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PERFORMANCE OF A SHORT ANNULAR DUMP DIFFUSER
USING WALL TRAILING-EDGE SUCTION
by Albert J. Juhasz

Lewis Research Center

SUMMARY

A short annular dump diffuser having an abrupt flow area change of 4 was tested
with suction through trailing-edge slots continuous over the full circumference on both
the inner and outer walls, at inlet Mach numbers of 0. 19 and 0.27. Inlet pressures and
temperatures were at near ambient conditions, and the suction rate was varied from |
zero to about 10 percent of the inlet air mass-flow rate. The included divergence angle
of the diffuser approach section was 7° over an approach length of 1.25 times annular
inlet height, resulting in an approach section area ratio of 1.15. The overall ratio of
diffuser exit area to inlet area was 4.0; and the ratio of length to inlet height, as defined
by the location of exit instrumentation, was 2.0. '

Although it was not possible to obtain attached flow simultaneously on both walls of
the diffuser exit passage, the original annular -jet-type exit velocity profile could be
changed to either a hub-biased or a tip-biased profile by applying suction flow separately
on either wall or to both walls simultaneously. Applying suction flow to both walls in
some cases also resulted in erratic and abrupt changes from a hub-biased to a tip-biased
profile, or conversely, depending on the relative values of the inner- and outer -wall
suction flow rates, ‘ '

Some performance improvement was also obtained with suction, as indicated by a
rise in diffuser effectiveness from 25 percent with no suction to 50 percent at 6 percent
outer -wall suction and to 52.6 percent at a combined suction rate of 10.25 percent on
both walls. At the same time, diffuser total pressure loss was reduced by approximately
one-fourth. Diffuser performance was found to be better with tip-biased than with hub-
biased exit velocity profiles. '



INTRODUCTION

An investigation was conducted to determine the effect of wall suction on the exit
velocity profile and performance of a short experimental annular diffuser having an
abrupt flow area change between its inlet and exit passages. The advantages of short
diffuser -combustor systems in gas turbine applications, such as reduced engine length
and weight, are discussed in reference 1. However, short diffusers usually incur per-
formance losses caused by flow separation. Reference 2 proposed and reported on the
use of diffuser bleed (suction) to control the exit velocity profile and to reduce the per-
formance losses of a short annular diffuser with circular-arc wall contours.

A more simple type of short diffuser configuration from a manufacturing point of
view is the dump diffuser, which has an abrupt area change between its inlet and exit
- flow passages. This type of diffuser has been used in full-scale combustor tests at the
Lewis Research Center, as discussed in reference 3. However, no suction was used in
these tests; neither were any performance data obtained for the diffuser alone during
these combustor -oriented experiments. In an effort to repr_oduce in the laboratory the
snow cornice flows observed by Ringleb (ref. 4), a two-dimensional duct with a variable-
step area change on its lower wall followed by a wall suctiou slot was tested in refer-
ence 5. Results showed that smooth expansmn of the flow . downstream of the step area
change could be obtamed if sufficient suction per unit wall span was applied. In refer-
ence 6 similar conclusions were reached from an 1nvest1gat10n on the effect of suction on
flow in a pipe with a sudden enlargement. The requ1red suctlon flow was found to vary
with the suction slot de51gn For the design yielding maximum pressure recovery the

required suction flow was about 7 percent on a volumetric bas1s
In the present 1nvest1gat1on the work of reference 6 was extended from a tubular

geometry to an annular geometr_y. Inner- and outer -wall suction was applied at the
downstream edges of these walls through circumferentially contmuous'slots The design
of these suction slots was arrived at by extrapolation of the results of reference 6. The
diffuser approach section had an included divergence angle of 7° , resulting in an area
ratio of 1.15. The overall ratio of diffuser exit area to inlet area was 4.0; and the
ratio of lehgth to ihlet height as determined by the location of the diffuser exit instru-
mentat1on was 2 0. The d1ffuser inlet passage flow area was 304 square cent1meters ,4 ’
(47.12 in, )

