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RECTANGULAR ELBOW WITH 900 OF TURNING 

By John D. Stanitz, Walter M. Osborn, and John Mizisin 

SUMMARY 

Secondary flow tests were conducted on an accelerating elbow with 
900 of t urning designed for prescribed velocities that eliminate boundary
layer separation by avoiding local decelerations along the walls. Second
ary flows were investigated for six boundary-layer thicknesses generated 
on the plane walls of the elbow by spoilers upstream of the elbow inlet. 
For each spoiler size, total -pressure surveys at the inlet and exit planes 
of the elbow and complete spanwise static -pressure distributions on the 
pressure and suction surfaces of the elbow were obtained. The test re
sults were analyzed from cont i nuity and momentum considerations in an 
effort to correlate the secondary flows at the exit with the inlet flow 
conditions and the measured wall-static -pressure distributions. 

The passage vortex associated with secondary flows appears to be 
near the suction surface and away from the plane wall of the elbow at the 
exit and does not have appreciable spanwise motion as it moves downstream 
from the elbow exit. As the spoiler size increases, the boundary-layer 
form changes and a rather sudden difference in the secondary flow occurs, 
perhaps as sociated with the reduced importance of viscous effects in thick 
boundary layers . It is suggested that the strength of the secondary vor
tices is small and that the energy of secondary flows is small. 

INTROIUCTION 

Secondary flow occurs in fluids with curved streamlines and with 
t otal -pr essure gradients normal to the plane of the velocity vector and 
the radius of streamline curvature . Secondary flow is defined as that 
motion of the fluid associated with the component of vorticity parallel 
to the direction of flow. As a first approximation, this flow is more 
s imply defined as that motion of the fluid associated with the velocity 
components normal to the potential flow direction (irrotational flow, 
which has constant total pressure ). It is , for all practical purposes, 
the motion of boundary layer and other low- energy flow in directions 
different from the main flow . 
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2 NACA TN 3015 

These secondary flows occur in compressors, turbines, elbows, and 
other flow channels where the fluid is turned and where, as a result of 
viscous dissipation, the tota l pressure varies. Consider, for example, 
the flow through an elbow with a rectangular cross section. For real, 
viscous fluids the veloci ty distribution upstream of the elbow is non
uniform so that the total pressure varies and the fluid motion is rota
tional . Such rotational, or shear, flows can develop both normal to and 
in the plane of the elbow. I f the shear flow develops in the plane of 
the elbow so that the vorticity vectors are normal to the plane, the 
shear flow remains two - dimensional and in the plane of the elbow . This 
type of flow has been investigated analytically in reference 1. If the 
shear flow, and therefore the total-pressure variation, develops normal 
to the plane of the elbow so that the upstream vorticity vectors are 
parallel to the plane, three- dimensional secondary flows develop in the 
elbow . The physical mechanism of secondary flow is readily visualized 
for the case of a relatively thin boundary layer through which, according 
to boundary- layer theory, the static-pressure gradients set up by the 
main flow (which is potential ) pers i st . Because the low- velocity bound
ary layer does not require the pressure gradients imposed on it in order 
to turn with a radius of curvature equal to that of the main flow, the 
boundary l ayer moves in directions different from the direction of the 
main flow, and the motion associated with these differences is called 
secondary flow . 

Secondary flows influence the performance of compressors, turbines, 
elbows, and other channels in several ways : These flows (1) transfer 
low- energy fluid to regions (surfaces) of decelerating flow where separa
tion may result ; (2) in compressors and turbines, influence the blade 
setting angles for minimum energy losses ; (3) affect the angle of attack 
in subsequent blade rows and influence the efficiency of addition to or 
extraction from the energy of the fluid in compressors and turbines ; and 
(4) involve kinetic energies tha t are eventually lost by viscous dissi 
pation . Secondary flows have therefore been the subject of many experi
mental investigations (refs . 2 to 8, for example) and several analytical 
investigations (refs . 9 to 11, for example). 

In previous experimental investigations , especially those on elbows, 
the mechanism of secondary flow has been complicated by the presence of 
separated boundary layers that result from local deceler ations along the 
flow surfaces . I n order to avoid this complication and therefore to ob 
tain better experimental data for secondary flow studies, an elbow has 
been designed (ref . 12) for a prescribed velocity distribution that de
celerates nowhere along the elbow walls and therefore avoids boundary
layer separation . The results of secondary flow tests on this elbow are 
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reported herein. Because secondary flows ultimately develop from the 
static pressures on the elbow walls, the main object of these tests was 
to measure the static-pressure distributions on the inner (suction) and 
outer (pressure) walls of the elbow and to correlate these pressure dis
tributions with the inlet and exi t flow conditions of the elbow. These 
tests were conducted for six boundary- layer thicknesses generated on the 
plane walls of the elbow by spoilers upstream of the inlet . The work 
was carried out at the NACA Lewis laboratory. 

APPARATUS AND INSTRUMENTATION 

As indicated in the line drawing of figure 1 , the 900 elbow is 
attached to a short tunnel of straight parallel walls that is mounted on 
a rounded approach at the top of the flow test t ank . A constant- area 
duct 6 inches long from which the air is discharged into the test cell 
is attached at the exit of the elbow . This appar atus and the instrumen
tation are now described. 

Description of Apparatus 

Flow test tank. - The flow test t ank is approximately 5 feet in 
diameter. Other dimensions of the tank and pi ping are given in figure 1. 
The tank contains a honeycomb of square cells (2 by 2 in.) S inches deep. 
Three screens were placed immediately upstream of the honeycomb in order 
to reduce turbulence - one 2SX30 mesh and two 40X60 mesh, with the mesh 
oriented 900 apart . The tank pressure, and therefore the flow rate, is 
controlled by a valve upstream of the tank . The profile of the rounded 
approach, shown in figure 1, is elliptical . 

