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Abstract—An experimental study of wall static pressure distributions and mean velocity profiles along a duct
and diffuser downstream of wall-jet injection was conducted over a range of diffuser total angles from 15 to
40" at injection to core flow mass flux ratios from 0 to 6. Pressure recovery in the diffuser increased with injection
ratio and decreased with diffuser total angle. Peak velocities in the wall-jet decayed along the flow and the
inner shear layer and outer mixing region grew in thickness along the flow. The inner layer was near similarity
condition, but non-similar variations were found in the outer layer. Estimated wall shear stresses depended
upon injection mass fluxes, downstream distance and diffuser total angle. Greater decay of peak velocity and
larger friction coefficients were found in the diffuser than indicated by correlations from data for a wall-jet
without a pressure gradient. At the largest diffuser total angle and the highest injection ratio flow reversal
occurred in the core region.
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NOMENCLATURE
friction coefficient;
pressure coefficient ;
distance between the effective origin of the
jet and injection slot;
injection ratio, p,U/pyUy.
static pressure;
stagnation pressure;
slot height ;
velocity component parallel to wall;
minimum velocity in outer portion of wall-
jey;
peak velocity in wall-jet;
centerline velocity or at data point furthest
from wall;
velocity midway between u,, and u,;
friction velocity, (1./p)' ?;
dimensionless velocity, u/u,;
bulk average velocity at injection slot
location;
distance along difluser plate from end of
duct;
distance from injection slot to end of duct;
distance along wall from injection slot;
distance normal to wall;
dimensionless distance normal to wall,

pu.y/u.

Greek symbols

5
b
%, 2
20,
H,

e

distance normal to wall where u = u_;
distance normal to wall where u = u
distance normal to wall where u =
diffuser total angle;

viscosity ;

me

Uy a3

*Present address : Walla Waila College, WA 99324, US.A.

& distance downstream from the effective
origin of the jet;

I density ;

Ton wall shear stress.

Subscripts

N condition at injection slot face;

0. condition in core flow at injection slot
location;

r, condition at first pressure tap in diffuser.

1. INTRODUCTION

INTEREST in gjector-type thrust augmentors for mili-
tary aircraft dates back to the early 1960s with the
goal of achieving thrust augmentation ratios of 2.0,
which later was reduced to 1.4-1.5. Subscquent testing
on {ull scale aircraft produced ratios of only 1.0-1.1
even though small scale and component tests were
more promising. Important in this regard is a basic
understanding of the fluid mechanics phenomena
associated with entrainment of the secondary fluid and
its mixing with the primary injection. Two modes of
primary injection are center jets and coanda jets along
the walls.

An experimental investigation has been conducted
at the Jet Propulsion Laboratory on the structure of
planar turbulent wall-jets in regions of adverse press-
ure gradients in a rectangular diffuser. In this paper
mean flow data are presented including pressure
recovery in the diffuser, velocity profile shape and
variation, spreading of the wall-jet, decay of the
maximum wall-jet velocity, and wall shear stresses. In
the experiments the diffuser total angle 20 was varied
from 15 to 40" (14.8. 24.9 and 39.9 total angles were
used) at injection ratios p,U /poU, from 0 to about 6.
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The experimental apparatus, instrumentation and
operating conditions are described in Section 2, the
experimental results are reported in subsequent Sec-
tions 3, 4 and 5, and summarized in Section 6.
Turbulent wall-jets have been investigated exten-
sively since the early work of Glauert [1] and have
practical application in film cooling (e.g. the survey by
Goldstein [2]) and in boundary layer control. There is
less data on turbulent wall-iets confined in duct flows
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with adverse pressure gradients ;e.g. the discussion and
measurements in conical diffusers by Ramaprian [3].

2 EXPERIMENTAL APPARATUS, INSTRUMENTATION
AND OPERATING CONDITIONS
The experimental apparatus, shown schematically

in Fig. 1. consisted of an inlet duct. test section,
downstream diffuser and blower. Ambient air at 206 K
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and 0.959 atm. was drawn through the apparatus by
the blower and exhausted at the other end of the room.
The duct inlet was rounded somewhat at the entrance
lip. To reduce core flow turbulence fluctuations so that
meaningful pitot tube measurements could be made in
the outer portion of the wall-jet, upstream trips and
screens at the duct inlet section were not used. The duct
surface was smooth.

