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EXPERIMENTAL FLOW CHARACTERISTICS OF A SINGLE
TURBULENT JET IMPINGING ON A FLAT PLATE
by Peter Hrycak* David T, Lee’ James W, Gauntner, and John N, B, Livingood

Lewis Research Center

SUMMARY

An experimental study of the flow characteristics of a circular air jet impinging on
a smooth flat plate is described. Jets issuing from circular nozzles 0.125, 0.250, and
0.375 inch (0.317, 0.635, and 0.952 cm) in diameter were considered. Nozzle Reynolds
numbers from 600 to 100 000 were studied, and the normal distance between the nozzle
exit and the plate was varied from 2 to 30 nozzle diameters.

The effect of nozzle exit Reynolds number Re o on potential core length was studied
extensively. Maximum values were found at ReO = 1000; sharp decreases followed until
Re reached values between 3500 and 5500. A slight increase in potential core length
was then observed until Reo reached 10 000. Beyond Reo =10 000, the potential core
length remained nearly constant and agreed well with the median value of other investi-
gators. Experimentally determined velocity profiles agreed well with theoretically
calculated distributions and with experiments of others for both the free jet and wall jet
regions. Static-pressure distributions along the jet centerline varied from ambient
pressure by 4 percent, at the most, which was in reasonable agreement with the usual
theoretical assumption of constant static pressure in this region. Results also indicated
that the nozzle-to-plate spacing has more influence on the static-pressure distribution
along the impingement plate in the deflection region than either nozzle diameter or noz-
zle exit Reynolds number.

A theoretical derivation based on a method previously used for a two-dimensional
nozzle and an empirical equation for the maximum velocity decay for a radial wall jet
are presented for the circular nozzle. Good agreement between theory and experiment
was achieved. An empirical relation for the spread of the wall jet is also included.

* Professor of Mechanical Engineering, Newark College of Engineering.
i Graduate student, Newark College of Engineering, now at Georgia Institute of
Technology.



INTRODUCTION

An experimental study of the flow characteristics of a single circular jet impinging
on a flat plate is reported. The investigation was performed at the Newark College of
Engineering under NASA Grant NGR31-009-004.

The use of air jets impinging on the internal surfaces of turbine vanes and blades is
a promising method for cooling such surfaces. In the development of adequate design
heat-transfer correlations for this type of cooling, a detailed knowledge of the jet flow
characteristics is necessary. Results obtained for single jets impinging on flat surfaces
may prove useful for more complicated flows and geometries such as multiple jets im-
pinging on either flat or curved surfaces.

A survey of previous investigations of single circular jets and slot jets is presented
in reference 1. Areas requiring further investigation are discussed in the reference.
These include the effect of nozzle Reynolds number on potential core length, the minor
discrepancies between theoretical and experimental pressure profiles and between the
assumed theoretical and experimentally determined wall velocity gradients. Reference 1
also discusses the application of jet flow characteristics to heat-transfer studies,

Herein, an extensive investigation was made of the effects of nozzle Reynolds number
on potential core length. An analytical derivation of the relation for the maximum veloc-
ity decay of a radial wall jet is also presented. In the present experiments, the nozzle
Reynolds numbers ranged from as low as 600 to as high as 100 000, and the normal dis-
tance between the exit of the nozzle and the plate varied from 2 to 30 nozzle diameters
in order to observe the influences of varying Reynolds number and normal distance on
the flow parameters, The smallest distance was restricted to two diameters because
at this or smaller spacings readings at the nozzle exit are affected by the flat plate.
Three nozzle diameters, 0,125, 0.250, and 0. 375 inch (0. 317, 0.635, and 0.952 cm),
were investigated. Velocities and pressures between the nozzle and plate and along the
plate were measured. Data from the investigation reported herein were also used in
reference 2,

For the highest Reynolds numbers, Mach numbers approaching 0.5 were reached.
Because of these large Mach numbers, compressibility corrections in the evaluation of
instrument readings were required,

APPARATUS AND PROCEDURE

A schematic diagram of the apparatus is shown in figure 1. Air supplied by a com-
pressor flowed through a filter and oil separator into a large storage tank to provide a



steady flow. From this tank, the air flowed through a feed pipe into a large plenum
chamber. An end plate was welded to the end of the plenum chamber and equipped so
that three different sized nozzles could be screwed to the end of the plate with a rubber
ring to prevent air leakage. The nozzle diameters were 0.125, 0.250, and 0.375 inch
(0.317, 0.635, and 0.952 cm).

The test plate was a flat 10-inch- (25. 4-cm-) diameter smooth plate. The plate was
supported by a three-leg frame that allowed the plate to be rotated or raised or lowered.
Nineteen 1/64-inch- (0.04-cm-) diameter holes were drilled in the plate to accommodate
taps for measuring the pressure distribution along the plate. Normal alinement of the
air jet to the test plate was achieved by adjusting three plenum chamber supporting guide
wires.

