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Fig. 6 Pressure contour obtained on the adaptive mesh Fig. 5.
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Fig. 7 Pressure contour obtained in the experiment.>

tothatobtainedin the experiment® (see Fig. 7). Based on the compar-
ison, it is indicated that the presentresult can accurately capture the
structureof Prandtl-Meyerexpansionwave and oblique shock wave.

Conclusion

In the present work a solution-adaptivesolver is presented to in-
vestigate the supersonic flow over a backward-facingstep on mixed
quadrilateral-triangular mesh. This solver incorporates the locally
implicit scheme, two-level refinement procedure,and a modified er-
ror indicator. In a Cartesian coordinate system the Euler equations
are solved. Based on the comparison of adaptive meshes obtained
using four differenterror indicators, the modified errorindicatorcan
incorporatethe advantagesand avoid the disadvantages of the other
three error indicators, which are |Vp|, |[VM]|, and |Vw|. According
to the adaptive mesh obtained using the modified errorindicator, the
structure of backstep corner vortex, expansion wave, and oblique
shock wave is distinctly captured.
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Effect of Reynolds Number on
Pitot-Pressure Distributions in
Underexpanded Supersonic Freejets
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Nomenclature
D = nozzle-exitdiameter
emean = time-averagedoutput voltage of a hot-wire probe
enms = root-mean-squaredoutput voltage of a hot-wire probe
p = pressure
V2 = pitot pressure
Re; = Reynolds number based on the nozzle-exit condition
r = radial distance from jet centerline
I'm = Mach disk radius
X = axial distance from nozzle exit
X = Mach disk location
Subscripts
b = ambient condition
01 = plenum chamber condition
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I. Introduction

N a coal-fired thermal power plant a fireside surface of a boiler

tube suffers with deposit produced by the combustion of coal. A
sootblower is used to washes off deposit by supersonic jets.! The
performance of the sootblower depends on impact force of the jet.
In industrial applications the pressure measured by a pitot probe is
regardedas a measure of impact force of a jet so that the effortshave
been made to develop nozzles with a high pitot pressure.

Among numerous experimental works on the flow structure of
supersonic free jets,? a few have addressed the pitot-pressure dis-
tribution in the far-downstream region of the underexpanded jets.
Much work has also been done on the numerical simulation of the
supersonic free jets.> These, however, did not give information on
the behavior of the pitot pressure.

Present paper aims to address the pitot-pressure distributions in
underexpandedfreejets with emphasis on its anomalous recovery in
the downstream region. It is found that the recovery is caused by
the turbulent momentum transfer from the high-momentum region
outsidethe slip surface created by the Mach disk to the central region
of the jet where momentum is low because of the loss caused by the
Mach disk.

II. Experimental Setup and Method

A low-density wind tunnel was used. The working gas was nitro-
gen. The gasin a high-pressurereservoir was supplied to the plenum
chamber, where it was stagnated. The gas was then accelerated by
a supersonic nozzle and discharged into the wind-tunnel vacuum
chamber evacuated by vacuum pumps.

The axisymmetric nozzle with the exit Mach number of 2.0 was
used. The nozzlehad a supersonicpart contouredby an approximate
theory.* The jet flowfield was measured by a pitot probe. The tip of
this probe had a 1.0-mm outer diameter, a 0.9-mm inner diameter,
and was 30 mm in length. The hot-wire probe was used to measure
the temporal fluctuations in the jet. The hot wire was an I type
with 5 um in diameter and 1.1 mm in length. Freejets include both
transonicand high-subsonicregions, where the relationbetween the
output and the physical quantity is unknown. We, therefore, used
the output of the hot-wire probe as a measure of fluctuation in the
jet.

Table 1 summarizes the experimental conditions. These pressure
ratios correspond to the underexpanded flows for the present noz-
zles. The plenum chamber and backpressures were set within the
accuracy of £1.5%.

Table1 Experimental conditions

pot, kPa po1/po Rey

4 20 3.9 x 10°
8 20 7.7 % 10°
12 20 11.6 x 10°

1.o£
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. 0.6/
go \
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x/D

Fig. 1 Pitot pressure on the centerline (O, Re; = 3.9 X 10°; A, Re; =
7.7 x 10%; 0, Reg = 11.6 X 10%).

III. Results and Discussion

The pitot pressures of jets were measured along the centerline,
and the resultsare plottedin Fig. 1. A peculiarity of this figureis that,
with the increasein x /D, the pitot pressure recovers after taking the
minimum value nearx /D ~ 3. The empirical formula® gives that the
Machdisk locationsx,, /D is 2.7 for po; / p, =20. The locationof the
minimum pitot pressure, therefore, corresponds to that of the Mach
disk. The recoveryof the pitot pressuredownstreamof the Mach disk
is gradual for Re; =3.9 x 10%, whereas for Re, =7.7 x 10° and
11.6 x 10° this recovery takes maximum values at x/D =16~ 18.
The spacial fluctuation of the pitot pressureis also observed down-
stream of the Mach disk; this is probably caused by the complicated
expansion, compression, and/or shock waves generated in this re-
gion.