The inlet duct was 12.7 em high, had an aspect ratio
of 4, and extended 107.5 ¢m upstream of the injection
slot. Although the inside height of the inlet duct varied
along the flow path, the channel width did not change
up to the downstream diffuser. The inside height
gradually decrcased along a distance of 7 ¢m before the
injection slots to allow for the two, 0.196cm high
tnjection slots, one on top, the other on the bottom.
Downstream of the slots the duct height was 1278 cm,
and the duct continued a distance of x,, = 14.12cm
downstream of the injection stots. The straight diffuser
plates on the top and bottom fitted flush to the end of
the duct and pivoted on a 0.952cm corner radius to
provide the various divergent angles tested.

The flow along the lower half of the test section was
investigated {Fig. 2). The lower plates of the duct and
diffuser contained 0.51 mm dia wall static pressure taps
at 2.54cm intervals along the wall. The upper plates
contained slots along the centerline and parallel to the
injection slot (just downstream of the injection slot)
through which probes were inserted. The pitot tube
was made from a 0.108 cm O.D. tube that was flattened
and filed 1o a 0.15 mm tip height. The pitot tube was

VARIABLE PLATE .
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WALL JET 26 = 15°, 25°, 40

INLET 30T

DOWNSTREAM DIFFUSER \
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traversed normal to the wall and was inclined 5-10°
toward the wall to ensure that the tip touched the wall.
The inclination of the pitot tube permitted measure-
ments in the outer region of the shear layer even with
the largest total angle of the diffuser since pitot tubes
are relatively insensitive to yaw up to angles of 10-15°
{4. 5] A larger tube formed the shaft of the pitot probe

to provide rigid support. The total pressure along the
centerline was measured with 2 0.32¢cm Q.D. tube just
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downstream of the slot as indicated in Fig. 2. This tube
which indicated negligible spanwise variation in total
pressure was moved to one side during the pitot tube
SUrveys.

Differences between wall static pressure tap read-
ings, pitot pressure, and atmospheric pressure were
obtained with oil manometers. The traversing pitot

tube pressure was measured witha + 7kPa(+ 1 nm\
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differential transducer relative to a wall static pressure
tap upstream and recorded continuously across the
flow on an x-y plotter vs distance normal to the wall.
The wall location was determined by electrical contact
and the probe location was determined with a helipot
attached to the motorized drive screw mechanism.
Traverses were made from the wall to the centerline for
cases where this distance was within the maximum
allowable traversing distance of 13em. Otherwise, the
traverses were terminated at 12eme In the data re-
duction, the static pressure was assumed to be constant
across the flow normal to the wall at the measured wall
value. The total temperature was assumed to be that of
the ambient air outside of the duct inlet which was
measured with a thermocouple. Compressibility effects
were taken into account in the data reduction by
assuming the total temperature to be invariable across
the shear layer since the wall was essentially adiabatic,
A value of the specific heat ratio ¢ = 1.4 was used.
Six or seven pitot tube traverses were made across
the flow at various distunces downstream from the
injection slot #t most of the combination of injection
ratios and diffuser angles studied. These traverses were
made at two locations along the flow in the duct
between the injection slot and the diffuser plate at
distances x + x,, of 5.2 and/or 10.3¢cm. Note that x is
distance measured along the diffuser plate from the end
of the duct (Fig. [} so that values of x + x, in the duct
or diffuser are distances along the wall measured from
the injection slot. Traverses were made at five or six
locations along the diffuser plate where the cor-
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Fii. 1. Experimental apparatus.
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Fi.. 2. Test section and probes.

responding distance « + 1, = Bbem. Average values
from the six pitot tube traverses at cach location were
used in the data reduction.