Velocity prof11es diffuser effectlveness and diffuser total pressure loss data were
obtained for nominal inlet Mach numbers of 0.19 and 0. 27 at suction rates of zero to
10 percent, by weight, of total inlet flow. All testing was conducted with air at ambient
temperature and pressure. |



SYMBOLS

‘A area

AR diffuser area ratio

B bleed~flow fraction of total mass-flow rate
ge dimensional constant

H diffuser inlet passage height

L  diffuser approach length

M average Mach number at an axial station
m mass-flow rate

P average pressure at an axial station

p local pressure at a radial position

R gas constant for air

T temperature

V  average velocity at an axial station

v local velocity at a radial position

X downstream distance to exit station

0% specific-heat ratio |

€ diffuser efficiency, eq. (5)

n  diffuser effectiveness, eq. (3)
Subscripts:

m maximum

r local value at a given radial position

0 stagnation condition

1  diffuser inlet station

diffuser exit station




APPARATUS AND INSTRUMENTATION
Flow System

The investigation was conducted in the test facility described in reference 2. A
schematic of the facility flow system is shown in figure 1. Air, at a pressure of
approximately 100 N/cm2 abs (145 psia) and ambient temperature, is supplied to the
facility by a remotely located compressor station. This air feeds the three branches
of the flow system.

The center branch (identified as '"main air line') provides the airflow through the
test diffuser. The air flowing through this branch is metered by a square-edged orifice
installed with flange taps according to ASME standards. The air is then throttled to
near atmospheric pressure by a flow control valve before entering a mixing chamber
from which it flows through the test diffuser. The air discharging from the diffuser is
exhausted to the atmosphere through a noise-absorbing duct.

The two other branches of the flow system supply the two air ejectors, which pro-
duce the required vacuum for the inner- and outer ~-wall diffuser bleed flows. The -
ejectors are designed for a supply air pressure 68 N/crn2 abs (100 psia) and are ’
capable of producing absolute pressures as low as 2.38 N/cm“-(7.0 in. Hg). '

The diffuser inner- and outer-wall bleed flows are also metered by square-edged
orifices. These orifices are also installed with flange taps according to ASME specifi-
cations in the suction flow lines that connect diffuser inner- and outer -wall bleed cham-
bers to their respective ejector vacuum sources,

Diffuser Test Apparatus

The diffuser test apparatus used in this investigation was essentially that used in
reference 2 but for a few modifications. An axial section of the apparatus is shown in
figure 2. As inreference 2 the centerbody that formed the inner annular surface was
cantilevered from eight equally spaced support struts located 30 centimeters (12 in.)
upstream of the diffuser inlet passage. This construction minimized the possibility of
strut flow separation having an undesirable effect on the circumferential profile of inlet
velocity.



Diffuser Walls

- The removable walls forming the diffuser approach section were positioned in the
diffuser test apparatus as shown in figure 2. The wall geometry and suction slot con~
figuration details are shown in figure 3. To prevent flow separation upstream of the
suction slots, the annular diffuser approach section was designed to be symmetrical witl
a total included angle of '7°, resulting in a diffuser approach area ratio of 1.15 at a
length-to-inlet-height ratio L/H of 1.25, The overall diffuser area ratio was 4.0; and
the overall diffuser length, as defined by the position of the exit instrumentation, was
twice the inlet passage height. The suction slot geometry was designed for maximum
pressure recovery at suction rates of 2 to 5 percent on each wall by extrapolating the
results of reference 6. .

The inner and outer suction chambers were formed by the inner spaces of the
toroidal wall design. These toroidal walls were held in place by 12 equally spaced pipe
nipples of 1.50-centimeter (0.622-in.) internal diameter. These short pipes also
served to duct the inner- and outer-wall bleed flows to the inner-wall suction plenum anc
the outer -wall suction manifold, respectively.