Tunnel and spoilers. - The tunnel length (24 in . ) is short in order 
to provide (in the absence of spoilers) a relatively thin boundary layer 
at the inlet to the elbow. The cross section of the tunnel normal to 
the direction of flow is 11.92 inches wide by 16 . 50 inches deep . 

In order to provide various thicknesses of boundary layer, or shear 
flow, on the plane walls of the elbow at the inlet, spoilers that pro
jected from both plane walls into the air stream were located at the 
junction between the tank and the tunnel (fig. 1) . The spoilers were 
made of 1/16-inch perforated sheet metal with liS-inch diameter holes 
centered to form equilateral triangles (f ig . 2) and spaced to give a 
solidity (ratio of metal area to total area ) of 0.60 . Six spoiler sizes, 
projecting into the air stream from 0 to 2 . 5 inches in increments of 0.5 
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i nch, were used in the tests . Spanwise total -pressure surveys were taken 
at the elbow inlet (tunnel exit) at the center line of the passage for 
the six spoiler sizes . Surveys at various positions between the suction 
and pressure surfaces indicated that the total-pressure profiles were the 
same as those at the center line of the passage (midway between the pres 
sure and suction surfaces) . The resulting boundary- layer velocity pro 
files) obtained from total -pressure surveys) at the elbow inlet for the 
six spoiler sizes are given in figure 3 as a function of spanwise dis 
tance z (normal to the plane walls of the elbow) see fig . 1) expressed 
as a ratio (z/w) of the elbow span w (fig. 1) . (All symbols are de 
fined i n the appendix . ) The velocity q is expressed as a ratio 
( qj~ax) of the maximum velocity ~ax in the main flow outside the 

boundary layer. These profiles were obtained for a tank gage pressure 
of 20 inches of water) with the elbow remo ved) and the profiles are 
assumed to be the same for other values of ~ax' 

In order to determine the stabi lity of the inlet velocity profiles) 
profiles were also measured at distances of 2) 6) 12, and 18 inches up 
stream of the elbow inlet . These profiles are shown for spoiler sizes 
of 0 . 5 ) 1 . 5) and 2 . 5 inches in figure 4 . The plots indicate that the 
inlet profi les are not entirely stable) but that the r ate of change is 
moderate . 

Elbow . - In order to avoid boundary- layer separation) the elbow was 
designed (ref. 12) assuming incompressible) potential flow for a pre 
scribed velocity distribution that decelerates nowhere along the pres 
sure (outer) and suction (inner ) walls (fig . 1) . The xy- coordinates and 
the prescribed velocity Q along the elbow profile are given in table I 
as functions of the velocity potential ~) where the xy- coordinates are 
given in i nches ) the velocity Q is the local velocity expressed as a 
ratio of the downstream exit velocity) and) for purposes of this report) 
~ may be considered as a dummy variable along the curved walls of the 
elbow . (The complete definition of ~ is given in ref . 12 . ) The pre 
scribed velocity Q increases from an upstream value of 0 . 5 to a down 
stream value of 1 . 0 . For this prescri bed velocity distribution the elbow 
turning angle is 89 . 360 and the channel wi dth in the elbow plane de 
creases from an upstream value of 11 . 92 inches to a downstream value of 
5 . 98 inches . The depth (span) see f i g . 1) of the elbow is 16 . 5 inches 
and other over -all dimensions are given in figure 1 . A plot of the 
elbow plane ) showing the streamlines and velocity potential lines) is 
given in figure 5) and a photograph of the elbow a ssembled on the tank 
i s shown i n figure 6 . The elbow was f abricated from 1/2-inch steel plate 
and the contours were accurate within ±D . 030 inch . A comparison at mid
span of the prescribed veloci ty distr ibution and that obtai ned experi 
mentally, without spoilers ) is given i n figure 7 for a range of exit Ma ch 
number from 0 . 2 to 0 . 8 . For a Mach number of 0 . 2 the agreement between 
design and test values of Q i s good (elbow "lWS desie;ned for zero Mach 
number ) that is) i ncompressible flow) and) for all Mach numbers ) serious 
decelerati on of the flow "lWS avoided . It is concluded that no boundary 
layer separ ation occurred in the elbow . 

------ - - -
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Instrumentat ion 

Tank. - The total pressure in the main flow was measured by four 
static taps downstream of the honeycomb in the tank (fig. 1). The total 
temperature of the air was measured by thermocouples in the tank. 

Elbow. - In order to measure the spanwise distribution in static 
pressure from one plane wall to midspan of the elbow, a total of 242 
static taps, each 0.030 inch in diameter, were located on the curved 
walls of the elbow. These static taps were located on both the pressure 
and suction surfaces at eleven values of ~ from -0.50 to 4.50 in equal 
increments of 0.50. At each value of ~ on each wall there were eleven 
static taps located at the following distances from the plane wall of the 

I I I 155 553 1 
elbow: 1 8, 3 8, 5 8, lS' 18, 2S' 38' 48, 54' 7, and ~ inches, the last 

tap being at midspan. (Total-pressure surveys at the exit plane indi
cated the flow to be symmetrical about mi dspan.) A number of static taps 
were also located on the four walls of the tunnel upstream of the elbow 
and on the short extension downstream of the elbow (as a measure of the 
uniformity of flow). 

Total-pressure surveys were made in the exit plane of the short 
(6-in.) extension downstream of the elbow. These surveys were made with 
an unshielded total -pressure rake (O.030 - in . outside diam. tubing) alined 
with the axis of the exit duct as shown in figure 6 . 