The injection ratios ;U p Uy, were obtained from
measured mass low rates and appropriate flow cross-
sectional arcas. The total mass flow rate my, through the
half-height of the duct was obtained from the pitot
tube traverse nearest the injection slot at x + x, =
S5.2em. The mass How rate o, of the wall-jet was
meastred with an orifice in the pipe far upstream of the
injection sfot where air was supplied at 297 K. The mass
flow rate my, in the core flow was then obtained by
subtracting the mass flow rate in the wall jet from the
total mass flow rate. The injection ratios were then

U, _ Ay A

o= 1}
polln Umy Ay)

0 o=

where 4, is the injection slot cross-sectional area. and
A, is the product of the half-height of the duct minus
the slot height. multiplicd by the duct width. Injection
ratios of 0. 2.3 and 5.9 were primarily investigated by
traverses at the six or seven locations along the flow
mentioned previously. A single pitot tube sunvey was
obtained near the end of the diffuser plate at in-
termediate injection ratios of 33,43 and 5.2,

Core flow velocities U, near the injection slot
ranged from 36 ms ! with no injection to40.Lms ' at
the highest injection ratio of 5.9, This increase in core
low velocity with increasing injection rates was pre-
sumably induced by the wall-jet. The core flow vel
ocities were low enough for compressibility effects to be
negligible in the core low. This was not the case,
however, for the injectant air for injection ratios above
3. Peak Mach numbers in the wall-jet at the traversing
stations in the duct were fess than 0.5 at the highest
injection ratio of §9.

Qualitative flow observations were made with a row
of yarn tufts attached to the upper and lower walls of
the diffuser at one side.

Because of the large amount of data obtained, a
portion of the data is not shown at the smallest and
fargest diffuser total angles of 148 and 39 | res
spectively. However, reference to the data for the
smatlest and largest diffuser total angles is included in
the text in discussing the 239 total angle results
shown,

3 WALL STATIC PRESSURE MEASUREMENTS AND
RECOVERY
Wall static pressures normalized by the stagnation
pressure are shown along the duct and diffuser down-
stream of the slot in Fig. 3 at a diffuser total angle 20
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of 249 These measurements represent average vilues
for about six tests at each operating conditions. Down-
stream of the slot and before the diffuser, the wall
static pressure decreased presumably because of the
upstream influence assoctated with the corner at the
diffuser entrance. In this region. local flow accele-
rations occurred. With no injection. the core flow is
believed to have scparated from the wall downstream
of the slot and reattached upstream of the first static
pressure tap at x + x, of 2.7¢m. or 14 slot heights
downstream of the slot. For the highest injection ratio
of 5.9 there was a local static pressure rise and then a
decrease again in the duct at the two larger diffuser
angles. The reason for this s not clear. The static
pressure continued to decrease along the wall as far as
the vicinity of the corner region at the diffuser entrance,
the decrease being greatest at the highest injection
ratio. In the diffuser the static pressure increase
associated with the flow deceleration was greatest at
the highest injection ratio. The static pressure distri-
butions tended to level out more quickly in the diffuser
at the larger total angles, In particular at the Largest
total angle. the static pressure subsequently deercased
with the distance along the wall at the higher injection
rates (Fig. 4).

The implication of this latter behavior at the largest
total angle and at higher injection rates is discussed
subsequently in connection with  the pitot tube
measurements and some low observations in Section

4.

The wall static pressure distributions in the diffuser
are shown in Fig. 4 for all the diffuser total angles in
terms of the pressure coefticient

L (2)
P, U B
where the subscript r refers to the condition at the first
tap in the diffuser. As was also evident in Fig. 3. the
pressure recovery increased with injection ratio, The
dashed curve shown in Fig. 4 is a reference curve for
pressure recovery for idealized 1-dim.. inviscid. incom-
pressible care flow as determined from a momentum
balance between the first tap in the diffuser and
subsequent downstream locations. Clearly, large devi-
ations occurred from such a simple relationship even
with no slot injection. the variations being greater at
the larger diffuser total angles.

