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Fig. 2 Comparison of calculations for u* with experimental data.

the latter approach is used. Calculations obtained for s* and
Yir by coupling Eqs. (6) and (8) and matching the solution
with representative experimental data® within the in-
termediate region are shown in Fig. 1. The analysis indicates
a slight increase in s* and a moderate decrease in y;; for in-
creasing values of P* in the range —0.01<P* <0.02. The
calculations for s* and y,; are correlated to within 1%
for —0.01< P+ Z0.02 by

s* =0.004319(1 + aP+) (11

where ¢=0.342 for P* >0 and a=7.5 for P* <0, and

Yiy=44—-910P*, P* =0 (12a)

=30+ 14exp(—35P*), P+*=0 (12b)

Calculations for #* obtained using Eqs. (6) and (8-12) are
compared with experimental data3#* in Fig. 2. Calculations
obtained using the damping factor approach with a*
specified as a function of P* by the correlation developed
by Anderson et al.? are also shown in Fig. 2. The surface
renewal and damping factor calculations for #* are essen-
tially identical in the region for which y* = 20. However, Eq.
(8) lies moderately below the damping factor calculations
and the experimental data for y* <20, with a maximum dif-
ference of about 14% occurring at y* =7. This difference,
which is of no practical consequence in the analysis of the
mean flowfield for turbulent boundary-layer flows, is
primarily caused by the simplifying approximation U, = U/,.

Conclusion

The present analysis demonstrates the usefulness of the
surface renewal model for characterizing the wall region for
fully turbulent boundary-layer flow with pressure gradients.
The simple analytical relationship given by Eq. (8) expresses
u* within the wall region in terms of the dimensionless burst
frequency s* which is correlated in terms of P* by Eq. (11).
When coupled with the classical mixing-length representation
given by Eq. (6), the model predictions are essentially
equivalent to results obtained by the damping factor method
and are in good agreement with experimental data within the
Couette flow region for adverse and favorable pressure gra-
dients. The surface renewal inner law is readily incorporated
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into numerical codes by using Eq. (8) within the wall region,
beginning the computational grid at y;; and using the defin-
ing relations u* =4/U* and y* =yU*/». The moderate
underprediction of u* with the region y* €20 is a result of
the simplifying approximation U,=U,.. Although the dif-
ference between Eq. (8) and the data in this region is of no
practical consequence for this application, the effect of the
unreplenished layer of fluid at the surface is significant for
turbulent boundary-layer flows with blowing and heat and
mass transfer. The more general surface rejuvenation model®
provides a basis for analyzing these transport processes and
for obtaining more accurate calculations within the close
vicinity of the wall for pressure gradient flows.
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Experimental Study of Surface
Pressure in Three-Dimensional
Turbulent Jet/Boundary Interaction
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Introduction

T is well known that the presence of a boundary in the

vicinity of a jet has a significant effect on the jet’s
behavior. Examples of jet/boundary interaction problems in-
clude impinging, wall, and offset jets. In the impinging jet, the
fluid stream is directed toward a surface. In the wall jet, it is
discharged parallel to and along a surface. In the offset jet, the
fluid is discharged parallel to a surface from a nearby outlet

.(see Fig. 1). Clearly, the wall jet is a limiting case of the offset

jet.

Although two-dimensional offset jets have been extensively
investigated, little is known about three-dimensional offset
jets. In this Note, we examine three-dimensional turbulent off-
set jets discharged from rectangular channels parallel to a
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plane surface. See Fig. 1. Particular attention is focused on the
surface pressure distribution resulting from this type of jet/
boundary interaction. This configuration was examined by
Sacks et al.! using slender rectangular outlets of small aspect
ratios, e=d*/£*=0.02 and 0.04 at various offset distances
h=h*/d*. They obtained surface pressure data that were
limited to measurements along the lateral condinate x§ at a
single axial distance x{ by using a discharge aspect ratio
e=0.02 at two different offset positions. Based on velocity
measurements and flow visualization, Sacks et al.l
demonstrated that the three-dimensional offset jet, even for
very slender outlets, differs significantly from its two-
dimensional counterpart: 1) flow recirculation characterizing
two-dimensional offset jets in the preattachment region near
the discharge does not occur in three-dimensional jets; and 2)
the preattachment region of three-dimensional jets is
dominated by induced cross flow that is not present in the two-
dimensional case.