The air flow rate was controlled by valves and measured with rotameters with a
calibrated accuracy greater than 99 percent. The inlet pressure at the rotameter inlet
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was registered on a Bourdon-type pressure gage. Air temperature was measured by
copper-constantan thermocouples upstream of the plenum chamber. Static- and total-
pressure probes and microtubing pressure taps (0.016 in. or 0. 04 cm) were used for
pressure measurements. The static-pressure probe was constructed of 1/32-inch

(0. 08-cm) tubing and contained four 1/64-inch (0. 04-cm) holes. The total-pressure
probes were made from 1/64-inch (0.04-cm) tubing., For boundary layer thickness
measurements, the total-pressure probe was flattened to 0. 008 inch (0. 02 cm) on the
narrower side, The pressure probes were mounted on a traversing carriage so that
they could be moved in three directions or rotated. U-tube water and mercury manom-
eters were used for measuring pressures. For low-pressure measurement, a micro-
manometer, adjustable to within 0. 001 inch (0. 0025 cm), using a fluid with a specific
gravity of 0.7970 was used,

The apparatus was equipped with a smoke generating device at the nozzle exit to
achieve a visual picture of the flow to determine transition from laminar to turbulent
flow.

Initial tests for velocity profiles at the nozzle exit revealed that the average exit
nozzle velocity was 96 percent of the maximum nozzle exit centerline velocity. All tests
were performed with the nozzle kept vertical to the impingement surface.

The impingement plate was maintained in a horizontal position. For assurance that
the motion of the probes was along the line joining the center of the nozzle and the stag-
nation point, the jet centerline was alined with the stagnation point on the plate. This
alinement was accomplished by following a suggestion discussed by Lee (ref, 2). A
drop of dark grease applied at the approximate stagnation point spread out radially and
made it possible to observe streamlines and the stagnation point. The probe was then
lowered to the impingement plate to ensure that it coincided with the stagnation point.

Test conditions for the experiments described in this report are summarized in
table I. Figure 2, reproduced from reference 1, shows the four regions into which the
impinging jet is divided. For determination of jet centerline velocity and pressure dis-
tributions, a range of Reynolds numbers was investigated. For the nozzle with a diam-
eter of 0.125 inch (0.317 cm), 23 different values of Re, ranging from 620 to 45 000
were considered. For the 0.250-inch (0.635-cm) nozzle diameter, 27 Reynolds numbers
ranging from 1250 to 100 000 were studied. For the largest nozzle, 24 values of Re
ranging from 930 to 100 000 were tested. Centerline measurements of static and total
pressures were made at various locations from the nozzle with values of the ratio of the
distance from the nozzle to the nozzle diameter x/D up to 40, 28, and 24 for nozzle di-
ameters of 0.125, 0.250, and 0.375 inch (0.317, 0.635, and 0.952 cm), respectively.

Transverse measurements in the jet were made using the 0.250-inch (0. 635-cm)
nozzle for values of the ratio of the distance from the jet centerline to the nozzle diam-
eter y/D from 0 to a maximum of 5 for regions I and II (see fig. 2). Nozzle-to-plate



TABLE 1. - TEST CONDITIONS

Nozzle diameter, D

0.125 in. (0.317 cm)

0.25in. (0.635 cm)

0.375 in. (0.952 cm)

Nozzle Reynolds number, Re

620 to 45 000
(23 values)

1250 to 100 000
(27 values)

930 to 100 000
(24 values)

Distance from nozzle to 2,4,17,10, 4,7,10,20,30 4,7,10,20, 30
plate, zn/D 14,20

Centerline measurement 0 to 40 0to 28 0to 24
stations, x/D

Transverse measurement |  -----------= Otos5 | ==-memmmmee-
stations, y/D

Plate measurement 0to 24 0 to 28 0to 12

stations, r/D

7

Figure 2. - Characteristic regions In Impinging jet flow.




spacings zn/ D ranged from 2 to 30. Not all the aforementioned values of Reynolds num-
ber were considered for each value of y/D or Zn/D just cited.

Static-pressure measurements along the impingement plate were made at values of
the ratio of the radial distance from the stagnation point to the nozzle diameter r/D
ranging from 0 to 24, 28, and 12, respectively, for the nozzles in the order of increasing
diameter size. Velocity profiles through the wall jet (region IV) were also determined
for both the 0.25- and the 0.375-inch- (0.635- and 0. 972-cm-) diameter nozzles and for
values of zn/D of 7and 10 at distances from the jet centerline of 2, 2.5, 3, and 3.5
inches (5. 08, 6.35, 7.62, and 8.89 cm) for several Reynolds numbers,

RESULTS AND DISCUSSION
Observations of Smoke Flow Tests

Flow patterns were observed by means of smoke at low Reynolds numbers. Begin-
ning with Re = 1000, the flow was laminar to a distance of about four nozzle diameters
from the nozzle exit. Downstream of this location, some small turbulence occurred on
the boundary of the free jet with the quiescent surroundings. When the Reynolds number
was increased, the extent of the laminar flow was reduced and more turbulence existed.
Finally, at a Reynolds number near 4000, the jet was fully turbulent. This observation
helps to explain why a relatively long length of the potential core exists at Re 0= 1000
and then decreases in length as Re o approaches 4000. A detailed discussion of poten-
tial core length is given in the next section.