4. MEAN VELOCITY PROFILES, CHARACTERISTIC VEL.-
QCTTIES AND THICKNESS

For subsequent reference. characteristic velogities
and thicknesses in wall-jets are shown diagrammatic-
ally in Fig. 5. The distance normal to the wall where the
peak velocity u, oceurs in the wall-jet is denoted as o,
Since the location denoted as 8, for the minimum
velocity ug is penerally not well defined, the distance
0y 5 1s used which is associated with the local velocity
denoted by wy . This velocity is midway between i,
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Fiii. 4. Pressure coefficients in the diffuser, 20 = 14.8,

and u,. The characteristics u,, are descriptive of the
shear layer adjacent to the wall, and the characteristics
uy 2, 8, 5 are adjacent to the wall, and the characteris-
tics uy 5, &, are descriptive of the mixing region
between the wall-jet and the outer flow. In the internal
flow investigated herein, local velocities beyond 4,
either reached a plateau or gradually increased. The
velocity profiles were non-dimensionalized by the
value u, at the data point farthest from the wall. This
location was the lesser value of either the centerline
location or a distance of 12 cm normal to the wall, as

24.9 and 39.9°. The dashed curve is for inviscid flow.

mentioned in Section 1.

Mean velocity profiles are shown in Figs. 6-8 over
the range of injection ratios at a diffuser total angle of
24.9" at various locations along the flow. As mentioned
previously, locations x + x, = 5.2and 10.3cm were in
the duct between the wall-jet injection slot and the
upstream edge of the diffuser plate, while locations x +
Xo > l4.1 cm were along the diffuser plate. Values of
u, are shown in parentheses on the figures when not
evaluated at the centerline. With no injection (Fig. 6)
the developing velocity profiles in the diffuser became
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Fii. 5. Characteristic velocitics and thickness in wall-jets
(diagrammatic).

progressively distorted from the fuller profiles in the
duct because of the adverse pressure gradient in the
diffuser. The s-shaped profiles with no injection are
more cvident in a representation involving u* and y*
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which is discussed and shown subsequently (Section 5).
With slot injection, the velocity profiles became
peaked in the wall vicinity associated with the re-
latively larger injectant than core flow velocities. These
peak velocities u,, then decayed along the flow, and the
inner shear layer and the outer mixing region grew in
thickness along the flow.

For the entire range of diffuser total angles and
injection ratios the flow along the lower diffuser plate
remained reattached in the wall vicinity as determined
from the pitot tube traverses. At the largest total angle
of 20 = 39.9° however, a different flow behavior
occurred. With no injection, the row of yarn tufts
attached to the upper and lower diffuser plates in-
dicated that the flow separated from the upper diffuser
plate, and that the entire flow followed along the lower
wall, more or less steadily. The yarn tufts provide only
qualitative information. A qualitative sketch of the
asymmetric flow at this condition is indicated in Fig.
9(a). Also, at the largest total angle of 20 = 39.9°, the
measured pitot tube pressures were lower than the wall
static pressures in the core flow at the highest injection
ratio of 5.9. This indicated the pressure of reverse flow
in the core region as shown in a qualitative way in Fig.
9(b). Note also that the wall static pressure decreased
with distance along the latter part of the diffuser at this
condition (Fig. 4). A more detailed study of the flow
ficld for this condition would be required to learn
about the actual behavior.

The variation of characteristic velocitics along the
flow is shown in Fig. 10for total diffuser angles of 20 =
14.8,24.9 and 39.9". Peak velocities 1, (open symbols)
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Fii. 6. Velocity profiles along the flow, 20 = 249%, m = 0.
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Fi1i. 7. Velocity profiles along the flow, 20 = 24.9°, m = 2.3.
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Fii. 8. Velocity profiles along the flow, 20 = 249°, m = 59.
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FiG. 9. Qualitative flow fields for diffuser total angle
20 = 399",

decayed with distance from the injection slot in a near
power law manner that was observed to be inde-
pendent of the total diffuser angle. Note that the lines
shown in the figure are all the same at a given injection
ratio. The dependence was of the form

