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SUMMARY 

Aerodynamic characteristics of several plate - and bell-type outlets 
discharging air into a transonic stream have been investigated. The 
data presented herein show the variation in the discharge coefficient of 
sur.h outlets as a function of the rate of discharge. The discharge rate 
is expressed nondimensionally in terms of the rate at which air from the 
undisturbed stream would flow through a tube whose cross section was 
equal to the area of the outlet. For outlets of the types tested, dis
charge characteristics obtained at low speeds can probably be applied at 
transonic Mach numbers if the free - jet characteristics of the outlet are 
first corrected for the effects of Reynolds number and pressure ratio. 
Total-pressure surveys through the jet wake are compared at Mach numbers 
of 0.7, 1.1, and 1.3 for the different outlets investigated. Static 
pressure distribution in the vicinity of circular outlets is shown for 
several Mach numbers and discharge rates . 

INTRODUCTION 

The increased demand for auxiliary air which has accompanied cabin 
pressurization and the development of jet- powered transonic aircraft has 
emphasized the need for experimental data on the high-speed, aerodynamic 
characteristic s of small outlets. Although the performance of an airplane 
may not be seriously impaired by inefficient design of a single outlet 
discharging a relatively small quantity of air, it is apparent that the 
cumulative effect of many such openings scattered over the airplane dis
charging a volume of air equal to some 5 to 8 percent of that required 
by the engines might impose significant penalties in over-all performance. 
A substantial volume of data on outlet design is available from tests at 
Mach numbers below 0.35. The applicability of these data to the transonic 
airplane has not been established. It is the purpose of this report to 
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make available to the designers of high- speed airplanes some preliminary 
outle t -design data obtained in recent tests at transonic Mach numbers. 

Several outlet s of circular and elliptical cross section have been 
installed in a flat plate and tested in a uniform str eam at Mach numbers 
from 0 . 7 to 1.3 . The effects of several geometric parameters (outlet 
diameter) cross section) and the presence of a fai red) bellmouthed 
appr oach section ahead of the opening) on the discharge coefficient and 
extent of flow disturbances re sulting f r om varying r ates of discharge 
are presented . To facilitate comparison with available low-speed data, 
the direction of discharge was normal to the main flow direction. For 
these tests the pre ssure gradient over the surface was zero with no flow . 
from the outlet ) the stagnation temperature of the discharge air was the 
same as that of the main stream, and the stagnation pressure of the dis
charge flow was equal to or less than that of the free stream. These 
results are part of a continuing study of outlet characteristics in prog
ress in the Internal Aerodynamics Section of the Langley Aeronautical 
Laboratory . 

SYMBOLS 

A cross - sectional area of outlet 

D outlet diameter 

K outlet discharge coefficient (general)) Actual mass flow 

Theoretical mass flow 

outlet discharge coefficient as free jet] Actual mass flow 

Theoretical mass flow 

M Mach number 

m mass flow through outlet 

P local stagnation pressure 

Po stagnation pressur e in free stream 

p local static pressure 

R Reynolds number 

V velocity in free stream 

--- ----- - _._--------- --~---------
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x 

y 

z 

p 

streamwise distance from center line of outlet 

distance normal to outlet surface 

distance transverse to str eam measured f r om center line of 
outlet 

mass density 

boundary- layer thickness 

APPARATUS 

3 

Figure 1 shows the tunnel used in this investigation with one side 
plate removed and a cutaway outlet model mounted in the uppe r floo r. The 

test section was ~ inches high) ~ inches wide ) and 17 inches long . The 

upper floor was a solid flat plate with a circular opening in which the 
various outlet models we r e mounted . The lower floor was slotted with one 
fifth of the area open. The chamber surr ounding the tunnel test section 
was kept at pressur es well below atmosphere by means of the laboratory 
vacuum pump which pe rmitted contr oll ed r emoval of air from the test sec 
tion and the gener ation of supersonic Mach numbe r s up to 1.3 . 

The general ar rangement of setup used is shown schematically in fig 
ure 2. The air discharged through the outlet was taken from the tunnel 
supply duct and supplied to the outl et through a 2 - inch pipe . The dis 
charge rate was controlled by a valve and measur ed with a calibrated 
orifice meter located in the outlet air line . The flow rate was calcu
lated from pressures read at pipe taps upstr eam and downstream of the 
metering orifice . In or de r to dete r mine the outlet discharge coefficient ) 
a pipe tap was located in the outlet air line) and the static pressure of 
the undisturbed stream in the tunnel was taken as the dischar ge pressur e . 
Fine-mesh screens wer e installed in the outlet air line upstr eam of the 
metering orifice and outlet to insure a uniform velocity distribution . 