Region of Flow Establishment (Region I)

Length of potential core. - The fundamental interest in region I is to determine the
length of the potential core. For this determination, the velocity decay along the center-
line of the jet in the region of established flow (region II) was plotted against the dimen-
sionless distance from the nozzle x/D on log-log paper. The intersection of the line
representing this centerline velocity decay with the horizontal line representing the di-
=1 defines the potential core

mensionless centerline velocity in region I Um/ U
length Czn

Centerline velocity values were determined experimentally for nozzles with diam-
eters of 0.125, 0.250, and 0.375 inch (0.317, 0.635, and 0. 952 cm) for a range of Rey-
nolds numbers. The results for the 0. 125-inch- (0. 317-cm-) diameter nozzle are

plotted in figure 3. As just stated, the intersection of a velocity decay line with the line
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Um/Uo, . 1 determines the length of the potential core, The figure shows the fluctu-
ating value of the potential core length as the Reynolds number is varied over a wide
range of values. Similar results were obtained for the other two nozzles,

Values of the potential core length plotted against Re0 for the three nozzles are
shown in figure 4. The figure shows that initially, as the jet remains laminar, the po-
tential core length is proportional to the Reynolds number, in accordance with equa-
tion (23) of reference 1. In general, 02 reaches a maximum at a value of Re of about
1000, For values of Re o between 1000 and 10 000 (transition flow), large fluctuations
in potential core length are shown, For Reo > 10 000, the potential core length remains
essentially constant. Because the air velocities involved are for large Reynolds num-
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bers (to 100 000), the Mach numbers approach 0.5 and compressibility corrections are
required; when these corrections are applied, the potential core length becomes inde-
pendent of the Reynolds number for Reynolds numbers greater than 10 000, in accord-
ance with equation (26) of reference 1 for fully developed turbulent flow. From figure 4,
the minimum values of 02 were 4,8 at Reo = 3500 for D = 0.375 inch (0.952 cm), 5.3
at Re, = 4000 for D = 0,250 inch (0. 635 cm), and 5.5 at Re0 = 5500 for D=0,125
inch (0. 317 cm). The maximum values were 6.8, 6.75, and 6.5 at about Re = 10 000,
respectively, for the three nozzles. These results compare well with the median of the
results of other investigators; namely, C2 = 6.1, as noted in reference 1,

According to reference 3, Cz is not a function of Reynolds number in the range
from 20 000 to 4 000 000. The present results show, however, a weak dependence of C2
on Reynolds number for Re o greater than 10 000. Reference 2 shows that this depend-
ence on Reynolds number for Re o greater than 20 000 disappears if compressibility
corrections are carried out. The present results likewise show a strong dependence of
C2 on Reynolds number for Re o less than 10 000. This dependence is very strong
near Re = 1000, which, by observation of flow patterns made visible by smoke, was the
critical Reynolds number for the jet flow in the present investigation.

Figure 4 also shows a strong dependence of 02 on the nozzle diameter for Re o
greater than 2000 but less than 10 000. Figure 4 also shows a weak dependence of C2
on the nozzle diameter for Reo greater than 10 000,

Velocity profile. - Velocity profiles at values of x/D = 0 and 4 are shown in fig-
ure 5. Data for the 0.25-inch- (0.634-cm-) diameter nozzle for a range of Reynolds

numbers are presented. The figure shows the decrease in the potential core width and
the increase in the jet width as the distance from the nozzle increases.

The velocity profile at x/D = 4, shown in figure 5, was selected for comparison
with the prediction of Albertson et al, (ref. 4). This prediction method describes the
profile to a first approximation as two symmetrical halves of the probability curve con-
nected with a straight line through the constant velocity core; only the nonlinear part
of the profile is considered. Comparing the data of figure 5 with the prediction necessi-
tated that the boundary of the potential core be considered as the point y = 0. A value of
Y1/2 (where U/Uo’ c = 1/2) was determined, and abscissas corresponding to selected
values of U/Uo, c from the appropriate curve in figure 5 were determined. The re-
sults, plotted as the solid line in figure 6, are compared with the curve by Albertson
et al, (ref. 4). The present results show some disagreement with that curve and follow
the trend of the experimental points illustrated in figure 16 of reference 4, The reason
for this apparent disagreement was the fact that Albertson et al, wanted to cover both
the region of flow establishment and the region of developed flow using one and the same
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experimental constant, Their own results prove that this cannot be done, and this con-
clusion is further supported by the results of the present investigation (compare eqs. (2)
and (3) with (4) and (5) in the section Spread of jet).

Region of Established Flow (Region IT)

Jet centerline velocity decay. - A curve showing the jet centerline velocity decay
was discussed in connection with the determination of the potential core length. This
curve is shown in figure 3 and confirms the statement made previously that the velocity
decays in a manner inversely proportional to the distance from the nozzle in the region
of developed flow for both the laminar and the turbulent flows,

Figure 7 shows the centerline velocity decay for various values of the distance be-
tween the nozzle and the plate for the largest diameter nozzle. Close examination of this
figure verifies the fact that the jet behaves like a free jet except within a few nozzle di-
ameters of the impingement plate. The nearly vertical linear portions are taken from
reference 5, since in the present study the probes used prevented accurate measure-
ments very near the plate.

If data like those presented in figure 4 are available, it is possible to evaluate the
centerline jet velocity at any point in region II by use of equation (18) of reference 1:

U

Q

m 2

2 9]
U0, c X
D
In reference 1, Uo, c ™ U,- All symbols are defined in appendix A.

Velocity profile. - The velocity profiles through region II for flow through the 0.25-
inch- (0.635-cm-) diameter nozzle at distances of 8, 12, and 16 nozzle diameters from
the nozzle are shown in figure 8 for two Reynolds numbers. A comparison of these
curves with those of figure 5, which showed similar distributions at two positions within
region I, indicates how the jet is spreading.