Uy % {x + x,) 7" {3)

with the exponent being only slightly different for the
two injection ratios, i.e. for the Jarger injection ratio m
=59, a = 044 and for m = 23, a = 040. This
indicates that at these injection ratios the relative decay
of the wall-jet did not depend upon change in flow
direction nor deceleration imposed by the diffuser, In
section 5, scaling involving normalization of the peak
velocity by the injection welocity; ie. u/U; and
distance from the slot by slot height;ie (x + x,)sis
discussed. As is evident in Fig. 10, minimum velocities
u, {u, for no injection), solid symbols, remained
relatively constant in the duct and then decreased
along the diffuser because of core flow deceleration,

The variation of the inner layer thickness J, at
which peak velocity u,, occurred is shown in Fig. 11 for
total diffuser angles of 260 = 14.8, 249, and 39.9°,
respectively. The results show that the growth of the
inner layer thickness was essentially linear with
distance along the wall from the injection slot, and was
invariable with the injection ratio and the diffuser total
angle; i.e. the lines shown in the figure are all the sume.
The angle relative to the wall for the growth of the
inner layer was 0.93°, The effective origin for J,, was
upstream of the slot face a distance ! of about 7 slot
heights.

A similar representation is shown in Fig. 12 for the
growth of the thickness §, , characteristic of the outer
mixing region where the velocity is midway between
the peak and the minimum values. These resuits show
that the growth of the thickness §, , was linear in the
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duct, being the same for each diffuser angle, and also
was linear in the diffuser, but varied noticeably with the
diffuser total angle. The angle relative to the wall for
the growth of the thickness J, , is noted on the figure.
Higher injectant flow rates and thus velocities in-
creased the growth of the thickness J, ,.

The preceding observations of characteristic veloci-

ties and thicknesses indicate that the flow in the inner
laver of the wall-iet was near simils trﬂ\ in the diffuser

RA YL U0 L WAL WA fIvaL Jena v Bnush

for various ad\erse pressure gradients associated with
the different diffuser total angles. This is suggested by
the finearity of the growth of the inner layer thickness
8., and the power law decay of the peak velocity u,,
with distance downstream of the slot, typical of wall
jetsin constant pressure flows, e.g. see the earlier work
by Glauert [1] and Seban and Back [6]. However,

o o serrwrth ol tha thisk <
there were variationsin the growth of the thickness 3, ,

characteristic of the outer mixing region which al-
though linear, was dependent upon injection ratio and
diffuser total angle. thus indicating non-similar
behavior.

STRESSES AND THE INNER LAYER
REGION

S WALL SHEAR

Wall shear stresses via the friction velocity «, =
{r./p)"? were estimated to provide a reasonable fit of
the velocity data in the viscous sublayer to an appro-
priate semi-logarithmic representation of the form

ut =a+bln(y*) {4)

In this relation u* is the local velocity normalized by
the friction velocity u/u,, and y* is a nondimensional
distance normal to the wall, pu,y/u. The density and
viscosity were evaluated at the wall condition. Appro-
priate constants for the von Karman form of this
relationarea = 55and b = 2.5in the region y* > 30,
and in order to provide a match to the laminar
sublayerrelationu”® = y* toy* = 5, theconstantsare

= — 3.05and b = 5in the transition layer between
y* of 5 and 30. The von Karmaun relation is shown in
Figs. 13-15 that span the range of injection ratios for
which velocity profiles were measured at a diffuser
total angle of 24.9°. However, it is evident in Figs.
13-15 that a number of the profiles tend to lie below
the von Karman relation in the viscous sublayer
{measurements were made to y* =~ 5) and have a
reduced slope in this region. Consequently, in these
cases the constants a and b were adjusted toa = 5.0,
b = 2.l intheregion y* > 30asindicated by the lower
curves shown in Figs. 13-15. Best fits in the viscous
sublayer were then obtained to this relation and its
extension into the transition region.

Observation of the velocity profiles in Figs. 13-15
indicate that reasonable fits were generally achieved in
the viscous sublayer. There were some profiles in
particular at the largest total diffuser angle 20 = 39.9°
and injection ratio of 2.3 that did not have the usual
shape, and therefore, the estimated shear stress was
undoubtably in error. Rather large wake components
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Fii. 10. Variation of characteristic velocities, 20 = 14.8, 249 and 39.9°.