Two types of outlets dischar ging perpendicular to the tunnel floor 

were used) figure 3. The thr ee thin-plate J :6 -inch- thick) outlets of 

circular cross section 3/8 to 7/8 inch in diameter and an elliptical out 
let with a major to minor axis ratio of 2 to 1 wer e machined from br ass . 
The three bellmouthed outlets var ying in diameter from 1/4 to 7/8 inch 
were cast in plastic . 

~ - -~------
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Instrumentation with the various setups included orifices located 
in the upper floor of the tunnel along the center line. The location 
of these orifices is indicated in the cutaway model shown in figures 1 
and 3. Total -pressure surveys were made in the wake of the outlet with 
a rake of 11 total -pressure tubes. These surveys were made in a plane 
perpendicular to the axis of the tunnel and 1 inch downstream from the 
center line of the outlet . 

Surface pressures and total pressures were indicated on a mercury 
manometer and recorded photographically . At the same time, the pres 
sures used to calculate outlet discharge rate and discharge coefficient 
were read visually . 

RESULTS 

Prior tests in transonic test sections of the same type as that 
used in this investigation indicate that tunnel -wall interference effects 
may be neglected for the purposes of this investigation. 

Discharge coefficient . - In conducting these tests, the free-stream 
Mach number was fixed at predetermined values between 0.7 and 1.3 and 
the rate of discharge was varied by adjustment of the outlet control 
valve shown in figure 2. The resulting change in outlet velocity rela 
tive to that of the free stream is accompanied by simultaneous variations 
in jet Reynolds number and jet Mach number. To separate the effect of 
these various parameters on the discharge coefficient, a free-jet cali
bration of each outlet was made over a range of jet Reynolds numbers 
from 5,000 to 600 ,000 and jet pressure ratios up to 3.0. The Reynolds 
number is based on outlet diameter and the theoretical flow rate. The 
free - jet discharge coefficient, defined as the ratio of the measured 
rate of discharge to the theoretical rate corresponding to the measured 
pressure difference across the outlet, is shown in figure 4 for plate 
type outlets of circular and elliptical cross section. At free-jet pres
sure ratios greater than 1.89, the outlet is considered choked ; thus the 
theoretical flow rate becomes independent of the pressure ratio pip but 
varies directly with P. Data at Reynolds numbers above 80,000 were taken 
from reference 1; data at lower Reynolds numbers, from the present tests. 

At M < 0.7 (pip < 0.7) the discharge coefficient of the circular 

outlets increased r apidly with Reynolds number to RN ~ 104 . At 

Reynolds numbers above 104 and Mach number greater than 0 .6, lines of. 
constant discharge coefficient are nearly vertical; in this range the 
effect of jet Reynolds number is small and the Mach number effect is 

--- -------- -- -----

I 
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large. Transition between predominance of the Reynolds number and Mach 
number effects occurs smoothly at discharge coefficients on the order 
of 0.68. These results are consistent with well-established effects of 
Reynolds number and Mach number on the jet diameter at the vena contracta. 
The discharge coefficients for outlets of elliptical cross section, fig
ure 4(b), are generally similar to those observed for circular outlets, 
figure 4(a). 

With the bellmouthed outlets the discharge coefficient was increased 
to values approaching unity, 0.93 to 0.95 at M < 0.6; at pressure ratios 
greater than 1.89 and Reynolds numbers greater than 30,000, Ko reached 
a value of 0.97. Because of the small variation, these data are not 
presented. 

Results of tests in which air was discharged from plate and bellmouthed 
outlets into a uniform stream are presented in figure 5. The discharge 
coefficient plotted in this figure is based on a theoretical flow rate 
which assumes an outlet static pressure equal to the free-stream static. 
The nondimensional parameter m/pYA is used to define the discharge rate; 
it is the ratio of the measured discharge rate to the rate at which free
stream air would flow through an area equal to that of the outlet. 