Data for the velocity profiles shown in figure 8 were replotted and compared with the
theories of Tollmien (ref, 6) and Gortler (ref, 7). These theories were developed for
free turbulent flows and, as such, are of a boundary layer nature; they are also dis-
cussed in reference 1. The first boundary layer solution (Tollmien, ref. 6) used
Prandtl's mixing length theory; the other solution (Gortler, ref. T7) uses Prandtl's hy-
pothesis that the virtual kinematic viscosity € is a constant. Figure 9 shows this com-
parison of data with theory and indicates that the theories predict the velocity profile
well. This fact was also confirmed by other investigators, as reported in reference 1.

11
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Jet centerline pressure variation. - Experimental values of the jet centerline static

pressure were measured as a function of distance from the jet nozzle. This centerline
pressure decreased below ambient pressure a few nozzle diameters downstream of the
jet exit. It continued to decrease with increasing distance from the nozzle until a mini-
mum was reached downstream of the potential core region. At this point, the pressure
started to increase and approached ambient pressure. These tests were performed for
three different nozzle diameters with the point of minimum static pressure occuring
slightly farther downstream with increasing nozzle size.

Figure 10 shows a plot of the static pressure along the jet centerline for the 0.25-
inch- (0.635-cm-) diameter nozzle when the plate-to-nozzle spacing is 20 nozzle diam-
eters. In theoretical studies based on similar solutions (velocity profiles at different
positions differ by a scale factor), the jet axial static pressure is assumed constant.
Figure 10 shows a maximum variation of about 4 percent for the centerline static-
pressure variation, a result in reasonable agreement with the usual theoretical assump-
tion.

Static-pressure profiles. - An experimental static-pressure distribution of the jet
in the transverse direction for a fixed nozzle-to-plate spacing and a fixed Reynolds num-
ber was also measured. The minimum pressure was observed at the jet centerline and
gradually approached ambient pressure as the distance from the centerline increased.
The results appear in figure 4, 13 of reference 2 and approximately agree with those of
Miller and Comings (ref. 8).

Spread of jet. - Data defining the spread of a free jet where y equals the half-width
b and where y equals the half-velocity value y, /2 are shown in figure 11 as solid
lines. The dashed lines are the extensions of the solid lines for fully developed flow and

13



Reynolds Fulty developed flow
number, Transition R
5f— Reo
A 67 000
O 54000
4 O 35000

Dimensionless jet
half-width 2

Distance from jet axis, y/D
)

L i | [ l i I

-

6 8 10 12 14 16 18 2
Dimensionless distance from nozzle exit, x/D

Figure 11, - Spread of jet. Nozzle diameter, 0,250 inch {0, 635 cm).

emphasize that the rate of spread of the jet is smaller for transition than for fully de-
veloped flow. These extensions indicate the approximate location of the virtual origin.
In the fully developed flow region, the data in figure 11 may be represented by

b _oam X @)
D D
and
y
“1/2 _g.0926 X 3)
D D

for the jet half-width and jet width where U = 0.5 Um, respectively.

These equations indicate that the spreading of the jet is proportional to the distance
from the nozzle. The coefficient in equation (3) is close to the value of 0. 097 quoted by
Abramovich (ref. 3). These equations only hold in the fully developed turbulent region
for distances from the plate in excess of two nozzle diameters; within two nozzle diam-
eters of the plate, the flow is influenced by the impingement plate (see fig, 7).

The corresponding equations for the jet half-width and width, where U =0.5 Um in
the transition zone, can also be obtained from figure 11. For the jet half-width,

14



b _0.1986 % + 0.763 (4)
D D

and for the width where U =0.5 Um,

y
J1/2 _4.0588 £ + 0.466 (5)

D D

Deflection Region (Region III)

Velocity variation along jet centerline. - No measurements were made during the
present investigation sufficiently close to the impingement plate to be considered in flow
region III. However, the analysis in reference 9 indicated that the velocity distribution

along the centerline in region III is given by the following relation for a distance of a few
nozzle diameters from the plate:

U, =-2a(z, - x) (6)
Obviously, at the plate where x =2z, Um = 0. For values of x close to Z,s the ve-
locity is represented by a straight line with a slope that is -2a, where a is an empiri-
cal constant.
Maximum velocity variation along impingement plate. - As discussed in reference 1,

a region exists adjacent to the stagnation point in which the viscous effects are negligible,
As the viscous effects become more pronounced, the velocity profiles approach that of a

fully developed wall jet, The maximum velocity in these profiles Vm can be expressed

by

V,=ar (M)

If both sides of this equation are divided by U o. ¢’ the equation can be rewritten as
b

®)

This equation is the basis for the curves shown in figure 12. The measured maximum
velocity variation along the impingement plate in the deflection region is shown in the

figure; here, the ratio Vm/Uo,c is plotted against r/D for four values of zn/D and
a nozzle diameter of 0.25 inch (0.625 cm). Also shown in the figure are curves calcu-

15
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lated from the measured static-pressure distribution by assuming no energy dissipation
in the flow (i.e., by use of Bernoulli's equation):

p+ 1 erzn = constant
2

The experimental data were obtained from the use of measured total stagnation point
pressure and the static and total pressures measured along the line of maximum velocity.
The data increase in velocity as r/D increases, reach a maximum, and then decay by
energy dissipation. These results are similar to those presented in reference 5, Ex-
amination of figure 12 shows that the data and calculated curves agree from r/D =0 to
r/D=0.6 or from r/D =0 to r/D =1.4, depending on the magnitude of zn/D. For
small values of r/D where viscous effects are negligible, the figure also shows that the
slopes of the curves are a function of Zn/D' As the value of r/D increases, viscous
effects increase, and the experimental data depart from the Bernoulli curves. The point
where viscosity begins to have an effect is farther from the stagnation point as the
nozzle-to-plate spacing increases.

