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NATIONAL: ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANTUM

CRITERIA FOR INITIAL FLOW REVERSAL IN SYMMETRICAL
TWIN-INTAKE ATR-INDUCTION SYSTEMS OPERATING AT
SUPERSONIC SPEEDS

By Andrew Beke

SUMMARY

Asymmetric air-flow characteristics of supersonic twin-intake air-
induction systems were studled with inlets having pesk static-pressure
recovery at greater than 50-percent mass flow and critical static-pressure
recovery equal to or greater than the value at zero mass flow. Analyti-
cel predictions of asymmetric flow and inltiasl flow reversal agreed with
the experimentally observed trends. Iniltisl flow reversal (i.e., a zero
flow in one duct) oceurred simultaneously with critical inlet flow in the
other duct. Thus, in terms of engine throttling, engine air flow cannot
be reduced to less than half the total inlet critical sir flow before
initial flow reversal occurs.

INTRODUCTICN

Experimental investigations of twin-intake alr-inductlion systems at
subsonic speeds Indicate that asymmetric inlet flow conditions can be
encountered., This asymmetric flow is characterized by mass-flow fluctua-
tions between both ducts, unequal inlet-air flows, and flow reversal.

Such inlet flows are analyzed in reference 1 for subsonic inlets, where
an explanation of the internal-flow mechanism accompanying twin-duct asym-
metric flow is glven as well as a quantitative analysis of the inlet
veloclity ratios required for flow reversal.

Since symmetrical twin-duet systems are now used extensively on
supersonic aircraft, 1t is desirable to extend the analysis of reference
1 to include supersonic inlets. This application is particulerly impor-
tant wlith respect to engine throttling, because the variation of inlet-
air flows during sirplane maneuvers or emergency operation may be reduced
to such low quantities that asymmetric flows or flow reversal may be en-
countered. This report evaluates the alr-flow characteristics of symmet-
rical twin duets capturing supersonic inlet air and, with the aid of ex-
perimental data, establishes a means for predicting the approximate onset
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of initial flow reversal in such systems. The investigatlon is limited
to inlets in which peak statlic-pressure recovery occurs at greater then
50-percent mass flow and critical static-pressure recovery is equal to
or grester than the value at zero mass flow. Such characteristics are
generally typlcal of subsonlc inlets for twln-duct application.

SYMBOIS

A area, sq It

L left duct

M Mach number

P total pressure, 1b/sq £t

jo) static pressure, lb/éq ft

R right duct

T total temperature, ©R

W weight flow of air, 1lb/sec

Egég corrected alr flow per unit area

T ratlo of specific heats

tal ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq £t

e ratio of total temperature to NACA standard sea-level temperature
of 519° R

Subscripts:

ind Individual

L conditions in left duct
-R conditlions 1n right duct
sys system

0 free stream

292K
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1 cowl-1ip station
2 station at which twin ducts join into common chamber
3 compressor-inlet station

RESULTS AND DISCUSSION

Examining the individual-duct performance of a twin-duct system
such as that in figure 1 shows that there usually exists a maximm in
the alr-flow and pressure-recovery curve similar to that shown in figure
2(a). This meximum usually occurs at subcritical inlet-ailr flows, so
that the slope of the static-pressure-recovery curve is negative at high
subcritical air flows and positive at low subcritical values. For in-
dividual ducts having this characteristic and stable ailr flow, reference
1 concludes that the performance of the twin-duct system (fig. 1) will
be the same as the individusl-duct performance when both inlets operate
on the negative-slope portion of the curve. In thils region of operation,
symmetric or equal air flows will exist in the two ducts, and the com~
bined inlete will operate at such typical points as c' or e’ on

figure 2(b).