Units

The U.S. customary system of units was used for primary measurements and cal-
culations, Conversion to SI units (Systéme International d'Unités) was done for re-
porting purposes only. In making the conversion, consideration was given to implied
accuracy, which may result in rounding off the values expressed in SI units.

Diffuser Instrumentation

The essential diffuser instrumentation is indicated in figures 2 and 3. Diffuser in-
let total pressure was obtained from three fivepoint total pressure rakes located at
station 1 and equally spaced around the annular circumference. Inlet static pressure
was measured by three wall taps also located at station 1. ‘

Diffuser exit total and static pressures were obtained from three nine-point pitot
static rakes that could be rotated in a circumferential direction and translated axially,
For this investigation these rakes were positioned downstream of the diffuser inlet plane
at a distance equal to twice the inlet passage height. All rake pressures were measured
by three Scanivalves, each ducting pressures from a maximum of 48 ports to a flush-
mounted, 0. 69-N/cm2 (1. 0-psid), strain-gage transducer. The valve dwell time at



each port was 0.2 second, or over three times the interval required to reach steady
state. Continuous calibration of the Scanivalve system was provided by ducting known
pressures to several ports. Visual display of pressure profiles was made available by
also connecting all inlet rakes and two exit rakes to common well manometers using
dibutyl phthalate fluid (specific gravity, 1.04). In addition, flow behavior in the diffuser
exit passage could also be monitored with tufts.

All other pressure data, such as orifice line pressures for the main air line and
the subatmospheric bleed-air lines, were obtained from individual strain-gage pressure
transducers. The temperatures of the various flows were measured with copper-
constantan thermocouples,

All data were remotely recorded on magnetic tape for subsequent processing with a
digital data reduction program. In addition, any test parameter could be displayed in
the facility control room by means of a digital voltmeter.

PROCEDURE
Performance Calculations

The digital data reduction program mentioned previously was used to evaluate the
overall diffuser performance in terms of radial profile of exit velocity, diffuser effec-
tiveness, total pressure loss, and diffuser efficiency. The values of the latter three
figures of merit were expressed as percentages.

Intermediate computations included average static and total pressures, local and
average Mach numbers, and ratios of local to average Mach number; that is, the equiv-
alent of the ratios of local to average velocity. The average pressures and Mach num-
bers at the diffuser exit (PZ’ POZ’ and Mz) were computed by trapezoidal integration
using area-ratio-weighted pressures at the various radial positions, At the diffuser
inlet, straight arithmetic averages were computed. Local Mach numbers for each pitot
tube were computed from the compressible flow relation

0 ﬁp (v-1)/v
Mr = -m— %0) - 1 (1)

where pg, and p represent the measured local total and static pressures and ¥ repre-
sents the specific-heat ratio, set equal to 1.4 for the near ambient conditions of this in-
vestigation.

Diffuser and bleed airflow rates were computed from the respective orifice pres-
sures and temperatures. As a check on the arithmetically averaged inlet Mach number,
a mean effective inlet Mach number was also computed by iteration from inlet airflow
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rate, total pressure, temperature, and area data as shown hereinafter.

M, =1 o[FTo1 (1 Ly =1 Mz) (v+1)/2(y-1) "

1~P_A 7Eq 2 "1

The velocity ratios at each radial position needed to generate velocity profiles were ob-
tained from the circumferential averages of the ratios of local to average Mach number.
A plotting routine was used to generate the velocity profiles by computer with output on
microfilm.

