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Comparison of Conventional and
Force-Based Distortion
Index Measurements

M. Sajben,* C.P. Chen,t and J.C. Kroutil}
McDonnell Douglas Corporation, St. Louis, Mo.

TEADY flow nonuniformities at the diffuser/compressor

interface of airbreathing inlets significantly influence the
surge behavior of jet engines. The proper characterization of
such distortions is recognized to have an important bearing on
both inlet and compressor design.!> Many definitions of
descriptive indices have been prop'os;ed, but few have gained
wide acceptance. ’

In a recent paper,? the suggestion was made that an in-
dicator of velocity nonuniformity can be deduced from the
measurement of force associated with the integrated impulse
(p +pu?). Strong theoretical and practical reasons favor such
an index,? one of which is that it correlates well with one of
the most- widely accepted indicators of distortion, and valid
comparisons therefore can be made with existing data presen-
ted in terms of other types of indices. Experiments supporting
this claim are described in this note.

The distortion index proposed here relies on force and flow

rate measurements that are made routinely in thrust stands to
determine nozzle flow and thrust coefficients. If the ex-
periment is arranged appropriately,’ the index can be com-
puted as

V. =pAF,/m’? (1

where p is the area-averaged density, 4 is the exit area
(assumed plane and normal to the x axis), 71 is the mass flow
and F, is the x component of the force corresponding to the
impulse integrated over A4.

Received Oct. 29, 1975; revision received May 24, 1976. This re-
search was conducted under the McDonnell Douglas Independent Re-
search and Development program. )

Index categories: Nozzle and Channel Flow; Airbreathing
Propulsion, Subsonic and Supersonic.

*Senior Scientist, Research Laboratories. Associate Fellow AIAA.

tResearch Scientist, Research Laboratories.

VOL. 14, NO. 10

The intégral of the impulse contains a contribution from
the static pressure. The test usually can be arranged such that
this contribution is small; the following approximate equality
is then valid

1
1//x—1':'p7A'SAP(u—ﬁ)2dA )

Equation (2) shows that (¢, —1)is zero for uniform flows and
is increasingly greater than zero as the velocity distribution
becomes more nonuniform. The index is appropriate for
preliminary, configuration screening studies. More complex
indices, reflecting radial and circumferential dependencies,
are used for detailed inlet evaluations. :

The proposed index offers both theoretical and practical
benefits. Its definition is rigorously. compatible with the
momentum equation and therefore is well suited to com-
plement theoretical calculation, especially integral methods.
The required measurements are routine on conventional
thrust stands. Flowfield details need not be determined,
climinating problems of flow obstruction by probe rakes. The
number of transducers is reduced greatly, simplifying both
calibration and data recording procedures. The measurement
is insensitive to flowfield complexities such as intense tur-
bulence or separation which generally prevent a reliable in-
terpretation of signals from conventional total pressure.
probes. ' .

Definitions of conventional indices do not permit
derivation of theoretical correlations with ¢,. To determine
the empirical correlation, a test series was conducted in which
three different indices were measured simultaneously.

Two conventional indices were chosen for comparison with
¥, both of which require total pressure measurements at 48

" positions over the exit plane, in a manner customary in inlet

testing. The first index, designated as ¢, is defined as
= (p/,max _pl,min)/pl 3)

where p, o (P min ) 18 the maximum (minimum) indicated
total pressure from the set of 48 and p, is the area average of
all readings. All pressures are time-averaged values.

{ measures nonuniformity in terms of total pressure
whereas ¥, is defined in terms of velocity, resulting in dif-
ferent types of dependence on the (cross-sectional averaged)
Mach number. For low and moderate Mach numbers
(M<0.3), the relationship between the two indices is
described approximately by the following relation

s/M? zC[(ufmx —uZi) /l?z] 1G]

where Cis a constant and M and 4 are averages of Mach num-
ber and axial velocity over the exit cross section, respectively.
The bracket in Eq. (4) depends on the normalized velocity
distribution, as does ¥,. It follows that the quantity to be
compared with ¥, is not { but the ratio {/M?,

A second index chosen for comparison, one of the most
complex indices currently in use, is defined (in the notation of
Ref. 4)as '

K, =K, +bK,, (5)

where K, characterizes the circumferential and K, the radial
nonuniformities. The coefficient b is a weighting factor,
dependent on the engine type. Details of the rather complex
definitions can be found in Ref. 4. Data appropriate to the
Pratt & Whitney F-100-FW-100 engine were used. The nor-
malization employed in computing K, is such that K, is
directly comparable with y,. (Division by M? is not
necessary, as in the case with ¢{.)