However, when the ducts operate on the positive slope of the curve,
reference 1 and substantial experimental observations indicate that twin-
duct systems cperate asymmetrically, or with unequal air flows. For ex-
ample, in figure 2(b), the right duct might operate at point b, while the
left duct operates at polnt c¢. Reduction of the air flow in the already
low air-flow portion of the curve results in system operation at polnts
d and e, while any further reduction induces reversed flow in one of the
ducts. : : :

In order to obtain the predicted air-flow characteristics of figure
2(b), the air flow at station 2 is assumed to be subject to equal static
pressures. The combined system corrected air flow at station 3 may be
computed as g function of the individual-duct air flows from the one-
dimensional anslysis of reference 2 as outlined in the appendix. Results
of these calculations are plotted in figure 3, and the associated dumping
loss for the special case of zero flow in one duct is presented in figure
4, In order to illustrate use of figure 3 in predicting the twin-duct
performance shown in figure 2(b), an asymmetric case (i.e., polnts b and
c of fig. 2(a)) is considered. One inlet would be operating at a correct-
ed air flow of 15 and the other at 26 pounds per second per square foot.
The total-pressure recovery of each inlet corresponding to points b and
c can also be obtained from figure 2(a). Using the ratio of these total-
pressure recoveries (0.95) and the sppropriate individual air flows, the
combined system air flow (common to both individual ducts) can be deter-
mined from figure 3. A simlilsr procedure applies to points 4 and e. The
solutlon for the symmetrical case lies along the line at which the ratio
of individual-duct total pressures equals 1.00.



4 N NACA RM ES5L02a

A limliting condition occurring when one duct reaches zero mass flow
(point 4, fig. 2) leads to an interesting result for the corresponding
value of the ratio of system to operating-duct corrected alr flow. This
ratio is given by the followlng relation:

(f:[é)
B8A P
8y8 1 “2,1ind- 1
= = for . = =
(w /_—)9 2 P3 oy A2,ind = 23
BA ind

Since the total-pressure ratio on the right side of the equation repre-
sents the dumplng loss, the corrected alr-flow ratio is either equal to
or greater than 0.5, depending upon theé dumping loss. This loss is not
excesslvely high even for large values of Iindividual-duct corrected air
flow (fig. 4). Thus, the deviation of the slope of the curve of zero
flow in one duct from a velue of 1/2 (fig. 3) is small even at high
alr flows.

Application of the preceding analysls to supersonic twin-inlet ex-
perimental date is now desirable. Experimentally reported data are not
generally representative of individual-duct performance because of ex-
perimental difficulties. Care mmst be taken not to include the effects
of mixing losses (as in fig. 4), which are part of combined inlet per-
formance, as representative of individual-duct performance. The experl-
mental data reported herein were obtalned with instrumentation which
permitted evaluatlon of the performance of an individual duct, although
operating in the combined system.

Pressure-recovery and air-flow characteristlcs of the individusal
inlets of the twin-duct configurations of references 3 and 4 are pre-
sented in figure 5. The result of applying figure 3 to these data is
presented in figure 6, which shows that the predlcted trends are in good
agreement with the experimental data. The theoretical prediction for
the occurrence of both symmetrical and asymmetrical flow was confirmed,
and the predicted point of duct stall and iniltial flow reversal was ex~-
perimentally verified (from fig. 5).

The basic agssumption of equal statlc pressures at the junctlion of the
individual ducts 1s confirmed by the deta of figures S and 6. The stalled

duct total pressure is essentially equal to the diechsrge static pres-
sure of the operating duct. This relation no longer exists, however,
once flow reversal occurs in the stalled duct, and the condition of op-
eration 18 no longer predictable.

3926 .
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Another significant result of figure 6(b) is simltaneous occurrence
of stalled flow in one duct (poilnt b) and critical inlet mass flow (polnt
a) in the operating duct. This observation, that the point of zero mass
filow in one duct occurs at 50 percent of the system maximum mass flow,
is general, if (1) pesk static pressure of the inlet occurs at a mass-
flow ratio greater than 50, percent of the meximum individual inlet mass
flow, and (2) critical static-pressure recoveries are gresater than or
equal to the zero-mass-flow static-pressure recovery.

Though supercritical operation of the right duct when the left duct
is stalled represents the more general condition, the inlet of figure
S(b) was actually operating at its critical point. This fact is demon-
strated by the total-pressure contours of figure 7, whlich indicate that
the mass-flow and total-pressure contours in the left duelt are substan-
tially the same for either critical inlet operation (point a, fig. 6(b))
or for stalled flow in the right duct (point b, fig. SCb)). Observation
of the static pressures at these conditions indicates that the static-
pressure balsnce 1s maintained, even with stalled flow in one duet.