Boundary layer development. - Total pressure was measured by use of an (. 008-
inch (0. 02-cm) probe throughout the boundary layer, while the static pressure was meas-
ured with the static-pressure probe with only the bottom hole left open, at various dis-
tances r from the stagnation point, The radial velocities were calculated from these
pressure measurements, and velocity distributions were obtained. The value of the
boundary layer thickness § was then determined as the distance from the wall where
V/Vm =1, Plots of §/D against r/D could then be made, Such plots are shown in
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figure 13 for a Reynolds number of 54 000 and values of Zn/D of 3, 7, 10, and 20 for
the 0, 375-inch- (0.952-cm-) diameter nozzle, These experimental values of boundary
layer thicknesses are considered to be accurate to within 0. 002 inch (0.005 cm), which
corresponds to an uncertainty of about 15 percent in 5/D for z/D of 20 in figure 13.
Schlichting (ref. 9) presents results of a theoretical investigation by Frossling of
axially symmetric stagnation flow, Near the edge of the inner boundary layer, where
V=0,99 Vm, the following equations are obtained with the aid of table 5-1 of Schlichting:

o LT
b 2008 )
a Re0
where
2t - 2D (10)
Uo,c

The term a* can be evaluated from data like those presentea in figure 12 and is equal
to 0. 1808 for zn/D = 20. With this value of a* and the value of Re0 = 54 000, a value
of 5/D was calculated from the foregoing theoretical equation and was 0,02765. This
value of §/D may be compared with the directly measured value of 0.037 shown in fig-
ure 13. Since this velocity boundary layer thickness shown in the figure is for V = Vm,
it should not be expected to compare favorably to Schlichting's value based on

vV=0.99 Vm' In fact, the measured value is 33 percent larger than the analytical value,

2 Dimensionless
nozzle-to-
o plate spacing, 0O
> z,/D /g/
g2 — 9 3 %
£ - a 7 P
2 08— o 10
L
5 ol & @ 7
&0 g%
> r O
< s LY
5 04 o= — =D = —-Ar// [j/O/O
2t /5
8
[= £ rd
< .02+ plpliegn _ ingglion i Eecd
Z g_ o —=0~
E
=
o L0 Lt Lt
Ul .2 4 6 .81 2 4 6 8 10

Dimensionless distance from stagnation point, r/D

Figure 13, - Boundary layer development. Reynolds number, 54 000; nozzle diame-
ter, 0.375 inch (0,952 cm).
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Near the center of the deflection region, the experimental results agree qualitatively
with theory, which strongly suggests the existence of laminar flow near the stagnation
point for otherwise turbulent impinging jets; also, the experimental boundary layer
thickness increases with increased spacing between the nozzle and the plate.

In the outer portion of the deflection region, the experimental boundary layer thick-
ness becomes less dependent on nozzle-to-plate spacing and increases in thickness with
distance from the stagnation point. This result is consistent with the theoretical predic-
tions for the wall jet region.

Pressure distribution along impingement plate. - A pressure distribution along the
impingement plate is shown in figure 14 for the 0.25- and 0.375-inch- (0. 635- and
0. 952-cm-) diameter nozzles, a range of Reynolds numbers, and values of zn/D = 4,

7, 10, and 20. Since the nozzle diameter and the Reynolds number effects on the static
pressure parameter are relatively insignificant (as can be seen in fig. 14 for the case
with zn/D = 4), a mean curve was drawn through the data. The curve shows a maxi-
mum value at the stagnation point (r/D = 0) and a rapid decrease followed by an asymp-
totic approach to zero; at a distance of r/D = 3, the curve is very near to the horizontal
axis, and the pressure is about equal to the ambient pressure. Mean curves are also
shown for measurements obtained with the other values of zn/D. Both the slope and the
maximum value increase as the value of zn/D decreases.

Dimensionless Data for nozzle-to-plate
L0 nozzle-!o- spacing of 4 diameters
. plate s;l)gcmg, Reynolds  Nozzle diameter,
In number, D,

~s Rey in.  f{cm)
2 8=

o AN 4 0 25000

i( \\ _———7 0 35000 } 0.250 (0.635)
oLk : —-—1 © 50000

= \ - 4 56 000 } .375 (.952)
g N 66 000

g [T~

& 4+ =

8

c

g

s .2+

E

a L

i - a B J
0 .5 1.0 LS5 2.0 2.5 3.0 3.5

Dimensionless distance from stagnation point, r/D

Figure 14, - Pressure distribution along impingement plate in region IIL

18



Wall Jet Region (Region IV)

Maximum velocity decay along impingement plate. - The maximum velocity Vm is
that velocity at the boundary between the two flow layers (one where the flow is influ-
enced by the wall and the other where the flow behaves as a free jet). This use of two
layers is discussed in reference 1.