The fluctuation was measured by a hot-wire probe to clarify the
cause of the recovery of pitot pressure. We express the fluctuation
bY €ims/€mean- A contour of the experimentally obtained ;s /€mean
is shown in Fig. 2. The data were taken at 24 axial locations with
21 radial positions at each x/D. The fluctuationis generated at two
points,bothare locatedat x /D =2 ~ 3. Considering the experimen-
tal results obtained by Love et al.%, the outer point corresponds to
the jet boundary and the inner point to the periphery of the Mach
disk. The latter region is the triple point at the stem of the Mach
disk. The fluctuation, therefore, is probably generated by the shear
layer on the bounding surface of the jet and also on the slip surface
formed by the triple point. The fluctuation generated in these two
regions then grows and also the shear layer thickens while traveling
downstream. The fluctuation generated near the triple point extends
to the jet centerlineat x /D =8 ~ 10.

Figure 3 shows €5 /€nean as a function of x/D along with the
location of the Mach disk obtained by the empirical formula.’ Ac-
cording to this figure, the jet with Re, = 3.9 x 10% is quiescent,and
no fluctuation is detected. As the Reynolds number increases, the
fluctuation level increases, and the locations at which fluctuation
starts to increase move upstream toward the Mach disk. As de-
scribed in Fig. 2, the fluctuation is generated near the periphery of
the Mach disk. Hence, the difference in the growth rate of the shear
layer along the slip surface causes the starting point of the fluctu-
ation to shift upstream with Re,. Troutt and McLaughlin’ studied
experimentally the correctly expanded supersonicjets that included
laminar to turbulent transitionin the jet boundary, and they showed
thatthe shearlayerof the jet with Re; = 7.9 x 107 is thinnerthan that
with Re, =7 x 10*. They thoughtthat, in the shear layer, laminarto
turbulent transition occurred at x /D ~ 10 and x /D =2 ~ 3 for the
jetwith Re; =7.9 x 103 and 7 x 10*, respectively. This means that
the shear layer becomes thick with the increase in Re, if transi-
tion occurs. When the Reynolds number of the presentexperiments
is considered, it seems probable that the transition occurred in the
jet with Re; =7.7 x 10° and 11.6 x 10°. For that case the laminar
to turbulent transition in the shear layer of the Re; =11.6 x 10°
jet occurred more upstream than the Re; =7.7 x 103 jet, and this
makes the shear layer for Re; =11.6 x 10° thicker than that for
7.7 x 10°. Consequently, the location at which the fluctuation starts
to increase moves upstream toward the Mach disk with Re, by
the thicker shear layer along the slip surface. The comparison of
Fig. 3 with Fig. 1 indicates that for Re, =7.7 x 10° and 11.6 x 10,
the fluctuation starts to increase almost at the same location where
the pitot pressure begins to recover. This correspondence con-
firms that the pitot-pressure recovery is attributable to the tur-
bulent momentum transfer from the high total pressure periph-
eral to the low total pressure central region downstream of the
Mach disk.

Figure 4 is the radial distributions of the fluctuation (solid cir-
cles) along with those of the time-averaged pitot pressure (open
circles), where r,,/D is the Mach disk radius experimentally ob-
tained by Love et al.® For Re; =3.9 x 10°, which is not shown,
almost no fluctuationis detected, and the jet seems laminar through-
out the flowfield. This indicates that the viscous force transfers
momentum from high total pressure peripheral to the low total
pressure central part of the jet. On the other hand, for the jets
with Re; =7.7 x 10° and 11.6 x 103, at the immediate downstream
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Fig. 2 Spatial distribution of turbulent fluctuation (Re; = 7.7 X 10%).
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Fig. 3 Hot-wire voltage fluctuation on the center line (O, Re; =
3.9 x 10%; A, Re; =7.7 X 10%; [0, Rey = 11.6 x 10°).
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Fig. 4 Radial distributions of hot-wire voltage fluctuation.

of the Mach disk (x/D =5), the fluctuation data take two max-
imums where the gradient of the radial pitot-pressure distribu-
tion is close to the maximum values. Considering the radial pitot-
pressuredistributionand the Mach disk radius, the locations of these
two maximums correspond to the jet boundary and the slip sur-
face originating from the triple point, respectively. Similar results
were obtained by Masuda et al.” and Miles et al.® The fluctuation
generated in these two locations then merge at x/D > 15. This be-
havior of the fluctuationalso seems to substantiate that the turbulent

momentum transfer is the main mechanism of the pitot-pressure
recovery.

IV. Conclusions

The pitot-pressure distributions were studied for the underex-
panded jets issuing from axisymmetric supersonic nozzle with a
design Mach number of 2.0. The pressure ratio was 20, and the
Reynoldsnumberbased on the nozzle-exitconditionswas 3.9 x 10%,
7.7 x 10% and 11.6 x 10°.

Experiments by the hot-wire probe show that the flow is lam-
inar for Re; =3.9 x 10°, but it is turbulent for Re, =7.7 x 10°
and 11.6 x 10°. In both flows the pitot pressure is found to recover
downstream of the Mach disk. In the laminar jet the pitot pressure
recovered gradually. This slow recovery is attributable to the vis-
cous effect that transfers momentum from the high total pressure
peripheral to the low total pressure central region of the jet. For the
turbulent jet, on the other hand, the significant recovery of the pitot
pressure is observed. In this jet, the hot-wire probe measurements
detected the fluctuation originating near the slip surface formed by
the triple point at the stem of the Mach disk. This fluctuation de-
veloped in the downstream and reached the jet center, from where
the pitot pressure was observed to recover; this suggests that the
large pitot-pressurerecovery is caused by the turbulent momentum
transfer from the high total pressure region outside the slip surface
to the central core region.
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