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Abstract 

F LOW through a hydrodynamic scoop which imparts an 
angular deflection to the oncoming fluid stream is studied 

both theorctically and experimentally. The analytical model 
proposes strongly interacting, yet distinct, inviscid and 
boundary-layer flow structures. Analysis is carried out for 
two-dimensional flows for which approximate closed-form re- 
sults can be obtained. Theoretical prediction of the optimal 
scoop configuration and efficiency is obtained as a function 
of the deflcc~ion angle, entrance Reynolds number, and length 
scale. In addition, the flow coherence is found to degenerate 
into a spray at the point of optimal efficiency, when self-in- 
duced flow separation i~ established within the scoop. Utiliz- 
ing a length scale correlation, the two-dimensional model is 
extended to predict the experimental pcrforrnance and spray 
transition boundary of optimal three-dimensional scoops. Ex- 
perimental confirmation of the analytical model motivates thc 
consideration of porou:, wall scoops, that inhibit the transi- 
tion to spray. 

Contents 
Flowfield Descriptiun 

The two-dimensional scoop selected for investigation is 
depicted in Fig. 1, which illustrates the flowfield free surface 
(R,)  and boundary-layer edge (6; R,  = R ,  -6) relative to the 
scoop wall (R,  ) . Experimental observations? indicatc thal, 
for a given scoop geometry as defined by its curvature R ; ' ,  
thc flow pattern and performance is sensitive to the thickness 
A of the fluid layer that is "skimmed off" the free surface. 
The fluid stream is picked up, turned/distorted, and ejected 
b_y the scoop in an orderly manner for a restricted range of 
A (  = A / R , )  values. Beyond this range, the fluid stream 
coherence is lost and a spray field ensues, with consequent re- 
duction in the magnitude of reaction forces. 

Simplified Analytical Model 
According to the analytical model, a rectilinear flow is 

skimmed off  the free surface and transitions over a specified 
Icngth L,  to a curvilinear structure with the concurrent gener- 
ation of a radial pressure gradient, flowfield distortion, and 
free-surface displacemen( toward the cenler of curvature. As 
the boundary layer grows on the inner surface of the scoop, it 
further displaces the free surface and increases the self-in- 
duced pressure. This is computed with a coupled integral 
boundary laycr-inviscid floy analysis assuming similar 
velocity profiles. Providing A is large enough, or the scoop 
wetted length L is long enough relative to the entrance baund- 
ary-layer momentum thickness O,, the flow will separate from 
the inner surface. Separation at the exit plane is specified to 
represent the spray transition boundary. 

The proposed analytical model explains the experimentally- 
measured high scoop efficiency. From the entrance plane to 
the maxin~um pressure point, frictional stresses decrease as 
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the average pressure builds and the film thickens to accoinmo- 
date a reduced mean velocity. Therefore, the scoop serves as 
an efficient device to store the entering kinetic energy. 
Provided separation does not occur before the flow "senses" 
the streamline straightening and negative pressure gradient 
near the exit planc, the positive pressure then accelerates the 
thick layer of relatively low velocity fluid through a short 
effuser. This efficiently reconverts the  stored pressure energy 
to kinetic energy in a new vector direction, with the resultant 
force applied to the scoop. 

For any scoop to operate optimally (i.e., near the spray 
transition boundary), yet stably, the utility of a porous scoop 
wall is indicated by thc analytical model. In such a device, 
self-modulated surface mass transfer inhibits the wall shear 
from becoming zero or  negative. The mass transfer is pas- 
sively controlled by Ihe wall porosity and local fluid pressure, 
which increases and is a maximum at the point of incipient 
separation, precisely where removal of low momentum fluid 
is required. 

A 1 >, SCOOP EX\ T 

A A '0, SCOOP ENTRANCE 
Fig. 1 Schematic rrpre~entation of  two-dimensiunal scoop planform 
geornetry/fluwfleId and corresponding three-dimensinnal scuup 
frontal configuration. 
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Fig. 2 Optimal sccoop inlet film thickless as a runctiun of Reynolds 
numher for a 180-deg stoop turn ( L / n = l . O )  and various scoop 
lengths L / a U .  
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Fig. 3 Oplimal scoop turn angle boundary of the separated now 
sulr~tion domain as a function of Reynolds numhcr for various scoop 
lengths L/8 , .  