What is apparently a new derivation for the maximum velocity decay for a radial
wall jet is presented in appendix B. The analysis follows the method used by Abramo-
vich in his study of the two-dimensional jet. It is based on the assumptions that the flow
is incompressible (p = constant), the ambient fluid is stationary, the flow is in steady
state, and the velocity distribution in the turbulent boundary layer is given by the well-
known power law

perdiese 1/n
V=V,@ (11)
As shown in appendix B,
vm _ constant (12)
7 apB/2
.f(a+1)6/2(1 i :9)
r

where f is a function of n, which in turn is a function of Reynolds number. Far from
the stagnation point, where T >> FO, the maximum radial velocity decay reduces to

vm - constant (13)
_Y
where
oy = (a + 1)B
2

and shows a slight dependence on Reynolds number.

When the ratio of the velocity V., to that at the nozzle exit U o,¢ was plotted
against r/zn, ‘for @y = 1.12, a family of lines independent of Re  was obtained for dif-
ferent values of zn/D for the 0, 25-inch- (0, 625-cm-) diameter nozzle, The linear
portions of these lines may be represented by the relation
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Vv
m 1.4 (14)
1.12 1.12

U
D Z,
The data were replotted, as shown in figure 15, where the abscissa is r/D. The linear
portion of the curve represents the maximum velocity decay as

\"/
m 1.4 (15)

Uo,c (%)1 12

The length of the deflection region for each value of zn/D can be noted at that point
where the curves fair into the linear portion.

It is interesting to note that when B/2 is calculated as a function of k (where
k = 5/b) and n for the experimentally verifiable values of k=1/9 and 7.5 <n < 15
(see fig. 4.35 of ref, 2), with « = 0.95, the calculated value of @y compares very fa-
vorably with the experimentally obtainable result oy = 1.12 for smooth plates, The
value of the exponent 1,12 agrees quite well with values of previous investigators: Poreh
et al, (ref, 10), 1.1; Brady and Ludwig (ref, 11), 1,14; and Bakke (ref. 12), 1,12,

Dimensionless

1L.0—
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L 8 plate spacing
o 6 i Zn/D
o ] .
= 4
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8 20
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3 .08
< L
£
'5 . 06 [
.04 L et
1 2 4 6 8 10 20 a0

Dimensionless distance from stagnation point, r/D

Figure 15. - Comparison of velocity variation in region IV for several
values of dimensioniess nozzie-to-plate spacing. Nozzie diameter,
0. 250 inch {0.635 cm).
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It should be noted that the power of r is greater than 1, and hence, the maximum
velocity along the plate decays more rapidly than that of a free jet, which decays with the
power 1 of r. It may also be shown that, in the absence of wall friction, the analytical
expression for oy, given in appendix B, reduces to 1.

Velocity profiles through wall jet region. - Dimensionless velocity profiles V/Vm
are plotted in figure 16 against Z/Z1/2» where zj /9 is the value of z for which
V= % Vm' The profiles are for zn/D - 10 at 2 inches (5.08 cm) from the stagnation

point and for a range of Reynolds number. Data for other values of Zn/ D and other
distances from the stagnation point show similar results. Careful inspection of the ex-
perimental data illustrates the validity of the wall jet velocity similarity law. Reynolds
number effects, for all practical purposes, are limited to the immediate vicinity of the
wall, where the profiles become flatter as the Reynolds number increases.

Comparison of these profiles with those of Glauert (ref, 13) show generally good
agreement. This fact was also confirmed by other investigators, as reported in refer-
ence 1. The data shown herein reveal that the experimental profile is lower than
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v 18 2 number,
o N\ Re
R - 14— 0N 0
2 o 25000
Z O 300
8 & 0 42000
o — A 50 000
L IR N 56000
g g v 66000
— ]
g Iy
c
- 1,00+ g 1.0
“'__' D
£ §
€ E
g 15 e 8+
@ 2
g <
= Q
k%) <
s 3
2 .0 s .6
5 3
a [=4
c (=]
g z
a B g2 A
=y
0 .2'_ T
1)
LY
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Dimehsionless wall jet velociiy, VNg

Figure 16, - Comparison of velocity profile of wall jet with theory of
Abramovich. Distance from stagnation point, 2 inches (5,08 cm;
nozzle diameter, 0. 250 inch {0.635 cm); dimensionless nozzle-to-
plate spacing, 10.
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Glauert's in the outer portion of the jet and is flatter than Glauert's at the tip, but very

Similar to Bakke's (ref. 12) experimental profile.
Figure 16 also shows good agreement between the data and Abramovich's relation

Yo -3/ (16)

m

for values of ¢ /Cl /2 to about 1.5. Equation (16) is valid only outside the inner turbu-
lent boundary layer (note the scale for ¢/t 1/2 in fig, 16),

A plot of the reference velocity VRrp: as shown in figure 2 is presented in figure 17.
The reference velocity is the centerline velocity at r of a hypothetical free jet issuing
radially from the stagnation point, and it can be obtained by extrapolating the velocity
profile of the outer jet zone to the wall. This extrapolation verifies that VRB varies as
1/r in the wall jet region (region 1V); present data fall on a curve, as shown in the fig-

ure, represented by

\"2
RB _ 0. 62 an
r/zn

o)

o,¢C

Spread of wall jet. - The growth of the half-velocity width of the wall jet is shown in
figure 18 for four values of zq /2/D. Four distinct parallel lines are shown, one for
each value of zn/D. The lines may be represented by