This Note presents the experimental results of surface
pressure measurements obtained in the vicinity of an offset
turbulent jet discharged from a rectangular outlet. The ex-
perimental apparatus described in Ref. 2 was appropriately
modified to obtain data on the small surface pressures
characteristic of offset three-dimensional jets. The effects of
discharge Reynolds number Re,, aspect ratio e, and offset
distance # are examined. Details of the two-dimensional
nature of surface pressure are described. A typical pressure
contour map shown in Fig. 2 reveals a complex pattern not
previously known.

Results

Extensive data were obtained on the surface pressure
distribution P} (xf, x3) for various values of the discharge
Reynolds number, discharge aspect ratio, and offset distance.
All lengths were nondimensionalized by division with the
discharge height (x;=x}#/d*). In all tests, the nominal air
temperature at the discharge was ~40°C and the ambient
temperature 31°C.

The effect of discharge Reynolds number Re, on the
pressure coefficient C, (=Pf—P%/Y2p3U?, where P is the
ambient pressure and p{ is density at the discharge) along the
centerline (x,, 0,0) was examined. It was noted that the general
features of C, are similar for the three Reynolds numbers con-
sidered (Re, =26,300, 39,100, 55,400). Although little change
in pressure is observed as Re, is increased from 26,300 to
39,100, pressure peaks are found to amplify significantly at
Re, =55,400.

Sudden expansion near the discharge results in subam-
bient pressures that cause the jet to bend toward the surface,
giving the negative values for C, shown in Fig. 3. This
behavior has also been observed in the preattachment region
of two-dimensional offset jets?*” and is known as the Coanda
effect. As the jet approaches the horizontal surface, it
decelerates resulting in an increase in C,,, becoming positive at
the reattachment position x, =x,4 where the jet impinges on
the surface. Beyond the reattachment point, the jet ac-
celerates, remaining attached to the surface and eventually
behaving as a wall jet. Correspondingly, the pressure coeffi-
cient drops, reaching negative values before increasing and
asymptotically vanishing further downstream. This second
region of subambient pressure is caused by the jet expansion
and curvature over the thickening surface boundary layer in
the wall jet region. Although the peaking of C, downstream
of reattachment and its subsequent drop have been observed
in two-dimensional offset jets,>” negative values downstream
of x4 have not been previously reported. Careful examination
of published surface pressure data shows that several
investigators®> terminated pressure measurements where they
first reached the ambient level downstream of reattachment
point x,. Those who extended surface pressure measurements
further downstream observed that the pressure remains at the
ambient level.%7
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Fig. 1 Three-dimensional offset jet.

The negative/positive/negative feature of surface pressure
coefficient at the centerline (x;=0) was observed to
characterize offset jets at various values of aspect ratio e and
offset distance 4, as shown in Figs. 2 and 3. This behavior
presists at lateral distances x§ within the channel half-width,
i.e., x3< Yze, as shown in Fig. 2. For a discharge with aspect
ratio e =0.25, the outlet extends to x; =2 in the lateral direc-
tion. Figure 2 suggests that x; =2 appears to be the approx-
imate limit for the negative/positive/negative behavior of sur-
face pressure. At x; > 2, the peaks are attenuated in magnitude
and no negative pressure develops downstream of the reat-
tachment position. It is interesting to note that the maximum
peaks do not occur at the centerline (x; = 0). The complex two-
dimensional surface pressure distribution is illustrated in Fig.
2, where the isopressure curves are mapped.

Tests were carried out for various outlets to examine the ef-
fect of the discharge aspect ratio on the surface pressure.
Figure 3 shows the centerline surface pressure distribution for
e=0, 0.1, 0.25, and 0.44. To reveal the details of the pressure
behavior downstream of the reattachment points, the pressure
coefficient scale is magnified for x;>12. The negative
pressure peaks just downsteam of the discharge and the
positive peaks after the reattachment are enhanced as the
aspect ratio e is decreased. These peaks reach their maximum
level for e=0, which corresponds to a two-dimensional slot
jet. This case represents a slot of infinite length having no
lateral entrainment. Experimentally, it is simulated by placing
a vertical plate on each side of the outlet. The lower-pressure
peaks associated with the three-dimensional outlets are at-
tributed to lateral entrainment, which is absent in two-
dimensional jets. Another consequence of lateral entrainment
is the shifting upstream of pressure peaks as the aspect ratio is
decreased, approaching its limit at e=0.