In regions of secondary flow downstream of the elbow, the flow 
spirals and therefore is not alined with the axis of the probe (largest 
deviation should be associated with the thi nnest boundary layer (ref . 
10)). A tota1-pressure survey was therefore made in this region, for one 
test only (no spoiler), using a Kiel-type probe with a 1/8- inch diameter 
shield, in order to determine possible errors in the unshielded total
pressure readings . A comparison of the total-pressure - loss contours ob
tained with shielded and unshielded probes in the regi on of secondary 
flow downstream of the elbow with no spoi ler is shown in figure 8. The 
similarity of the contours suggests that , for these t ests (assumi~g 
that the shielded probe gives accurat~ readings ), the use of unshielded 
probes is justified. In figure 8 the pressure ratio P is dimensionless 
and is defined by 

P = (1) 
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where p is the static pressure and the subscripts a and T refer to 
atmospheric and tank total conditions, respectively. The t ank gage pres 
sure (PT - Pa) i n the denominator of equation (l) is related to veloc 
ity head at the elbow exit . Thus, from equation (l), the 6Ft in fig 
ure (8 ) becomes 

where 6Ft, for incompressible flow, represents the 
The subscript t refers to local total conditions , 
comes Pt in equation (l). 

RESULTS AND DISCUSSION 

(la) 

loss in velocity head. 
in which case p be -

Total-pressure surveys were made at the elbow inlet in order to 
determine the inlet velocity profiles for six spoiler s i zes, including 
no spoiler . Also, for each spoiler size, complete total -pressure surveys 
were made in the exit plane of the 6-inch extension downstream of the 
elbow, at a mai n -stream exit Mach number of 0.4, i n order to obtain from 
the total-pres sure -loss distribution an i ndication of the secondary flow 
moti on . In addition, for the elbow with no spoiler, total-pressure sur 
veys were made i n the exit planes of l2-inch and l8-inch extensions , in 
order to determine the spanwise motion of the low- energy fluid as it 
moved downstream . Finally, for each spoiler size, complete spanwise 
wall-static-pressure di stri butions on the pressure and suction surfa ces 
were obtained for a t ank gage pressure of 20 inches of water . These 
stati c -pressure distributions were integrated over the wall are~ to ob 
tain the net force acti ng on the fluid passing through the elbow. 

Downstream Total -Pressure Distributions 

Test results. - Contours of constant total - pressure loss 6Ft) ob 
tained from plots and cross plots of approximately 600 total- pressure 
data point s covering half the flow field in the exit plane of the 6- inch 
extension) are given in figure 9 for the six spoiler sizes. (The dashed 
lines i n figures 8 and 9(a) are total-pressure - loss contours for 6Ft 
increments of less than 0 . 05) added to give a more detailed picture of 
the loss contours .) It is noted in figure 9(a)) and in figure 8 , that 
an accumulation of low-energy fluid has occurred on the lower (suction) 
surface of the elbow at the exit . The center of this accumulation 
appears to correspond roughly to the center of the passage vortex ob 
served for secondary flows in elbows (ref. 7) . It is noted that although 
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the center of the vortex is a region of high total-pressure loss, it is 
not. the region of highest total -pressure loss (which occurs on the walls). 
It is also noted that fluid of higher loss is perhaps being entrained by 
the center of the vortex. (Note, for example, the shape of the 6Ft con-
tours for 0.40, 0 . 35, and 0 . 30 in the vicinity of the vortex.) If the 
Bernoulli surfaces of constant total pressure (that is, constant total
pressure loss) can be assumed to maintain approximately their identity as 
the flow passes through the elbow, these surfaces (originally parallel to 
the elbow plane at the inlet) are seen to be "folded" into the passage 
vortex. Thus, the motion of the boundary-layer secondary flow can be 
visualized as a progressive sliding of the Bernoulli surfaces off the el
bow plane at the inlet onto the suction surface upstream of the exit, 
where the Bernoulli surfaces fold up into the passage vortex . (Because, 
in the absence of viscosity, streamlines must lie on Bernoulli surfaces, 
this folding action of the Bernoulli surfaces cannot be maintained indefi
nitely, as smoke studies of the vortex ( see fig. 10, for example) indicate 
that the streamlines wind up into a tight spiral .) The sliding motion of 
the Bernoulli surfaces off the elbow plane results from the excess pres 
sure gradients imposed on the low-energy fluid of the boundary layer by 
the main flow. These gradients are such as to force the boundary layer, 
and therefore the Ber noulli surfaces, t oward the suction surface . 

It is interesting to note in figure 9 that in the exit plane the 
passage vortex is near the suction surface and away from the plane wall 
of the elbow, not in the corner . Total -pressure surveys in the exit planeE 
of 12 - and la-inch extensions indicate (fig . 11) that the center of the 
vortex apparently does not have appreciabl e spanwise motion as the vortex 
proceeds downstream from the elbow exit , at least for the smaller spoiler 
sizes. This f a ct is confirmed by the smoke filaments i n f i gure 10 . 

As the spoiler size, and therefore the inlet boundary- layer thick
ness on the plane wall, increases , it is evident from f i gure 9 that the 
magnitude of the low- energy fluid accumulated on the suction surface at 
the exit increases . Furthermore, the contours of constant 6Ft indicate 
that as the inlet boundary layer thickens the passage vortex tends to 
lose its identity, becoming more "spread- out " and less localized. I n 
figure 9 there is a sudden change in ~he bPt contour char acteristics 
as the spoiler size is increased from 0 . 5 to 1 . 0 inch . For no spoiler 
and the 0.5-inch spoiler, the vortices are easi ly i dentifi ed and appar
ently r ather tightly wound; for the larger spoilers i t becomes more 
difficult to associate the 6Ft with a well - defined secondary vortex. 
It is concluded that , as the i nlet boundary- layer thi ckness on the plane 
wall increases, a rather sudden difference occurs i n the secondary flow 
pattern, perhaps associated with the reduced i mportance of viscous 
effects because of the smaller velocity gradi ents in thick boundary 
layers. 