For plate-type outlets of circular cross section, these curves, 
which over the range of the current tests are essentially independent of 

stream Mach number, have a maximum slope at m 
pYA 

o where K also is 

zero, figure 5(a). Each curve appears to approach a maximum coefficient 

at 
m • 

~ 0.8. As previously mentioned, increases in jet Reynolds number 
pYA 

and jet pressure ratio accompany increases in m/PVA along each curve. 
The displacement of curves from tests of outlets of different diameter 
is in part the result of changes in Reynolds number; however, it is also 
influenced by decrease in the relative thickness of the surface boundary 
layer as the outlet diameter increases; that is, olD decreases. Separa
tion of boundary-layer effect and the effect of mass flow ratio m/pYA 
from the Reynolds number and Mach number effects will be discussed later. 
It is sufficient at this point, however, to note that, at mass flow ratios 
below unity, the combined effects of all other variables are relatively 
small. 

For thin-plate outlets of elliptical cross section, the value of K 
increases with m/pYA as shown in figure 5(b) . The curves for the cir
cular outlet of approximately the same area follow the lower curve (major 
axis transverse to undisturbed floW) very closely, within ±0.02. Aline
ment of the major axis of the elliptical outlet with the stream is shown 
·to result in substantially higher discharge coefficients at corresponding 
values of the mass flow parameter. The difference between the value of 
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K for outlets thus alined and for those turned 900 to this direction 
decreases rapidly as the free-stream Mach number increases. 

For bellmouthed outlets, figure 5(c) , the discharge coefficient 
incr eases with mass flow parameter reaching values somewhat greate r than 
those measured with plate - type outlets . Slightly higher maximum coef 
ficients were measured with the larger outlets . The effect of Mach num
ber was small . 

To isolate the influence of flow ratio variations on the dischar ge 
coefficient , the data of figur es 5(a) to 5(c) are r eplotted in fig -
ures 6 (a) to 6(c) with the coefficient expressed in terms of the free -
jet coefficient at identical values of the jet Reynolds number and pres 
sure ratio. Plotted in this manner the curves for plate-type outlets are 
observed to reach definite maxima at values of K appr eciably greater 
than the corresponding free - jet coefficients . The occurrence of dis 
charge coefficients in excess of the f r ee -jet coefficients is pr obably 
a result of localized disturbances in the flow near the outlet which 
effect a reduction in static pr essur e at the outlet . To facilitate 
direct application of these data, the static pressur e in the undistur bed 
stream has been used throughout this report in calculations of theoretical 
mass flows. The occurrence of a maximum value of the r atio K/Ko was 

also observed by Rogallo in the data taken at stream Mach numbers of 0 .05 
and 0 .11 , r efer ence 1. These re sults are super imposed on the data for 
M = 0 .7 of figur e 6 (a) . It is apparent from these data that for thin
plate outlets of circular cross section, the results of low- speed tests 
may be applied in the t r ansonic r ange with a maximum e rror on the order 
of 10 percent. 

Similar data from r eference 2 at a f r ee- stream Mach number of 0 . 35 
are also p r esented in figure 6(a) . The displacement between these data 

and those of r eference 1 and the current pr ogram at ~ ~ 1.0 is pr oba-
pYA 

bly caused by the difference in temperatur e between the jet and main 
stream; that is, TOj - To ~ 300 in reference 2 and 00 in r eference 1 

and the current pr ogram . 

Although a single curve is drawn through the experimental data for 
all three outlets tested, a tendency toward higher coefficients with 
small outlets is observed which is probably associated with the increase 
in boundary-layer thickness relative to the outlet diameter a/D . Since 
the boundary layer in all these tests was very small, the effect of 
changes in a is also small. For very thick boundary layer s , the effec 
tive stream velocity at the point of exit is decreased the r eby increasing 
the effective value of m/pYA . It is apparent that, if the small outlets 
are to be installed in regions of very thick boundary layers, a correc 
tion must be applied to the stream velocity which appears in the 
m/pYA parameter. 
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At a free stream Mach number of 0.7, discharge coefficients with 
elliptical outlets with the major axis par allel to the direction of 
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flow were more than 30 percent greater than the f r ee - jet coefficients , 
and 15 percent gr eater with the ma j or axis turned 900 to the free stream . 
Corresponding gain with cir cular outlets appr oached 20 percent. The 
effects of outlet alinement and shape decr ease with increasing stream 
Mach number until at M = 1 . 3 the over-all spread in the K/Ka cur ves 
is on the order of 5 per cent . 

