and has been shown to be a function of a counter-rotating vortical structure
[3, 6-9]. The parallel computational effort performed by Sanders et al [16], shows this top pressure deficit is in fact
due to a pair of counter-rotating vortices that formed from the upper surface just downstream of the separation. In
addition to this, there were three other localized pressure deficits visible at the AIP. Two were located along the
sides of the plane and one was located at the bottom. Again from previous studies and the parallel computational
effort, the two deficits along the side have been shown to be caused by another set of counter-rotating vortices that
are weaker in strength due to being formed earlier in the duct. The low pressure region along the bottom of the
profile is assumed to be a function of the increased boundary layer due to the secondary flow described earlier. At
the core of this profile, there is very little total pressure deficit. The size of this core contributes to the overall total
pressure recovery of the duct of 0.983. Although the duct has a reasonable recovery factor, the intensity of the
secondary flow, or vorticity, was not quantified and could pose issues to the compression system.

TOTAL PRESSURE

Figure 16. Total pressure contour with measurement grid overlaid

An approximate diffuser exit Mach number contour plot was calculated using the AIP wall static pressure data.
Since the total pressure rakes were not capable of measuring static pressure, an approximation was made to calculate
the static pressure at each probe location. The approximation was performed by using the average of all the wall
static pressures and interpolating from the center outward using this average static pressure to each static pressure
measured at the wall. The resulting Mach number contour plot is shown in Figure 17. This contour plot agrees with
the exit design Mach number and what was expected at the exit of the diffuser given the total pressure profile.
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Figure 17. Diffuser exit Mach number

The Society of Automotive Engineers (SAE) has formed a subcommittee (S-16) to establish methodologies to
characterize inlet distortion and quantify it with respect to its effect on compressor performance. These
methodologies are outlined in the Aerospace Recommended Practice (ARP) 1420 document and quantified using
distortion descriptors. More recently, the SAE S-16 subcommittee has published an Aerospace Information Report
(AIR) 5686 to standardize a methodology for assessing inlet swirl [18], which is expected to be more prevalent in
serpentine diffusers. Swirl data was not acquired in this current investigation but is planned to be in future studies.

With the data obtained from the steady state total pressure rake case, the distortion extent, intensity, multiple per-
rev content, and the radial intensity were calculated and are presented in the tables below. This data is presented for
reference but cannot be characterized without further investigation or modeling of the compression system. This
will be undertaken in a future study.

(A';C ] 9~ MPR [@j
P
Ring 1 (hub) 0.0121 86.6 1.00] -0.01251
Ring 2 0.0390 83.1 1.00] -0.00432
Ring 3 0.0482 80.1 1.00] -0.00179
Ring 4 0.0488 73.6 1.00] -0.00121
Ring 5 0.0439 66.0 1.00[ -0.00082
Ring 6 0.0350 57.2 1.04| -0.00073
Ring 7 0.0297 46.1 1.42| -0.00042
Ring 8 0.0270 33.6 2.51]  0.00047,
Ring 9 0.0275 274 2.82| 0.00179
Ring 10 (tip) 0.0253 47.3 2.26] 0.01953

Table 1. Distortion descriptors by ring
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AFRC ] _ APR
MPR —_—
)9 55
Face Average 0.0335 60.9 1.51 0.0000
Table 2. Distortion descriptors averaged for all of the rings

IVV. Conclusion

Data was presented from an ongoing Phase | effort of an extensive research program to identify the influence of
serpentine diffusers when they are close coupled to transonic fans for short embedded airframe designs. Further
research will detail the influence of pressure distortion of this nature on the fan, along with a relatively new
parameter of interest: inlet swirl. It is envisioned that these results will aid in evaluating how the fan and diffuser
interact in a coupled configuration.

Axial and circumferential wall static pressure data was presented at various locations throughout the diffuser. It
was shown that a pressure potential exists throughout the duct for secondary flow to be established. The diffuser
geometry under investigation displayed separated flow along the upper surface for all five Mach numbers tested.
Circumferential pressure profiles gives insight to the complex 3-dimensional flow that was present in this diffuser.

Full contour plots of total pressure and Mach number at the AIP were presented along with calculated distortion
descriptors. The profile indicates there was a large, localized, total pressure deficit at the top of the exit of the
diffuser. In addition to this, there were three other localized pressure deficits visible at the AIP. From previous
studies and a parallel computational effort, the large pressure deficits were assumed to be a result of counter rotating
vortical structures formed within the duct. The low pressure region along the bottom of the profile was assumed to
be a function of the accumulation of boundary layer fluid due to secondary flow. At the core of this profile, there
was very little total pressure deficit. The size of this core contributes to the overall total pressure recovery of the
duct of 0.983.
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