--- . ----
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Although for the larger spoiler sizes it becomes difficult to iden
tify the vortex center, it will be noted, if attention is focused on the 
peaks that occur in the 0 . 30, 0.35, and 0.40 6Ft contours (which peaks, 
for no spoiler and the 0 . 5- in . spoilers, are adjacent to the vortex cen
ters), that the peaks move toward midspan. These peaks may be due to 
the proximity of the center of low static pressure of the secondary 
vorticity, and it is therefore suggested that the centers of gravity of 
the secondary vorticity move toward midspan as the inlet boundary-layer 
thickness increases. 

Distribution of total -pressure loss. - The total -pressure - loss dis
tribution obtained from surveys in the exit plane of the 6- inch extension 
and given in figure 9 can be analyzed by a plot Qf total -pressure loss 
6Ft as a funct ion of the weight-flow ratio wjWtot where, for each 
value of 6Ft, wjwtot is the percent of total weight - flow rate that has 

a total -pressure loss at least as high as 6Ft. Such plots are given in 
figure 12 where, for example, the highest poss ible 6Ft is 1 . 0, which 
occurs on the walls (at exit) where the weight-flow rate is zero. For 
each spoiler size, the variation in weight -flow rate W with 6F is 
obtained by a numerical integration of the known areas and the known 
velocities between contours of constant 6Ft in figure 9. A similar 
curve for the elbow inlet can be obtai ned for each spoiler size from the 
total -pressure surveys at the inlet (f ig. 3), and these curves are also 
plotted in figure 12. I f it is assumed that the same fluid particle is 
associated with the same value of wjWtot at inlet and exit, then the 
increase in 6Ft from i nlet to exit is a measure of the viscous and 
mixing losses sustained by that particle while flowing through the elbow. 
(The gain in total pressure exhibited by certain fluid particles for the 
2 .0- and 2 . 5- i n . spoilers, figs . 12(e) and 12(f), could result f~om the 
mi xing of these particles with other particles of higher total pressure.) 
With the exceptions just noted, all fluid particles experience some loss 
in total pressure . From the standpoint of elbow efficiency (which will 
be given l ater) these losses are not excessive; however, these normal 
friction losses may be large as compared with the magnitude of the second
ary flow losses themselves . Thus, the assumption, often made in theo
retical analyses of secondary flow, that t he total pressure of each fluid 
particle remains constant is not realistic from a quantitative viewpoint; 
however, the effect of this assumpt ion on the qualitative motion of 
secondary flow may possibly be acceptably small . 

Elbow efficiency. - If the elbow efficiency ~ is defined as the 
mass -weighted average value of the ratio of tank gage pressure minus the 
loss in total pressure from the inlet to the exit of the elbow, all 
divided by the tank gage pressure (the tank gage pressure (PT - Pa) 

corresponds to the exit velocity head), the equation for ~ becomes 
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or) from equation (1)) 

(2) 

The i ntegral in equation (2) is the area between the curves in figure 12. 
The resulting variation i n ~ with spoiler size is shown in figure 13. 
The effici encies for this elbow are high) as compared with those of most 
elbows ) for a ll spoiler sizes) indicating that the loss in total pressure 
i s relatively small. Although the actual loss in total pressure is small) 
the further losses possibly arising because of the secondary flow effects 
(a s previously stated in the INTRODUCTION) may be important i n the per
fornffince of compressors and turbines . (If) however) the e lbow efficiency 
were based on the inlet velocity hea d instead of on (PT - Pa )) the dif-

ference (1 -~) would be a s much as four times greater than in fig. 13.) 
The marked decrease in effici ency for spoiler sizes greater than 0.5 inch 
may be associated with the r ather sudden difference in the character of 
the secondary flow that occurs between the 0 . 5- and 1 . 0 - inch spoiler 
sizes) as noted previously) or may indicate that the efficiency for the 
0 . 5-inch spoiler is out of line as a result of the somewhat different 
i nlet velocity profile (fig . 3) for this spoiler size. 

Continuity considerations. - In order to check the accuracy of the 
total-pressure survey data at the inlet and exit of the elbow) the weight
flow r ates into and out of the elbow were computed for ea ch spoiler size 
from t he continuity equation 

w == J pqdA 

where A is ar ea (in this case) in the inlet or exit planes of the elbow) 
and where the velocity q is obtained from the measured total-pressure 
dis+ribution (in conjunction with the assumed constant static pressure). 
The calculat ions were made for a tank gage pressure of 20 inches of water 
(exit Mach number of 0.26)) and the dimensionless total -pressure loss 
contours of constant ~t were assumed to be the same as those obtained 
for a di s charge Mach number of 0.4 (fig. 9) . Also) the density p wa s 
as sumed constant over the inlet plane and the exit plane and was obta i ned 
from 

p == L 
RT 

where R is the gas constant and where) because the velocities involved 
were relatively low) the t ank total temperature was used for T. 
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The resulting i ntegrated weight - flow rates at i nlet and exit are 
compared for each spoi ler s ize i n the following t able : 

Spoi ler W· We , Difference} l, 
s ize lb/ sec lb/sec percent of 

We 

0 14.57 14 . 60 - 0 . 21 
. 5 14 . 57 14 . 55 . 14 

1.0 14 . 38 14 . 28 .7 0 
1.5 14 . 34 14 . 27 . 49 
2 . 0 14.21 14 . 29 - . 56 
2 . 5 14 . 11 13 . 98 . 93 

The difference i n weight flows is less than 1 percent of the exit wei ght 
flow, and i ndicates good agreement for the tot al -pressure surveys . The 
i deal we i ght - flow rate for conditions of the test is 15 . 11 pounds per 
second, which i ndicates flow coeffici ents (rati os of actual to i deal flow 
rates) well above 0 . 9 in all cases . 