Because the analytically derived curve for zero flow in one duct
(fig. 3) agreed with data of figure 6, additional data for twin-duct
systems were collected to further evaluate the extent and validity of
this correlation (fig. 8). These datse are limited to inlets intended
for turbojet application in the Mach number range between 1.5 and 2.0.

For each of these data polnts except where noted, the operating duct was
at its critical-flow condition. The excellent sgreement between the ana-
lytical curve and experiment suggests the following empirical relation
for aircraft diffusers: With stall in one duct, critical mass flow exists
simultaneously in the operating duct.

Inasmuch as turbojet application of the Twin inlets used in the cor-
relation of figure 8 requires sbout the same compressor-inlet Mach num~
bers for the range of free-stream Mach numbers taken (1.5 to 2.0), the
similtaneous occurrence of critical inlet mass flow and stalled duct flow
for all configurations surveyed may be coincidental. However, for this
speed range, these results indicate that not only is asymmetrical flow
to be expected from a twin-duct system at reduced flows, but that at
approximately half the maximum total system mass flow, one inlet will
stall out. It appears that discharging alr flow from two or more inlets
into & common chamber will have the characteristic tendency of inducing
asymmetrical flow and may lead to sir-flow reversal in the systems. In
addition, multiple regions of hysteresis may be encountered in order to
satisfy the requirement of balanced statlic pressures at the discharge
Junction of the ducts.
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SUMMARY OF RESULTS

A method for determining the asymmetrical alr-flow characteristics
of supersonic twin-intske asir-induction systems indicated that for the
inlets considered:

1. Asymmetric flow and initial flow reversal encountered by the
supersonic twin alr-induction systems can be predicted satisfactorily.

2. When operating at decreased air flows, initial flow reversal in
one duct occurs simultaneously with approximately critical inlet mass flow
of the other duct.

3. At zero flow, the total pressure of thestalled duct is equal to
the discharge static pressure of the operating duet.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 6, 1955
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APPENDIX - APPLICATION OF ONE-DIMENSIONAL SUBSONIC
” PARATLEL-JET MIXING EQUATIONS TO TWIN DUCTS

A general equation for mixing twc parallel jet streams of equal
total temperatures in & constant-area channel (sketch (a))

926¢%

Sketch (a)

was reported in reference 2 as follows:

2
03 1 + ae
o — \ 1 + oX (1)

where

W2(1 + Lot od)

2
(1 + TM?)Z
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2 3, System
Sketch (b)
In order to apply equation (1) to the case of twin ducts dlscharg-

ing into & common constant-area channel (sketch (b)), the following assump-
tlons were made:

A1=A2 and A1+A2=
P1 = P
9 =0

80 that in equation (1) o becomes 1, arnd in terms of M, M,, and Mg,
the equation expands to

Ml,\/1+TT'1M§+M2 1+ lM.g MS‘/£+
(l+rM§)+(1+rM§) 1+m§

Sdélutions of M, and Eé in equation (2) were cbtained graphically for
selected values of MS’ and with the condition for balanced static pres-
sures at the station 1-2 (sketch (b)), the relation between total pressures
in the individual ducts was obtained. These results were converted into
terms of corrected air flow and have been plotted in figure 3. Filgure

4 is included for convenlence in selecting the dumping loss between sta-
tions 2 and 3 for the specisal case when there 1s no flow in one duct.

(2)
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Figure 1. - Typleal supersonic twin-intake air-induction system.
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Figure 5. - Preasure-recovery and alr-flow charscteristics of two supersomic air-inlet
configurations.
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Figure 6. - Comparison of predicted and experimental performance
of twin air-intake systems.
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(a) Critical flow, both ducts operating. BSystem corrected (b} Zero flow, one duct. Bystem corrected air flow, 15.2;
alr flow, £9.6; static-pressure recovery, 0.785, static-pressure recovery, 0.792,

Flgure 7. - Diffusar-dischnrge topal-prenure coutours for twin-duct side-inlet configuration (ref. 4). Free-stream Mach nurber,
2,0) angle of attack, 0.
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