—

z 0.95
1/2 _ K(L) (18)
D D
3f— E Reynolds

® number,

§ o Req

5_620 2 O 26000

2 o v 54000

g = 0 67000

£z
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Figure 17. - Reference velocity distribution. Dimensionless
nozzle-to-plate spacing, 20; nozzle diameter, 0. 250 inch

{0.635 cm).
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6— Dimensionless

nozzle-to-
plate spacing,
4— z,/D

Dimensionless half-velocity width of wall jet, z),,/D

1 i | ST | ll | t |
T2 4 6 8 10 20 40 60 80
Dimensionless distance from stagnation point, r/D

Figure 18, - Spread of wall jet, Nozzle diameter, 0.125 inch
(0. 317 cm).

where the following constants have been determined experimentally:

z
0.1025 for —2 =20
D

Zn
0.0945 for 2 =10
D
V4
0.088 for -2
D

From these values, K can be represented by

Z
K = 0.00081 - + 0.0864
D

The spread of the wall jet can then be expressed in general form as
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A z 0. 95
1/2 (o. 00081 _ 4 0. 0864)(2) (20)
D D D

Previous investigators obtained the following values for the exponent of r/D: Poreh
et al., 0,9; Bakke, 0,94; and Brady and Ludwig, 1.025, Glauert obtained a theoretical
value for the exponent of 1,015, The results of the present investigation agree very well
with those of Bakke, Bakke's wall jet was generated by means of a radial slot, whereas
the wall jet of the present experiment was generated from an impinging circular jet.

In the inner region of the wall jet flow, experimental findings indicate that the expo-
nent in equation (11) changes with Reynolds number and position from 1/7.5 to 1/15
through the range of Reynolds numbers investigated, In other words, the assumption of
1/1 velocity profile for the inner boundary layer, as sometimes done (e.g., in ref, 3),
is incorrect. This result indicates, also, that, in the inner boundary layer, similarity
can be only approximately realized, in agreement with Glauert's prediction,

Comparison of flow characteristics between unheated smooth plate and steam-heated
iron-based alloy. - A series of flow tests was run with the original smooth plate replaced
by a segmented plate made with six concentric rings. The segmented plate was steam
heated from the bottom so that the plate surface adjacent to the wall jet was approxi-
mately 100° F (311 K) above the temperature of the wall jet.

For a nozzle diameter of 0.125 inch (0.317 ¢cm), values of zn/D of 7Tand 14, and a
range of Reynolds numbers, the maximum velocity decay along the plate, the velocity

profile, and the boundary layer thickness were investigated. No discernible difference
existed between the flow properties of the heated plate and the corresponding values for
the unheated plate.

SUMMARY OF RESULTS

The experimental flow characteristics of a circular air jet impinging on a flat plate
were investigated. The following results were obtained:

1. The length of the potential core is a function of the nozzle exit Reynolds number
for laminar flow and is independent of the nozzle exit Reynolds number for a fully devel-
oped turbulent circular jet. For nozzle diameters of 0.125, 0.250, and 0. 375 inch
(0.317, 0.635, and 0.952 cm), the potential core length increased as the nozzle exit Rey-
nolds number increased through the laminar range and reached a maximum at 1000. The
potential core length abruptly decreased as the nozzle exit Reynolds number increased
beyond 1000, reached a minimum, and then increased only slightly up to a value of about
10 000. For values greater than 10 000, the potential core length is essentially inde-
pendent of the nozzle exit Reynolds number. The minimum value of the potential core
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length decreased with increasing nozzle diameter. For values of the nozzle exit Rey-
nolds number greater than 10 000, the effect of the nozzle diameter on potential core
length was insignificant. For fully developed turbulent flow, the experimental value of
the potential core length varied from about 6. 0 to about 6. 7.

2. Static pressures along the impingement plate in the deflection region are depend-
ent on the nozzle-to-plate spacing and less dependent on nozzle diameter and nozzle
Reynolds number. The pressures reach a maximum at the stagnation point, decrease
rather abruptly with radial distance, and asymptotically approach ambient pressure.

3. A theoretical derivation for the maximum velocity decay for a radial wall jet was
developed. This derivation predicts that the decay of the maximum velocity of the wall
jet is more rapid than that of a free jet. The theoretical derivation was substantiated by
experimental data.

4. An experimental correlation for the spread of the wall jet, where the jet velocity
is one-half of the maximum velocity, was presented. The correlation is dependent on
the nozzle-to-plate spacing.

5. The nozzle-to-plate spacing has less effect on the boundary layer thickness in the
wall jet region than in the vicinity of the stagnation point.

6. No discernible difference existed between the data of a heated plate and that of an
unheated plate with respect to boundary layer thickness, velocity profile, and maximum
velocity decay rate. The heated plate was allowed to attain a temperature of approxi-
mately 100° F (311 K) above the wall jet temperature.