It i s i nt eresting to note i n the t able that} although the inlet 
boundary- layer thickness increases greatly with spoiler s ize , the weight 
flow rate through the elbow i s only slightly affected . This small effect 
of spoiler size on weight - flow rate results because at the exit, as a 
result of acceleration through the elbow, a large portion of the "1ow"_ 
energy flow has a relatively hi gh velocity (although, of course, less 
than that of the mai n flow) . At the elbow inlet the small effect of 
spoiler s ize on weight flow is achi eved by hi gher velocities in the mai n 
flow as the spoi ler size i ncreases . These higher veloc i ties result from 
decreas i ng inlet stati c pressure} a phenomenon whi ch wi ll be di scussed . 

Spanwise Wall-Static -Pressure Distribution 

Test results . - The spanwise distribution of stati c pressure P on 
the pressure (outer) and sucti on (inner ) surfaces of the elbow i s gi ven i n 
table II and is shown i n figure 14 for various values of ~ for the same 
half of the elbow for which the total -pressure-loss surveys were made in 
f igure 9 . (The xy- coordinates of ~ along the elbow profile are given in 
table I.) It mi ght be expected that because of the lower velocit i es near 
the plane wall of the elbow less pressure difference across the channel at 
the same value of ~ ( see fig . 5 ) would be required there to turn the flow . 
Therefore} the stati c pressure P would falloff toward the plane wall 
of the elbow on the pressure sur face and/ or would rise toward the plane 

L{) 
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wall on the suction surface . Actually, for the case of no spoiler (fig. 
14(a)) there is a rapid rise (spanwise ) i n P on the sucti on surface for 
large values of ~, but elsewhere on the suction surface and everywhere 
on the pressure surface t he spanwise vari ati on i n P i s negligible . As 
the spoiler size increa ses , only a small spanwi se variation in P begins 
to appear on the pressure surface, whereas very large vari ations OCC1~r 
on the suction surface . For all spoiler sizes these l arge var i ations in 
P on the suction surface become most serious for values of .~ greater 
than 1.5 . The smoke pattern i n figure 15 shows that for this value of ~ 
the secondary flow on the plane wall has converged to the suction surfa ce 
and begun to roll up . Thus , the rapid variation in spanwise distribution 
of P on the sucti on surface is assoc i ated with the formation of the 
passage vortex. 

The distribut i ons of static pressure P gi ven i n figure 14 ha ve 
been plotted in figures 16 (a) and 16 (b ) as a function of the velocity 
potential ~ for the midspan and elbow wall positions , respectively, 
to enable a direct comparison of the pressure distributions for the 
various spoiler sizes . Also included i n these plots is the theoretica l 
distribution of P for whi ch the elbow wa s desi gned (ref . 12 ). This 
pressure is related to the prescribed (design ) di stribut i on Q, given in 
figure 7, by 

(3) 

For all spoiler sizes, the agreement between the prescribed and experi 
mental distributions of P i s good at the midspan posit i on, s i nce the 
influence of the secondary flows on the stat i c pressures i s not so great 
at midspan as near the elbow wall . Also, for all spoiler sizes, the 
agreement b etween theory and experiment is excellent on the pressure sur 
f ace at the elbow wall position, but the agreement becomes progressively 
worse on the suction surfa ce as the spoi ler size increases because of 
the presence of the passage vortex . 

I n these plots i t is of interest that near the i nlet and exit of 
t he elbow the static pressure P is slightly greater on the suction 
surface than on the pressure surfa ce . The same phenomenon was observed 
near the exit in a theoretical analysis of two-dimensional shear flow 
(vorticity vector norma l to the plane of floW ) i n the same elbow (ref . 
1), and was attributed to an overturning of the average flow just up 
stream of the exit . 

Also of interest in figure 16 is the reduction in Pi with increas 
i ng spoiler size. This reduction in Pi is plotted in figure 17 , where 
the idea l value of Pi ' given by equation (3 ) for the design value of 

Qi (0.5) , is also plotted . I n reference 1 , a s i mila r decrease in Pi 
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was obser ved for i ncr eas i ng amounts of low - energy f l ow (two - dimensional 
shear flow ) at the el bow inlet . The physical explanati on is as follows : 
There are two oppos i ng acti ons occurring in the boundary layer as it 
moves from the elbow inlet to the elbow exit: (1) mixing or viscous 
effects tend to thicken the boundary layer, and (2) acceleration effects 
tend to thin the boundary layer . With a thin boundary layer (that 
corresponding to the case for no spoiler, for example), the mixing or 
viscous effects predominate, causing the boundary layer to thicken some 
what as it moves through the elbow . Thus, these effects cause the main 
flow to occupy a smaller percentage of flow area at the exit than at the 
inlet . As a result, the acceleration of the main flow is increased and 
therefore s i nce Pe is constant (atmospheric pressure), Pi is increased. 
(It may be pointed out that if the boundary- layer thickness were main
tained constant throughout the elbow by changing the area ratio from in
let to exit of the elbow, the experimental value of Pi would be higher 
than the ideal value of Pi.) With a thick boundary layer at the inlet, 
the acceleration effects predOminate, causing the boundary layer to thin 
somewhat as it moves through the elbow while the main flow experiences 
a smaller acceleration than it would have in the absence of the lower
energy boundary-layer flow. Thus, the main flow occupies a larger per
centage of the flow area at the exit than the inlet and there is a de
crease in the inlet static pressure Pi' The decrease in Pi increases 
with increasing inlet boundary- layer thickness (increase in spoiler size), 
as shown in figure 17. At some intermediate boundary- layer thickness 
there is a balance between these two opposing effects and the value of 
the inlet static pressure Pi is the same as for the ideal case. For 
this elbow, the experimental Pi is equal to the ideal Pi at a 

boundary- layer thickness corresponding to the 0.5- inch spoiler (fig. 17). 