[7] in the outer part of the boundary layer are evident
in the diffuser with no injection because of the adverse
pressure gradient. With injection, velocities diminished
in the outer part of the flow because of the lower core
flow velocities. At the largest diffuser total angle 20 =
39.9° and the highest injection ratio of 5.9, local
velocities decreased in the outer part of the flow and
could not be determined at greater distances from the
wall because the flow was reversed in this region as

qualitatively depicted in Fig. 9(b).

Wall shear stresses obtained in this manner are
shown in Figs. 16-18 at diffuser total angles 20 = 14.8,
24.9 and 39.9°, respectively, as a function of distance
along the wall from the slot. The shear decreased along
the flow at a particular injection ratio, the solid lines
indicating a power law behavior

T, € (x + xg) 0% 5)
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Fic. 17. Wall shear stresses, 20 = 24.9",

With increasing injection rates the shear stress in-
creased because of higher peak velocities in the wall-jet.
In addition to the data acquired all along the wall at
injection ratios of 2.3 and 5.9, data for intermediate
injection ratios of 3.3, 4.3 and 5.2 obtained from pitot
tube traverses at a location near the end of the diffuser
are shown also. Comparison of the values shown in
Figs. 16-18 indicate that the level of shear stress
decreased with increasing diffuser total angle

1, x07%3 (6)

With no injection there was considerable scatter in
the data as indicated in Figs. 16-18. This is expected
since there was erratic behavior of the yarn tufts and
manometer oscillations which indicated unsteadiness
in the flow at all diffuser total angles. As mentioned
previously, at the largest diffuser total angle 20 = 39.9°
the flow separated from the upper diffuser plate, and
followed along the lower wall (Fig. 9a). The dashed
lines shown in Figs. 16~18 are all the same for no
injection indicating that the power law dependence of
shear stress on distance from the slot

T, x {x + x5} 708

also grossly described this data.

The local shear stress may be expected to scale on
the local dynamic pressure (1/2)pu?, associated with
peak velocities in the wall jet. Values of the friction
coeflicient

€y Tw

2 pud

are shown in Fig. 19 as a function of distance along the
wall from the effective origin of the wall-jet, & = x + x,
+ 1, in terms of slot heights over the range of diffuser
total angles at the highest injection ratio of 59. In this
representation, the dependence on diffuser total angle
is also evident and there appears to be an increase in
the friction coefficient in the diffuser. The curve shown
is from ref. [6]

¢ 0054 o5

2 = T &) Y]
which provided reasonable agreement with data for a
wall jet without a pressure gradient. Also shown in Fig.
19 is the decay in peak velocity relative to the injection
velocity, i.e. u,/U;, at the highest injection ratio of 5.9.
The ratio of injection to core flow velocity Uj/U,
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Fii. 18. Wall shear stresses, 20 = 39.9°,
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FiG. 19. Wall jet peak velocities and friction coefficients, m = 5.9, 20 = 14.8, 249 and 39.9°.
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estimated by assuming adiabatic flow in the wall jet
supply system was about 5.4 for the injection ratio of
5.9, and the slot Reynolds number, (U;s/v)) = 3.2 x
10*. The decay of peak velocity in the diffuser was
greater than indicated by the empirical curve shown
from ref. [6]

u

L_;“; = 3.6(5/s)"°** (8
for a wall-jet without a pressure gradient, presumably
because of the decreasing core flow velocity along the
diffuser and increased mixing. Similar trends were
found at the lower injection ratio of 2.3 ; however, since
peak velocities u,, became of the same magnitude as the
free stream velocity u, (Fig. 10}, the velocity ratios
u,/ U were above the values shown in Fig. 19 form =
59, ie. less decay, and the friction coefficients were
above those shown in Fig. 19 for m = 5.9, probably
because of the lower slot Reynolds number (U;s'v)) =
102 x 10%atm = 23,

6. SUMMARY AND CONCLUSIONS

An experimental study of wall static pressure distri-
butions and mean velocity profiles along a duct and
diffuser downstream of wall-jet injection was con-
ducted over a range of diffuser total angles 20, from 15
10 40" at injection to core flow mass flux ratios from 0
to 6. Pressure recovery in the diffuser increased with
injection ratio and tended to level out more quickly in
the diffuser at the larger total angles. At the largest
total angle, the static pressure subscquently decreased
with distance along the wall at the higher injection
rates. Downstream of the wall injection slot, but
upstream of the diffuser entrance, the wall static
pressure decreased presumably because of the up-
stream influence associated with the corner at the
diffuser entrance.