7. The results showed that similarity can only approximately hold in the transition
region between the laminar and turbulent flow, since the potential core becomes depend-
ent on the size of the nozzles. Likewise, in the inner boundary layer of the wall jet, a
considerable dependence of the velocity profile on position and on the Reynolds number
contributes to a weakening of the principle of similarity.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 10, 1969,
720-03.
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APPENDIX A

SYMBOLS

constant v
aD/UO’ . Vo
width of potential core X
half-width of jet
depth of control volume at r, Xe
b/D y
dimensionless potential core

length for circular jet Y1/2
nozzle diameter b4
constant
&/b “n
experimental constant _
exponent z
static pressure zl/ 2
total pressure @
Reynolds number based on nozzle s |

exit velocity and either nozzle
diameter or slot width

distance from stagnation point in
radial direction

distance from stagnation point to
front face of control volume

r/D

r o/ D

velocity in axial direction
velocity in radial direction
velocity in radial direction at r,
reference velocity

V/Uo’ c
Vm/Uo, c

distance from nozzle in axial di-
rection

absolute potential core length

distance from centerline in radial
direction

U

value of y for which U = m

[ XY

distance from impingement plate
in axial direction

distance between nozzle and im-
pingement plate

z/0

value of z for which V = l V.
2 m

constant

(o +1)8/2

kn_ ., 0.31559
n+1

kn . 2(0.31559)
n+1

boundary layer thickness
6/D

virtual kinematic viscosity
z-38
b

Zl/z" 6

b
density

turbulent shearing stress



Subscripts:

m centerline or maximum

o] average nozzle exit

o,cC

A

centerline nozzle exit

ambient
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APPENDIX B

MAXIMUM VELOCITY DECAY OF RADIAL WALL JET

By a method similar to that used by Abramovich for two-dimensional wall jets, an
expression is derived herein for the maximum velocity decay of a radial wall jet. The
coordinate system used in the following and the control volume 1234 considered for mak-
ing the momentum balance are shown in figure 19. The conservation of momentum for
this control volume may be written as

(momentum into 12) + (momentum into 23) - (momentum out 14)
- (momentum out 43) = (momentum accumulated in 1234)

This equation is valid only if the turbulent shearing stress 7=0 for V = Vm' For tur-
bulent flow, this assumption is in agreement with Prandtl's theory. Recently, measure-
ments made by Poreh et al., for example, indicate that 7+ 0 for V = Vi

Under the assumptions that p is constant, that the flow is steady state, and that the
ambient fluid is at rest, the second term on the left and the term on the right in the con-
servation of momentum equation vanish. The equation may then be written as

9 d 0 b+b 2
2rr b _pV: - / PV / 2rrV dz) dr :/ 2rrpV© dz (B1)
oo "o
T o ar \Jo (0]
o
Removing the constant 2mp and differentiating equation (B1) with respect to r give
6+b 2
Vrdz+—— Virdz =0 (B2)
dr dr 5

To make the parameters dimensionless, set

V — —
vV = V,szfm,Z:E,g’:Z"S,F:L,b:E,a:i (B3)
Uo,c Uo,c () b D D D
and obtain from equation (B2)
c d Mooz - d [lo2- o
v —/ VrDGdz+——/ VirD"b df =0 (B4)
m
dr 0 dr 0
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Figure 19. - Coordinate system of radial wall jet.

In the boundary layer, the velocity distribution may be expressed by the well-known
power law for turbulent flow:

V:Vm(Z)l/“ 0<z<1 (B5)

Outside the boundary layer, it has been shown in this report that the velocity distri-
bution may be expressed by

_ 2
v - vm(l - §3/2) 0<t<1 (B6)

Insert equations (B5) and (B6) into equation (B4), and replace d/dr by (1/D)(d/dr) to
find

—_ 1_ __1/n 1 _o__ 4
Vi -:: / eréz dz + —Cl_- / Vlznrb (1 - §3/2) ¢ =0 (B7)
r Jo dr 0

Now,

1
fil/ndiz L
0 n+1

(B8)
1 4
f 1- c3/2) dt = 0.31559
0
With the use of equation (B8), equation (B7) becomes

n v d & 33 d (v23f
V. — (V_rd)+0.31559 — |V_1b)=0 (B9)

n+1 Mgr ™ d_r_( m )
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Perform the indicated operations to find

n_ 235 ,_n V254D va;n§5+ o.315597§1}ﬁ'+0.31559725
n+1 M n+1 n+1 m

+0.315502)V_V, 75 - 0

(B10)
Equation (B10) becomes, on division by l_)x_'Vm,
) 1
5 N . = v
n 8, n 10, mb n 315502 10315591 20.31559)_™ -0  (B11)
n+lb n+l1Thb Vmbn+1 b T A

=

Let 6 =kb where 0<k<1 and b = _ﬂ(x_‘ - ?0)0’, as suggested by the experimental re-
sults; then, equation (B11) may be written as

T
! 1 X7
— Vv
kn | 0.3155% b +( kn 0.3155% r,|Xo_, 2(0.31559ﬂ _m_p (B12)
n+1 b n+l T n+l1 Vm
Set
kn_ | 0.31559
n+l _B
kn_ . 5(0.31559) 2
n+1
and integrate to find
é1n§+élni"+ ln‘—/'m = In constant
2 2
or
v - constant (B13)
m __
(br)B/Z
v - constant
m — o 18/2
_ T
Lr ( - —9> T
T
- constant (B14)
' T ap/2
F(oz+1);3/2(1 i To)
T



For ?o <r,

T constant
Vm = (B15)
=1
T
where
ay = (@ +1)8
2
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