Diffuser effectiveness was computed from the following relation:

P_-P
2 1 X 100 (3)

m= ' )
(Poy - Py) [1 - <1A:RB> J

Equation (3) is an approximation expressing the ratio of actual to ideal conversion of

inlet dynamic pressure to exit static pressure for the case of compressible flows

through a diffuser with wall bleed for M1 < 0.5 and AR > 2. For the conditions of

the present study the use of equation (3) introduced an approximation error of less than

0.5 percent. A derivation of equation (3) and its limitations is shown in reference 7.
The total pressure loss was defined as

0 __0L 02 x99 : (4)

Diffuser efficiency was computed fro. .c relation

: p.\ (r=1)/v
e ) ™
R AT

7-1M2

9 1

X 100 (5)

The values of the respective parameters computed by equations (3) to (5) are expressed
as percentages. Equation (5) was derived in reference 8 for the case where the diffuser
exit velocity is negligible. This restriction can be removed from equation (5), as shown
in reference 7, by making a minor change in the definition and subsequent derivation of
the diffuser efficiency parameter. Hence equation (5), as used in this report, relates
the total energy level available at the exit of a diffuser to the upstream total energy
level, with the inlet static enthalpy being the reference.



Test Conditions

The following are typical diffuser inlet conditions:

Total pressure, N/cni2 abs(psia) . . . . ... ... ... . 9.9t010.3(14.3 to.14.9)
Static pressure, N/cmZ abs (pSia). . + + v v v v v u v e u . 9.6 t09.7 (13.9 to 14.0)
Temperature, K ®F). . . . .. ..... e . . .. 295to 296 (71 to 74)
Machnumber . . . . . . . i ¢ i i v v e e e e e 4 o e v oo e e e e e 0.19 to 0.274
Velocity, m/sec (ft/sec) . . . . . . . . . o i i i i e e e 65 to 95 (215 to 310)
Reynolds number (based on inlet passage height) . . . . . .. ... 2.3x10° to 3. 35%10°
Bleed rate, percent of total flow. . . . . ... ... ....... e 0to10.1

RESULTS AND DISCUSSION

The performance of a short, abrupt-area-change, annular diffuser equipped with
suction capability was evaluated in terms of radial profiles of velocity, diffuser effec-
tiveriess, and total pressure loss for two inlet. Mach numbers, with total suction rates
ranging from zero to 10 percent. A summary of performance data is given in table I,

Radial Profiles of Velocity

The inlet and exit radial velocity profiles measured without the use of suction for
inlet Mach numbers of 0.27 and 0.19 are shown in figures 4(a) and (b), respectively.
These and all other profiles presented here were obtained by plotting the ratio of local
velocity at a radial position to the average velocity in a particular plane (inlet or exit)
as a function of increasing radial span position. The local velocity at a radial span po-
sition was obtained by taking the arithmetic average of local velocities at three circum-
ferential positions. Circumferential variations from these averaged profiles were about
+2 percent at the diffuser inlet and about +30 percent at the exit plane. Comparison
of figures 4(a) and (b) shows that both the inlet and exit velocity profiles were practi-
cally the same, both showing a slight hub bias, for the two inlet Mach numbers tested.
The corresponding Reynolds numbers based on inlet passage height ranged from 2. 3><105
to 3. 4><105, indicating fully developed turbulent flow at the diffuser inlet plane. Since’
the shapé of the inlet velocity profiles is determined by the geometry of the annular in-
let passage, it is not surprising that the inlet profiles were the same as those deter-
mined in reference 7, which used the same inlet geometry'. Moreover, as shown in ref-
erence 7 and also in subsequent figures, the inlet profiles were not affected by suction
rate.




The exit profile shape, however, although also invariant with inlet Mach number,
was strongly affected by wall suction. Figure 5 shows typical velocity profiles obtained
with suction through both the inner- and the outer-wall slots. As pointed out previously,
the inlet profile was not affected by suction. Symmetric exit velocity profiles were un-
stable with suction on both walls. These profiles tended to become hub biased as shown
in figure 5(a) or tip biased (fig. 5(b)), depending on the relative values of the inner- and
outer -wall suction flow rates. Figure 5(c) shows an example of an unstable profile in
the process of changing from a fully attached hub flow, obtained with 3. 66 percent
inner -wall suction and 6.1 percent outer-wall suction, to a fully attached tip flow when
the outer-wall suction flow was gradually increased to 6.5 percent. The initial and
- final profiles are shown dashed. Other profiles of this type were obtained for the last
six readings in table I.