With wall injection the mean velocity profiles be-
came peaked in the vicinity of the wall associated with
the relatively larger injectant than core flow velocities.
Peak velocities in the wall-jet then decayed along the
fiow, and the inner shear layer and outer mixing region
grew in thickness along the flow. For the entire range
of diffuser total angles and injection ratios, the flow
along the lower diffuser plate remained reattached in
the vicinity of the wall. At the diffuser largest total
angle, the flow scparated from the upper diffuser plate
with no injection, and the entire flow foliowed along
the lower wall. Also, at the largest total angle and at the
highest injection ratio, flow reversal occurred in the
core region.

Observations of characteristic velocities and thick-
nesses indicated that the flow in the inner layer of the

Lroyp Back and Rosert CUFFEL

wall-jet was near a similarity condition in the diffuser
for the various adverse pressure gradients associated
with the different diffuser total angles. The growth of
the inner tayer was linear and the peak velocity in the
wall-jet decayed in a power law manner. Both of these
features were essentially invariable with injection ratio
and diffuser total angle. However, there were non-
similar variations in the growth of the thickness, 3, ,,
characteristic of the outer mixing region which al-
though linear, depended upon injection ratio and
diffuser total angle.

Wall shear stresses estimated by obtaining reason-
able fits of the velocity data in the viscous sublayer to
an appropriate sublayer relation, decreased along the
flow in a power-law manner because of the associated
decay in peak velocities in the wall-jet, and also
accordingly, increased with injection ratio. The level of
wall shear stress decreased with increasing diffuser
total angle.

Comparison to correlation from data obtained for a
wall-jet without a pressure gradient indicated greater
decay of peak velocity and larger friction coefficients in
the diffuser.

Flow unsteadiness was observed with no injection.
The flow was apparently more stable with injection,

Information such as obtained in this investigation
is of importance in the development of theoretical
models capable of predicting the performance of an
gjector.
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ETUDE EXPERIMENTALE DES JETS PARIETAUX TURBULENTS EN PRESENCE DE
GRADIENTS DE PRESSION ADVERSES DANS UN DIFFUSEUR RECTANGULAIRE

Resume—Une etude expérimentale des distributions de pression pariétale et des profils de vitesse le long d'un
tuyau et d'un diffuseur, en aval d’'une injection par jet pariétal, est faite pour des angles de diffusion de 15 4 40°
et des rapports de flux massiques, @ l'injection et en écoulement principal, compris entre 0 et 6. La
reconversion de pression dans le diffuseur croit avec le rapport d'injection et décroit avec I'angle du diffuseur.
Les pointes de vitesse dans le jet pariétal diminue le long de I'écoulement tandis que la couche interne de
cisaillement et la région externe de mélange augmentent d'épaisseur. La couche interne est proche des
conditions de similarité, mais des variations non similaires sont trouvées dans la couche externe. Les tensions
pariétales estimées dépendent des flux massiques injectés, des distances en aval et de I'angle du diffuseur. Une
plus forte décroissance du pic de vitesse et de plus grands coefficients de frottement sont trouvés dans le
diffuseur que dans un jet pariétal sans gradient de pression. Pour le plus grand angle du diffuseur et le plus
grand rapport d'injection, on observe un retour dans la région centrale.