With the addition of the bellmouthe d approach section in the cir
cular outlets, the slope of the KiKa against m/pVA curve decreased 
SUbstantially . Compare figur es 6 ( c) and 6 (a) . The value of K/Ka 
increases continuously appr oaching a value of unity at mass flow ratios , 

P~A ~ 0 . 8 ; it appears probable that val ues in excess of unity would be 

r eached at flow r ates gr eater than those investigated herein . 

Jet wake .- Typical results of tot al-pressur e sur veys in a plane 

1 inch downstr eam f r om the center of t he i - inch plate - type outlet 

(~ = 1.6) are presented in figur e 7 as contour s of constant pressur e . 

Along the outer contour the measur ed t ot al pr essur e was equal 0 . 9 of 
that in the undistur be d str eam , 0 . 8 along the second contour, etc. At 
all Mach number s, the minimum total pre ssure measur ed in the center of 
the wake approximated the val ue of the static pressure in the undis -

tur bed stream. The infl uence of the j e t at IT = 1 .6 is confined to a 

r egion extending appr oximately 1 to 1 . 5 j e t diameter s to each side of 
the plane of symmetr y . Outside of this r egion, contours of constant 
total pressure are essentially parallel to the wall corresponding to 
uniform boundar y layer across the tunnel wall . Something of the nature 
of the flow in the vicinity of the j et may be deduced from an examina
tion of the shape of the total -pr essure contours . At low flow rates the 
boundary layer appear s to have been displaced upward by the jet ; as the 
flow rate increases , however, contour s near the edge of the jet are dis 
placed downward until at the highest values of m/pVA, the boundary layer 
at the edge of the wake disappear s . This reduction in thickness of the 
boundar y layer at the edges of the j et wake is br ought about by vortices 
which , set up by the action of the j et , carr y high energy air from the 
undisturbed str eam towar d the wall . The action of these vortices which 
increase in strength with m/pVA also accounts in part for an observed 
widening of the upper par t of the wake with incr easing m/pVA . The 
existence of str ong vor tices at the edges of the jet renders measurement 
of total pr essur e both difficult and inaccur ate in these regions . The 
contours of figur e 7 must ther efor e be r egarded as qualitative . Similar 
data from tests of elliptical and bellmouthed outlets follow the same 
general patter n obse r ved in figur e 7. 

J 
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The errors caused by misalinement of survey tubes with direction 
of flow are probably smaller in the plane of symmetry than at the edge 
of the jet; consequently, these data are presented in greater detail. 
The stagnation pressure directly behind the outlet expressed in terms of 
free-stream stagnation pressure is presented in figures 8(a) to 8(c) as 
a function of vertical distance from the wall. Constancy of the pres
sure gradient through the outer part of the wake again suggests that the 
jet action has been to locally push the boundary layer out into the 
stream, the absolute displacement increasing almost linearly with rate 
of flow from the opening. The development of reversals in the pressure 
gradient in the inner part of the wake, close to the wall, is attributed 
to the vortex action previously discussed. An outward displacement of 
the center of the vortex with increasing rate of discharge is also evident 
from these curves. Increasing free-stream Mach number resulted in 
increased magnitude of the pressure differential through the wake and 
a small reduction in the effect of mass flow ratio. 

Because all surveys were carried out at a constant distance of 1 inch 
from the center line of the outlet, a change in outlet diameter results 
in a change in location of the survey plane relative to the diameter of 

the hole; thus with a ~- inch outlet the survey plane is 1.14 diameters 

downstream, and 2 .67 diameters with the g -inch outlet . With increasing 

distance x/D downstream, little change is found in the general charac 
teristics of the wake although some differences in the absolute value of 
the pressure and the gradient are observed. 

Similar curves for plate-type outlets of elliptical cross section 
are presented in figure 8(b). These show a very strong effect of axis 
alinement relative to the direction of flow in the main stream . With 
the major axis of the outlet t ransverse to the free stream, the total
pressure gradient through the outer part of the wake is very steep and 
the jet penetration is observed to be smaller than that observed at the 
same flow rate and Mach number from outlets of circular cross section or 
elliptical outlets whose major axis was parallel to the flow . With the 
major axis parallel to the stream, the pressures in the center of the 
wake are appreciably higher than those for other configurations. Explana
tion for this is again found in the vortices which, with major axis parallel 
to the stream, are close together and somewhat stronger as a result of the 
greater area of contact between sides of jet and the main stream. Thus 
the str onger tendency of the jet to separate into two vortices with the 
losses concentrated at the center of each results in higher pressures in 
the plane of symmetry. 