Careful measurements of pressure distribution downstream
of the reattachment points show that subambient pressure
readings were observed in this region for e=0.1, 0.25, and
0.44 (see Fig. 3). The magnitude of the pressure readings in
this region is very small, typically Py—P% =0.08 mm H,O;
therefore, it can be mistakenly considered to be zero unless a
sensitive pressure recording instrument is used.

The centerline axial pressure distribution corresponding to
values of the offset distance /4 of 0.35-2.9 was also examined.
The effect of 2 on the centerline pressure is qualitatively
similar to that of the aspect ratio e shown in Fig. 3.

The maximum pressure coefficient C, ., is plotted vs & in
Fig. 4. Data for three-dimensional jets with aspect ratios
e=0.1, 0.25, and 0.44 are compared with the limiting case of
the two-dimensional slot jet (e=0). Striking differences be-
tween the two configurations are observed. For three-
dimensional jets, C,, .y is significantly lower than that of two-
dimensional slot jets. For example, at £=0.5, C, ., for
e=0.44 is an order of maginute lower than the two-
dimensional value and at A=3 it is two orders of magnitude
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Fig. 2 Dimensionless surface
isopressure map. .
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Fig. 3 [Effect of discharge aspect ratio on centerline axial pressure
distribution.
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Fig. 4 Effect of offset distance on the maximum centerline pressure
coefficient for two- and three-dimensional jets.

lower. Furthermore, a decrease in £ brings about a decrease in
C, max for two-dimensional jets, while it causes an increase in
C,,max for three-dimensional jets.

The behavior of surface pressure for small values of % re-
quires careful consideration. For small values of the dimen-
sional offset distance #* compared to the discharge width ¢*,
centerline surface pressure in the vicinity of the discharge
should approach that of two-dimensional slot jets. Expressing
this ratio in dimensionless form gives A*/f* = eh. Thus, two-
dimensional behavior should be approached for A< 1/e. From
this, it follows that the larger the aspect ratio, the smaller A
must be to obtain pressure values of two-dimensional jets.
This is clear in Fig. 4, which shows that C,, ,,, occurs in the
vicinity of the discharge. For ¢=0.1, C, ,,, approaches its
two-dimensional value at h=0.5. At this offset distance,
C,, max for e=0.44 is still an order of magnitude lower than the
value corresponding to two-dimensional jets. However,
decreasing h further brings the value of C, ,,, asymptotically
closer to the jets two-dimensional level. In the limiting case of
a wall jet (h=0), the pressure throughout the jet is essentially
equal to ambient value and, therefore, C, =C,, ., =0. Thus,
at very small values of % (i.e., £<0.15), the C, ,, curves for
all aspect ratios should coalesce into as single curve along
which C, ., decreases as h is decreased (two-dimensional
behavior) and vanishes at #=0. It was not possible to verify
this asymptotic behavior with the present experimental
apparatus.

Conclusions

In general, surface pressure distribution for three-
dimensional jets can differ signficantly from two-dimensional
jets. However, the centerline surface pressure distribution for
three-dimensional jets approaches that of two-dimensional
jets at h<1/e.

The negative/positive/negative feature of surface pressure
coefficient was found to characterize three-dimensional offset
jets. The negative surface pressure following reattachment is
confined to lateral distances within the channel half-width,
i.e., x<1/2e. The negative pressure peaks just downstream of
the discharge and the positive peaks after the reattachment
points are enhanced as the aspect ratio and/or offset distance
are decreased.
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Transient Induced Drag
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Introduction

FUNDAMENTAL problem of unsteady aecrodynamics is
the calculation of forces on a wing that is suddenly
brought into motion at a constant speed. The simplest case (a
two-dimensional, thin airfoil in an incompressible fluid) was
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