EXPERIMENTELLE UNTERSUCHUNG EINES TURBULENTEN WANDSTRAHLS BEI
ANSTEIGENDEM DRUCK IN EINEM RECHTECKIGEN DIFFUSOR

Zusammenfassung —Die Verteilung des statischen Drucks und das Geschwindigkeitsprofil in einem Rohr
und einem Diffusor stromab von einem cingespritzten Wandstrahl wurden experimentell untersucht. Der
Diffusor-Gesamtwinkel lag dabei zwischen 15° und 40°, das Verhiltnis der Massenstromdichte im
Stromungskern und bei der Einspritzung zwischen 0 und 6. Der Druck-Riickgewinn im Diffusor nahm mit
dem Einspritzverhiltnis zu und mit dem Diflusor-Gesamtwinkel ab. Geschwindigkeitsspitzen im Wand-
strahl nahmen entlang des Strémungsweges ab, die Dicke der inneren Reibungsgrenzschicht und des duBeren
Mischgebiets wuchsen an. Die innere Schicht gehorchte nahezu den Ahnlichkeitsbedingungen, jedoch
kamen in der duBeren Schicht Storungen der Ahnlichkeit vor. Die berechnete Wandschubspannung hingvon
der Massenstromdichte bei der Einspritzung, der Linge des Strémungswegs und vom Diffusor-Gesamtwin-
kel ab. Im Diffusor ergaben sich cine schncllere Abnahme der Geschwindigkeitsspitzen und grofiere
Reibungskocffizienten, als dies nach Korrelationen zu erwarten gewesen wiire, die aus Daten fiir einen
Wandstrahl ohne Druckgradienten ermittelt worden waren. Beim groBten Diffusor-Gesamtwinkel und beim
hochsten Einspritzverhiiltnis trat im Kerngebict Riickstromung auf.

IKCNEPUMEHTAJIBHOE UCCNEAOBAHHE TYPBYJIEHTHbBIX NMPUCTEHHLIX CTPY#
f1IPK BO3IAENACTBUMK MOJOXUTENBHBLIX FTPAIUEHTOB JABJIEHUSA
B NMPAMOYTOJIbHOM ANUDDY3IOPE

AHHOTAItRA — DKCHEPUMCHTANLHOC HCCICAOBAHKE PACHPENCACHHA CTATHYECKOIO JIABJICHUN HA CTCHKC
# npodunch cpeanelt cxopocTd 1o annie xanana v aupdylopa 3a obNACTBIO BAYBA CTPYH Hepe3
CTEHKY MPOBOAMIOCL /LI NHANAIOHA Yrinos pactsopa audepylopa ot 15 o 40 npu mavcHuux
kodhduuMeHTa BAYBA, MCHAIOUIMXCA 8 npeaenax of 0 g0 6. Benuuyuna BOCCTAHOBICHHA LABICHUA
8 aubdyrope ysesHYMBANOCH € POCTOM HHTCHCHBHOCTH BAYBA W MANANA C YMCHBLILCHHCM YIjla
pacteopa auddylopa. MaxCHMANLHLIE IHAYCHHA CKOPOCTH MPHCTEHHOM CTPYH YMCHLUIAIHCH B0
KaHaMa, B TO BPCMA KiaK TOJIUHHA BHYTPEHHETO CABHTOBOrO CROA H BHEHER OG/ACTH cMeticHus
ysennuusanack. Bo BuyTpennem cnoe KabMI00aaMCh TOMTH 2BTOMOCTLILIE YCAOBHN, @ BO BHCILIHEM
OTMEYANNCh OTKIOHCHHR OT aBTOMOMCNLHOCTH. PacHeTHbIC IHAYEHHA HANPAKEHHRA CABHIA HA CTEHKE
3ABUCENIH OT NOTOKA MACCHl BAYBACMOIO rala, PACCTOAHHA BHH3I N0 MOTOKY W Yr/1a PacTBOpa
auddylopa. Ans anddysopa Guinn noayuenst Gonee CHABHOE CHHKCHHE MAKCHMAILHOR CKOPOCTH W
6onee Buicoxue 3HaucHHR KOIPPHUHEHTA TPECHHMA, HEM B Cyvac NpucTenHoi cTpyu 6ed rpaamenta
AasacHuA. T1pH MakCHMANbHBIX THAHCHHAX yrila pacTBOpa Anddy3opa U HHTCHCHBHOCTH BIyBa B s.1pe
NOTOKA OTMEYA/I0Ch BOIHHKHOBEHHE BOIBPATHOIO TEYEHMUA.
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