Force and momentum considerations. - In order to adopt the vortex 
theory of finite wings to the problem of secondary flow in elbows and 
other curved channels, it is necessary to focus attention not on the 
forces that turn the main flow (which flow is analogous to the main vortex
free flow over the airfoil) but on the excess forces that overturn the 
boundary- layer flow . For an isolated airfoil the maximum force on the 
flow occurs at the center of the wing, and as this force diminishes 
toward the wi ng tip a trailing vortex develops. For flow around an elbow 
the maximum excess force on the flow, over that force required to turn 
the prescri bed amount , occurs at the wall (because here the velocities 
are lower and do not require the pressure gradients imposed by the main 
floW) . As thi s excess force di mi ni shes away from the wa ll, a passage 
vor tex (the cor e of the secondar y floW) develops . Thus , by analogy, 
the boundary layer on the elbow wall could be replaced by an i magi nary, 
f i n i te a i rfo i l cant i levered from the elbow wall and extended in the 
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spanwise direction toward the midplane (fig . 18) . This airfoil , like 
the boundary layer, gives rise to a trailing (passage) vortex . The air 
foil is visualized as a finite lifting line located in the exit plane of 
the elbow, or as a lifting surface distributed around the bend of the 
elbow. 

In figure 18 the trailing vortex has a mirror image with the plane 
wall of the elbow, and if it is assumed that the vortex pair trails 
directly downstream of the elbow, then (from ref. 13, p. 207) the impulse 
I of this vortex pair is given by 

I = - pPos (4 ) 

where r is the strength (circulation) of the vortex downstream of the 
elbow (asswning no viscosity), b is the spacing of the vortex pair, and 
s is the downstream length of the trailing vortices (from zero time, at 
which time the fluid started to flow through the elbow). The impulse I 
is a vector quantity that is normal to the plane of the trailing vortices 
and is directed toward the suction surface of the elbow. For the 900 

elbow of this report the impulse is directed in the negative y -direction. 
Because the length s of the vortices increases with time t, the im
pulse I must vary with time, and its time rate of change must be equal 
to the force DFy required to generate secondary (trailing) vorticity. 

Thus, from equation (4), for the 900 elbow, 

where DFy is in the negative y-direction, and 
which any particle of the vortex core is moving 

b, and qv are determined experimentally, then 

the strength r of the secondary flow. 

(5 ) 

qv is the velocity with 
downstream . If DFy ' p, 
equation (5) determines 

In order to determine the magnitude of DFy ' consider the fluid con

tained in the elbow at a given instant. This fluid is enclosed in a con
trol surface that includes the walls of the elbow and the inlet and exit 
planes. Ultimately the force DFy must result from integrated pressure 
forces (acting on the control surface) in excess of the forces required 
to achieve the change in integrated rate of momentum flow into and out of 
the control surface . In terms of the y - components of these forces , 

(6) 
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where the subscripts p and m refer to the pressure and momentum con
siderations , respectively . 

The integrated pressure force act ing on the control surface in the 
y-direction is 

(F) = r pdA 
y P Jsurface y 

(7a) 

where Ay is the projected area of the control surface in the y - direction 
(positive when the outward normal is in the positive y - direction). The 
force required to change the integrated rate df momentum flow into and 
out of the control surface in the y - direction is 

(7b) 

where qy is the y-component of q 
veloCity vector q and the direction 
of this report, equation (7b) becomes 

and ~ is the angle between the 
normal to A. For the 900 elbow 

(7 c) 

which is negative because the outward normal to Ai is in the negative 
y - direction. Similarly, in the x - direction, 

_ r p 
Jsurface 

and 

where for the purpose of the i ntegrat i on, qe is assumed to be in the 
through - flow direction . 

(7d) 

(7 e) 

The Fx and Fy force components ha ve been computed from both the 
integrated pressure and the i ntegrated momentum flow rates using the ex
perimental data and equations (7 a ), (7 c ), (7 d) , and (7e). (The Fx 
values a re presented here i n order to give an idea of the experimenta l 
error involved in these calculations .) The results are given i n figure 
19 as a function of the spoiler size . (Also plotted are the theoretical 

lJ) 
o 
~ 
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va lues of Fx and Fy for potential flow .) From these results it is 
evident that the 6Fy given by equation (6 ) is a relatively small quan
tity (and in fact has the wrong sign for the smaller spoiler sizes ). 
Furthermore, the values of 6Fy are not significantly different from the 
differences between (Fx)p and (Fx)m (which differences are experi
mental error) , so that the magnitude of 6Fy must be withi n experimental 

error. As 6Fy is small and qv is sizable (since the low- energy fluid 
has been accelerated as well as the mai n flow) , it is concluded from 
equation (5) that the strength r of the secondary vorticity is small 
and the energy involved is small . This conclusion agrees with the find
ings in reference 8 . 