Stable tip~biased exit velocity proefiles were obtained with outer-wall suction as
shown in figure 6. With about 2.7 percent outer-wall suction (fig. 6(a)), the flow was
still separated from both walls, but the profile was-mildly tip biased. At a suction rate
of 4.0 percent (fig. 6(b)), the flow was starting to become attached to the outer wall of
the exit passage. Figure 6(c) shows complete attachment to the exit passage outer wall
at a suction rate of about 6 percent, as indicated by the relatively large value of velo-
city ratio at 90 percent of span and confirmed by probing the flow with tufts. The re-
quired suction rate is in reasonable agreement with the results of reference 6 for flow
in a pipe with a sudden enlargement.

Diffuser Effectiveness

The effect of suction on diffuser effectiveness, as defined in equation (3), is shown
in figure 7 for various exit velocity profiles and for the two inlet Mach numbers of this
test program. It is interesting, though not surprising, that the data fall on three dis-
tinct curves. The lowest diffuser effectiveness values were obtained with hub-biased
profiles. This is to be expected since, for these profiles, separated flow existed in the
outer portion of the annular exit passage. The large fraction of total flow area associ-
ated with this separated portion of the exit passage tended to limit increases in diffuser
effectiveness with suction, as shown by the curve for hub-biased profiles. Neverthe-
less, a modest improvement in performance was obtained by the use of edge suction,
even for hub-biased profiles. Diffuser effectiveness increased from about 23 percent
without suction to about 45 percent with 9 percent total suction. The diffuser effective-
ness value obtained without suction was sufficiently high to indicate that no flow separa-~
tion had occurred upstream of the suction slots.

The performance penalty due to exit passage flow separation was conS1derab1y



smaller for tip-biased profiles. These profiles show that flow separation was confined
to the near hub region, which represents a smaller fraction of the exit flow area. How-
ever, with suction on both walls a higher total suction rate was required to cause flow
attachment to the outer wall of the exit passage than with outer~wall suction only. This
is indicated by the top two curves, which show that, with outer-wall suction only, about
- 6 percent suction (facility limit) was required to obtain a diffuser effectiveness of 50
percent. With suction on both walls (suction rates on each wall are given in table I), a
suction rate between 9 and 10 percent was required for a diffuser effectiveness of
50 percent. An obvious reason is that with hub flow separation the inner-wall trailing-
edge suction slot, instead of removing the upstream boundary layer, merely draws in
part of the separated downstream flow. Thus, the inner-wall suction slot does not con-
tribute to any improvement in diffuser effectiveness when the flow is separated from the
inner wall of the exit passage.

Diffuser Total Pressure Loss

The decrease of diffuser total pressure loss with suction rate is shown in figure 8
for the two test Mach numbers. The data trends are in good agreement with the expla-
nation of flow behavior based on diffuser effectiveness data. For both inlet Mach num-
bers the greatest reduction in total pressure loss was obtained by using outer-wall suc-
tion only. At an inlet Mach number of 0.27 this reduction was from 3.1 percent with-
out suction to 2. 35 percent at an outer-wall suction rate of 4 percent. These values
represent a 25 percent reduction in total pressure loss. A similar decrease in total
pressure loss was noted at the 0.19 inlet Mach number condition.