The measurements were conducted using seven different,
axisymmetric diffusers, whose dimensions are given in Table
1. Reynolds number based on throat diameter ranged from
0.3x10% to 1.3x10%. Throat Mach numbers ranged from
0.15 to 0.6. The flow exhausted to the atmosphere. No hub
was employed at the diffuser exit, and an additional (49th)
total pressure probe was located on the -axis. The
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Fig. 1 Comparison of {/M? with ¥, for clean diffusers (first test
series). Values are given for four different inlet Mach numbers
M, =0.15, 0.3, 0.45, 0.6) with each configuration.
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Fig. 2 Comparison of ¢/M? with ¥, for diffusers with boundary-
layer control (second test series). Repeated points with the same sym-
bol correspond to different boundary-layer control arrangements.
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Fig. 3 Compariéon of K,, with J, for clean diffusers (first test
series). Values are given for four different inlet Mach numbers
(M; =0.15, 0.3, 0.45, 0.6) with each configuration.

measurements were made using the facility described in Ref.
3.

In the first test series, a trip located 25 mm upstream of the
diffuser inlet produced a turbulent boundary layer at the
throat. In the second series, passive boundary-layer control
devices of various sizes but of the same type were employed
near the throat, all of which produced turbulent boundary
layers. Details of the devices are irrevelant for the purposes of
this note and will not be given here.

Figures 1 and 2 show the correlation between the indices
§/M? and ¥, for the first and second test series, respectively.
The conclusion is that excellent correlation exists between the

Fig. 4 Comparison of K, with ¥, for diffusers with boundary-layer
control (second test series). Repeated points with the same symbol
correspond to different boundary-layer control arrangements.

Table 1 Diffuser dimensions

Length to Area - Included

Model inlet Qiam ratio €quivalent Remarks

no. lﬁl/tDlo, A2/’_47 conezz:;gle,

1 4.01 1.64 8

2 2.67 1.64 12 Conical diffusers

3 5.32 2.43 12

4 4.76 2.43 15

5 4.00 243 18 Smoothly contoured

6 3.36 243 23 diffusers with straight axes
7 2.83 243 31

a Inlet diam is 10.2 cm for all models:

two indices for both test series. Data for various Mach num-
bers collapse into a single curve, verifying the Mach number
scaling used for { [Eq. (4)].

Figures 3 and 4 show comparisons between ¢, and K,,,
again for the first and second test series. There is a consistant
trend of proportionality despite the drastically different
natures of the two indices. The scatter is noticeably larger in
the range 1.4<y, < 1.7 for both test series. No explanation is
offered for this behavior; note, however, that y, is more sen-
sitive than K, to the flow pattern changes occurring in this
range.

The final conclusion is that distortion data, in terms of the
force-based index, compare well with distortion data given in
terms of {. Both parameters gave essentially the same ranking
for a-given class of configurations and given Mach numbers
despite the use of different facilities and test procedures. The
force method is thus a feasible alternative for obtaining
distortion information and may offer considerable savings in
both time and cost.

References

Calogeras, J. E., Mehalic, C. M., and Burstadt, P. L., “Ex-
perimental Investigation of the Effect of Screen-Induced Total
Pressure Distortion on Turbojet Stall Margin,” TM X-2239, 1971,
NASA.

2Braithwaite, W. M., Graber, E. J. Jr., and Mehalic, C., “The Ef-
fect of Inlet Temperature and Pressure Distortion on Turbojet Per-
formance,’’ AIAA Paper No. 73-1316, Nov. 5-7, 1973.

3Sajben, M., Kroutil, J. C., and Sedrick, A. V., “Performance and
Exit Distortion of Diffusers as Determined by Force Measurements,”’
AIAA Journal, Vol. 13, May 1975, pp. 547-548; also MDRL 74-2,
1974, McDonnell Douglas Research Laboratories; also available as
N75-10361, National Technical Information Service, Springfield, Va.

4Farr, A.P., “Evaluation if F-15 Inlet Dynamic Distortion,”’
AIAA Paper No. 73-784, St. Louis, Mo., 1973.