SUMMARY OF RESULTS AND CONCLUSI ONS 

Seconda ry flow tests were conducted on an accelerating elbow with 
900 of turning designed for prescribed velocities that eliminate buundary
layer separation by avoiding local decelerations along the walls . Second
ary flows were investigated for six boundary- layer thicknesses generated 
on the plane walls of the elbow by spoilers upstream of the elbow inlet. 
For each spoiler size, total -pressure surveys at the inlet and exit planes 
of the elbow and complete spanwise static -pressure distributions on the 
pressure and suction surfaces of the elbow were obtai ned. The test re 
sults were analyzed by continuity and momentum considerations in an 
effort to correlate the secondary flows at the exit with the inlet flow 
conditions and the measured wall - static-pressure distributions. Analysis 
of the data indicated that boundary-layer separation did not occur i n 
the elbow and that the efficiency of this elbow was high for all spoiler 
sizes . The weight - flow rate of the elbow was only slightly decreased 
with increasing spoiler size . Results and conclusions of the tests are 
as follows: 

1. The passage vortex associated with secondary flows in elbows 
might be considered to be formed by the folding up of constant total
pressure surfaces (Bernoulli surfaces) and, then, the eventual winding 
up of the streamlines, which lie on these surfaces, into a t i ght spiral . 
In the exit plane of the elbow, the passage vortex appears to be near 
the suction surface and away from the plane wall of the elbow and does 
not have appreciable spanwise motion as it moves downstream from the 
elbow exit . It is suggested that the centers of gravity of the secondary 
vorticity in the exit plane of the elbow move toward midspan as the 
inlet boundary-layer thickness on the elbow wall increases . 

2. As the spoiler size increases , the boundary-layer form changes 
and a rather sudden difference in the secondary flow occurs , perhaps 
associated with the reduced importance of viscous effects in thick 
boundary layers. 
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3 . If boundary- layer separation is a voided, the a ssumption often 
made in theoretical analyses of secondary flow, that the total pressure 
of each flui d particle remains constant , is not realistic from a quanti 
tative viewpoint as the normal friction losses may be large compared 
with the secondary flow losses . However , the effect of this assumption 
on the qualitative motion of secondary flow may possibly be a cceptably 
small. 

4 . From considerations of experimentally determined pressure forces 
exerted by the elbow on the flow and of momentum flow r ates through t he 
elbow, it is suggested that the strength of the secondary vortices is 
small and the energy of the secondary flows is small . 

5 . For all spoiler sizes the agreement between prescribed and ex
perimental stati c pressures was good on the entire pressure surface and 
at the midspan posi tion of the suction surface; however , a discrepa ncy 
existed along the suction surface near the elbow plane wall for values 
of veloc i ty potential gr eater than 1 . 5, which may be associated with the 
format i on of the passage vortex as shown by smoke studies . 

Lewi s Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohi o, July 22, 1953 
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APPENDIX - SYMBOLS 

The following symbols are used in this report; 

A ar ea 

b spacing of secondary vortex pair, fig . 18 

F force acting on fluid in elbow 

I impulse of secondary vortex pair, fig . 18 

P dimensionless pressure , eq . (1) 

p pressure 

Q velocity ratio, local velocity expressed as ratio of downstream 
exit velocity 

q velocity 

R gas constant 

s downstream length of secondary vortex 

T temper ature 

t time 

w weight - flow r ate 

w elbow span, fig . 1 

Cartes i an coordinates , fig . 1 

~ angle between velocity vector q and direction normal to sur-

r 

face area 

strength of secondary vortex 

difference between y - component of pressure force exerted on fluid 
in elbow and force required by changes i n y - component of momen
tum flow r ate through elbow 

loss in dimensionless total pressure 

~ elbow efficiency, eq . ( 2) 

p weight density 

~ velocity potent i al, dummy variable along curved walls of elbow 
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Subscripts : 

a atmospheric 

e elbow exit 

i elbow inlet 

m from momentum considerations 

max maximum 

p f rom pressure considerations 

T tank 

t total 

tot total (summation ) 

v vortex 

x,y x - and y - components, respectively 
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TABLE 1. - COORDINATES AND PRESCRIBED VELOCITY Q ALONG 

CURVED WALLS OF ELBOW (REF . 12) 

cpl Suction (inner) surface Pressure (outer) surface 

Q x J YJ Q x J YJ 

in . in . in. in. 

- 0 . 750 0.5000 5.95 - 8 . 8c; 0 . 5000 - 5 . 97 - 8 . 82 
- .625 . 5000 5 . 94 - 7 . 33 .5000 -5 . 97 -7.33 
-. 500 .5000 5 . 93 - 5 . 84 .5000 - 5.96 - 5 . 84 
-. 375 . 5000 5 . 91 -4 . 34 . 5000 - 5 . 94 -4 . 34 
-. 250 .5000 5 . 90 -2 . 8E .5000 - 5.93 -2 . 85 
- .125 . 5000 5 . 86 - 1. 36 . 5000 - 5.90 -1. 36 

0 . 5000 5 . 81 0 . 13 . 5000 - 5.86 0 . 14 
. 125 . 5097 5 . 70 1. 61 . 5000 - 5 . 80 1.63 
. 250 . 5354 5 . 56 3 . 05 . 5000 - 5 . 72 3 . 12 
. 375 . 5715 5.38 4 . 38 .5000 - 5.62 4 . 61 

. 500 .6134 5 . 23 5 . 63 .5000 - 5 . 48 6 . 10 

. 625 . 6576 5 . 11 6 . 80 . 5000 -5 . 29 7.58 

. 750 .7018 5 . 04 7.90 .5000 - 5.07 9.06 

.875 . 7448 5 . 02 8.93 .5000 - 4 . 77 10 . 52 

1 . 000 . 7855 5 . 07 9 . 90 . 5000 - 4.41 11.96 
1.125 . 8235 5 . 17 10 . 82 . 5000 -3 . 97 13 . 39 
1.250 . 8583 5 . 33 11. 70 .5000 - 3 . 45 14 . 80 
1 . 375 . 8898 5 . 56 12 . 52 .5000 - 2 . 85 16 . 16 

1 . 500 .9177 5.85 13 . 30 .5000 - 2 . 16 17.48 
1.625 . 9418 6 . 19 14 . 02 . 5000 - 1. 37 18.75 
1. 750 . 9620 6 . 58 14 . 70 . 5000 - 0.49 19 . 96 
1.875 . 9782 7 . 03 15 . 33 . 5000 . 48 21 . 09 

2 . 000 . 9901 7 . 53 15 . 90 .5000 1.55 22 . 14 
2 . 125 . 9975 8 . 06 16 . 42 . 5000 2 . 69 23 . 09 
2.250 1 . 0000 8 . 64 16 . 89 . 5000 3.93 23.92 
2 . 375 1 . 0000 9 . 26 17 . 32 .5097 5 . 26 24 . 60 

lUnderlined values of cP i ndicate location of spanwi se 
static -pressure taps . 
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TABLE I . - COORDINATES AND PRESCRIBED VELOC I TY Q ALONG 

CURVED WALLS OF ELBOW (REF . 12) - Conclude~ 

q:>1 Suction (inner )' surface Pressure (outer) surface 

Q x, y, Q x, y , 
in . in . in . in . 