Analytical Results 
The flowfield solution has been obtained for a range of 

Reynolds numbers, sc_oop lengths, any deflection angles. For 
a 180 deg deflection (L IT  = 1.0), thc A results are presented in 
Fig. 2 as a function of Reynolds ?umber fur various values of 
L/B, .  Note that, for each LIB,, A attains a maximum value i n  
the middle o+f the Reynolds number range. In addition, for a 
given R P ~ ~ ,  A is a maximum at an intertnediate LIB,, with the 
overall maximum of 0.34 occurring at approximately 
Re, = 10"nd L/B, = lo4 .  

d o t  all of  the solutions that were sought admitted sep- 
aration within the required flowfield constraints. The bound- 
aries of thc separated flow solutions are indicaied in Fig. 3 .  
The nonseparating high Reynolds number flo-w region in- 
crease: wilh LIB,. However, for any vaIue of L ,  sufficiently 
large A values cause a rupture of the fluid stream even for an 
Reoo that lies to thc right of the appropriare L/B, boundary. 
This is due to normal impingement on the  scoop deflection 
surface and is outsidc the context of the flowfield model 
devclvped here. For mosl cases of interest, a separated flow 
solution exists. 

Experimental Rcsulis 
Based on analysis, an  optimal three-dimensional scoop 

( L / a =  1 .O) was Lested at Reoo = 5 x lo2 and L/8, = lo3.  The 
results, presented in Fig. 4, illustrate the dependence of scoop 
energetic efficiency ((3 ) on the relative thickness of the 
entering film, for both a solid and porous wall scoop. The 
analytical results predict both the experimentally measured 
optimum scoop efficiency and Lhc separation boundary with 
reasonable accuracy. However, thc steady flow theoretical 
model cannot represent the transient flow phenomena ob- 
served between incipient and full separation. The experirnen- 
tal results w5re correlated to theory by identifying the two-di- 
mensional A with the three-dimensional wetted surface length 
to flow area at  the inlet plane. 

Note that degradalion in scoop performance caused by the 
onsct of spray tratisitian is delayed by the porous wal l  mass 
transfer. The efficieticy of lhe porouq scoop is enhanced at 

EXPERIMENT 32t THEORY 

A 
Fig. 4 Scoop cnrrzetic efficiency as-a Functiun of inlet film thickness 
for a 180-deg deflection angle ( L / ~ = 1 . 0 )  with L / B O  = 10"nd 
ReflU =5x1112. 

off-design conditions by improving Lhc flow uniformity and 
increases, as per ana_lysis, at the maximum efficiency poinl 
due to thc increased A. 

Conclusions 

Experimental verification of the atialylical results wbsta~i-  
tiates the viscous/inviscid interacting flow model. Its validity 
is limited only by the values that Re, and L / B ,  can assume 
yet still support incipient boundary-fayer separation within 
the scoop, as required by the oplimality constraint. Inasmuch 
as the analy~is was generated on the assumption that the spray 
transition boundary may be defined by boundary-layer 
separation at  the exit plane, this hypothcsis has been verified. 
Finally, methodologies to arrive at unique solutions (for both 
solid and porous wall scoops) and apply them tu general mul- 
tidimensiona1 configurations have been established. 

References 
' Lnwy,  K., "Efficiency Arialysis of Pclron Wheels, " Tronwr.rions 

of the ASME, Aug. 1944, pp. 527-536. 
~radshaw,  P., "Effects of Streamline Curvature un Turbuler~r 

Flow," ACARDograph No. 169, Aug. 1973. 

3 ~ o k e n s o n ,  G., "Inverse Design of Optimal Diffusers with Ex- 
perirneriial Corroboratiori," Journai of F1u1d.r E n ~ i n ~ c r i n g ,  Dec. 
1979, pp. 478-482. 

4S~nirh, F.T., "Upstream Interaction in Channel Fluws," Jowrral 
of FiuidMechanics VoI. 79, Pt. 4, March 1977, pp. 631-656. 

' ~ a s t r o ,  1.P. and Bradshaw, P., "The Turbulence Structure of a 
Highly Curved Mixing Lager," Jolourt~ai of Fluid Mechanics, Yot. 73, 
Pt. 2 ,  Jan. 1976, pp. 265-304. 

SO,  and Ronald, M.C., "A Turbulence Velocity Scale for Curved 
Shcar Flows," Journul uf ,fluid Meckunius, Vul. 70, Pt. 1, July 1975, 
pp. 37-57. 

' Stewartson, K. and WilIiarns, P.G., "Self-Induced Separation," 
Proceedings o / lhr  Kuyal Soriely, A, Vol. 3 12, 1969, p .  181. 

"tewartson, K. and Williams, P.G., "SelT-Tnduced Separation," 
Mahmatika, Vol. 20, 1973, p. 9R. 