In the wake of bellmouthed outlets the total pressure, figure 8Cc), 
follows the same pattern observed behind the plate -type openings of 

I 

~ 
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circular cross section . At M = 0.7 the results are somewhat more 
erratic than at higher Mach numbers where the pressure gradient through 
the edge of the wake is essentially the same for plate and bell-type 
.outlets and the distance which the jet penetrates into the stream 
decreases with the addition of a smooth approach to the outlet . 

The vortex effect observed at the higher flow rates may be of con
siderable significance if the gases being discharged were at high tem
perature, for it appear s probable that dilution of the exhausted gases 
with cooler, high-energy air from the adjacent stream would effect sub 
stantial reductions in temperature of the gas along the wall. It is 
pOinted out, however, that the effectiveness of such cooling is dependent 
upon the value of m/pVA. This tendency of the jet to be lifted off the 
surface at high flow rates may also make possible the discharging of 
toxic or otherwise objectionable gases without dange~ of their being 
returned to the airplane through auxiliary inlets located further 
downstream. 

Surface pressure distribution.- The var iation of surface pressure 

along a line through the center of ~ -inch circular outlets is shown in 

figure 9. The distance, in outlet diameters, is measured from the center 
of the outlet. The local static pressure is presented as a nondimensional 
parameter 6p/q where 6p is the difference between the surface pres 
sure and the static pressure of the undisturbed stream, and q is the 
dynamic pressure of the undisturbed stre am . Exper imental data from the 
zero flow tests are shown on each figure , curves for m/pVA of 0.2) 
0.4, and 0.6 were obtained by interpolation. Approaching the outlet 
from upstream, the surface pressure increases over a region extending 
several diameters ahead of the outlet probably approaching the full 
stagnation pressure over the outlet . The rate of rise and the extent 
of the region influenced by the outlet flow increase with rate of dis 
charge. Immediately downstream of the outlet) surface pressures far 
below the stream pressures were encountered; these pressures result f r om 
curvature of the stream lines as they close around the jet. Further 
downstream, the pressure returns rapidly to the undisturbed stream static . 
At supersonic free-str~am Mach numbers, the pressure rise on the upstream 
side is much more abrupt than at M < 1.0; the position of the detached 
bow shock caused by the outlet discharge is well- defined moving closer 
to the outlet as the stream Mach number increases . 

The addition of a straight approach section ahead of the outlet 
causes no significant change in pressure distribution in the vicinity of 
the outlet, figure 9(b) . Lower pressures at corresponding points behind 
the bellmouthed outlets indicate that the stream, close to the surface) 
suffers less deviation in flowing around the jet from the thin plate than 
it does in flowing around the more cylindrical jet from the bellmouth. 
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CONCLUSIONS 

From this investigation of the transonic aerodynamic characteristics 
of small outlets of thin-plate and bellmouthed designs, it is concluded 
that: 

1 . For these types of outlets, the flow discharge characteristics 
obtained from tests in free stream at low Mach number can probably be 
applied with satisfactory accuracy at transonic free-stream Mach numbers 
when corrected for pressure ratio and Reynolds number effects on the 
characteristics of the free jet. 

2. The discharge coefficient of plate-type outlets increases with 
rate of discharge from zero to a maximum value in excess of the free
jet coefficient decreasing thereafter to the free - jet value. At a con
stant value of the mass flow parameter m/pVA the discharge coefficient 
decreases slightly with increasing stream Mach number. 

3. Discharge coefficients for thin-plate outlets of elliptical 
cross section are increased by alining the major axis of the ellipse to 
the direction of flow in the undisturbed stream . 

4. Discharge coefficients of circular outlets are increased sub
stantially at the higher flow rates by the addition of a bellmouthed 
approach section ahead of the opening. 

5. A jet discharged from a smooth surface over which air is flowing 
induces vortices which bring high-energy air from the free stream under 
the jet and thus tend to lift the discharged gas from the surface. 

6 . The static pressure immediately ahead of the outlet increased 
substantially and behind the outlet decreased to values well below the 
static pressure of the free stream. The amount of the change increases 
with rate of discharge from the outlet . 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field) Va. 

_J 
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Figure 1 .- Tunnel with side plate removed and cutaway outl et model 
mounted in upper floor . 
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