Diffuser Efficiency

Values of diffuser efficiency, as computed from equation (5), are shown in table I.
Since this parameter is based on inlet and exit effective total pressures, its value is
sensitive to variations in total pressure profile. The relation between diffuser effi-
ciency, diffuser effectiveness, and total pressure loss was discussed in detail in refer-
ence 7, As in reference 7, the value of diffuser efficiency was found to exceed that of
diffuser effectiveness. The two values approached each other as the exit velocity pro-
file became less peaked. '

10



Projected Performance in Combustors

This study was conducted to determine the effect of suction on the performance of an
abrupt-area-change (dump) diffuser. In a gas turbine engine, such a diffuser can drasti-
cally reduce the separation between the compressor exit plane and the combustor inlet
plane and thus bring about a reduction in engine length and weight.

It was demonstrated that the annular jet-flow exit velocity profile could be altered
to either a hub-biased or a tip-biased profile by drawing a small amount of suction flow
through the circumferential inner- or outer-wall edge slots. At the same time, modest
gains in diffuser performance were also obtained. Although it was not possible to obtain
stable flow in the exit passage with symmetric exit velocity profiles, subsequent testing
with perforated-plate blockage in the diffuser exit passage indicated that a dump diffuser
could give satisfactory performance when placed upstream of a gas turbine combustor.
Preliminary tests show that the blockage produced in the diffuser exit passage by a com-
bustor dome tends to stabilize the exit velocity profile regardless of profile shape.’
Hence, the use of inner- and outer -wall bleed would permit adjusting the airflow distri- -
bution to meet the required flow splits between the combustor primary and secondary
* zones at various engine operating conditions. Moreover, the penalty on engine cycle
efficiency can be minimized by using the bleed flow for turbine cooling and auxiliary .
drive purposes. '

SUMMARY OF RESULTS

Performance tests were conducted on a short dump (abrupt area change) annular
diffuser equipped with suction capability through peripheral edge slots on both the inner
and outer diffuser walls. The following results were obtained:

1. Without the use of suction the exit velocity profile was that of an annular jet flow.

2. The diffuser exit flow became fully attached to the inner wall of the exit passage
at about 3.7 percent inner -wall suction and to the outer wall at about 6.1 percent outer-
wall suction.

3. Suction on both the inner and outer walls produced either hub-biased or tip=~
biased profiles depending on the relative values of the inner- and outer-wall suction flow
rates,

4, The inlet velocity profile was not affected by suction or inlet Mach number, and
the effect of inlet Mach number on exit velomty profile was negligible.

5. Diffuser effectiveness (ratios of actual to ideal static pressure recovery) was
increased from about 25 percent with no suction to about 50 percent at 6 percent outer-
wall suction and to 52.6 percent with 10. 25 percent combined suction on both walls.

11



6. Diffuser total pressure loss at an inlet Mach number of 0.27 was reduced from
3.1 percent without suction to 2. 35 percent at an outer-wall suction rate of 4 percent.

7. Performance gains with hub-biased exit velocity profiles were smaller than those
obtained with tip-hiased exit velocity profiles. -

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 3, 1974,
501-24, '
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Figure 2 - Cross section of asymmetric annular diffuser test apparatus.
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Figure 3. - Details of diffuser wall geometry.
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(b} Infet Mach number, 0.19:

Figure 4. - Radial profiles of diffuser inlet and exit velocity without
suction. _ .
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(a) Inner-wall suction, 2.14 percent; outer-wall suction,
4,35 percent; exit profile, hub biased; inlet Mach num-

ber, 0.27.
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(b) Inner-wall suction, 1.96 percent; outer-wall suction,
3.99 percent; exit profile, tip biased; iniet Mach num-

ber, 0. 276.
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(c) Inner-wall suction, 3.66 percent; outer-wall suction, 6.50 per-

cent; exit profile, unstable; inlet Mach number, 0.193.

Figure 5. - Velocity profiles with suction on both inner and outer walls.
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(c) Outer-wall suction, 6.06 percent; inlet Mach number,
0.192. :

Figure 6. - Velocity profiles with suction on outer wall only,
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Figure 7. - Effect of suction on diffuser effectiveness.
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Figure 8. - Effect of suction on diffuser total pressure loss.
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