2.500 1 . 0000 9 . 91 17 . 69 0 . 5354 6 . 60 25 . 11 
2.625 1 . 0000 10 . 58 18 . 02 .5715 7 . 91 25 . 44 
2.750 1 . 0000 11 . 27 18 . 30 . 6134 9 . 15 25 . 65 
2.875 1 . 0000 11.98 18 . 55 . 6576 10 .32 25 .77 

3 . 000 1 . 0000 12 . 69 18 . 75 . 7018 11 . 41 25 . 83 --3 . 125 1 . 0000 13 . 42 18 . 92 .7448 12 . 45 25 . 85 
3 . 250 1 . 0000 14 . 15 19 . 06 . 7855 13 . 42 25 . 84 
3.375 1 . 0000 14 . 89 19 . 18 . 8235 14.35 25 . 82 

3.500 1.0000 15 . 63 19 . 28 . 8583 15 . 24 25 . 79 
3.625 1 . 0000 16.37 19 . 35 . 8898 16 . 09 25 . 75 
3 . 750 1 . 0000 17 . 11 19 . 41 . 9177 16 . 92 25 . 71 
3.875 1.0000 17 . 86 19 . 45 . 9418 17.7 2 25 . 68 

4 . 000 1.0000 18 . 61 19 . 50 .9620 18 . 50 25 . 65 
4 . 125 1 . 0000 19 . 35 19 . 53 . 9782 19 . 27 25.62 
4.250 1 . 0000 20 . 10 19 . 55 . 9901 20 . 03 25 . 61 
4 . 375 1 . 0000 20 . 85 19 . 57 . 9975 20. 77 25 . 60 

4.500 1.0000 21 . 59 19 . 59 1 . 0000 21.52 25 . 59 
4 . 625 1 . 0000 22 . 34 19 . 60 1 . 0000 22 . 27 25 . 59 
4.750 1 . 0000 23 . 09 19 . 61 1 . 0000 23 . 01 25 . 60 
4 . 875 1 . 0000 23 . 83 19 . 62 1 . 0000 23 . 76 25 . 61 

5.000 1 . 0000 24 . 58 19 . 63 1 . 0000 24 . 51 25 . 61 

lUnderli ned values of q:> indicate location of spanwise 
stati c-pressur e taps . 

21 



22 NACA TN 3015 

TABLE II . - VALUES OF SPANWISE STATIC- PRESSURE RATIO 

Spoiler Veloci t y Pressure surface 
si ze , potent1al , z/w 

i n . cp 0 . 0076 0 . 0227 0 . 0379 0 . 061:S2 0 . 0995 0 . 1591 10 . 2197 I 0 . 21:S03 0 . 341:S5 I 0 . 4242 I 0 . 5000 
Spanwise static- press ure rat10 , P 

0 - 0 .5000 0 . 7637 0 . 7616 0 . 763 1 0 . 7637 0 . 7616 0 . 7631 0 . 7626 0 . 7631 0 . 7626 0.7626 0 . 7591 
. 00 00 . 7581 . 7576 . 7596 .7606 .7616 . 7611 . 7611 . 7611 . 7601 . 7591 . 7591 
. 5000 . 7536 . 7556 . 7561 . 7586 . 7586 . 7601 . 7586 . 7596 . 7586 .7546 . 7551 

1.0000 . 7481 . 7496 . 7516 . 7536 . 7526 . 7551 . 7531 . 7546 . 7541 . 7521 . 7506 
1 .500 0 . 7481 . 7511 . 7511 . 7526 . 7521 . 7521 . 7521 . 7531 . 7526 . 7496 . 7491 
2 . 0000 . 7561 . 7571 . 7576 . 7566 . 7576 . 7586 . 7571 . 7566 . 7541 . 7521 . 7536 
2 . 5000 . 7231 . 7246 . 7236 .7231 .7231 . 7231 . 7216 . 7226 . 7191 . 7186 . 7206 
3 . 0000 . 5443 . 5453 . 5483 . 5438 . 5418 . 5393 . 5348 . 5343 . 5308 . 5263 . 5268 
3 . 5000 . 3000 . 3010 . 3000 . 2996 . 3005 . 2980 . 2939 . 2954 . 2884 . 2759 . 2929 
4 . 0000 .1157 .1142 . 1217 . 1142 .1092 . 1092 . 1057 .1032 . 1057 . 0982 . 0956 
4 . 5000 . 0391 . 0471 . 0471 . 0456 . 0421 . 0386 . 0366 . 0336 . 0311 . 0255 . 0301 

0 . 5 - 0 . 5000 0 . 7525 0 . 7500 0 . 7520 0 . 7530 0 . 7500 0 . 7535 0 . 7540 0 . 7540 0 . 7530 0 . 7530 0.7480 
. 0000 . 7450 . 7450 . 7460 . 7470 . 7490 . 7490 . 7500 . 7500 . 7500 . 7490 . 7505 
. 5000 . 7410 . 7435 . 7435 . 7450 . 7460 . 7500 . 7500 . 7510 . 7515 . 7465 . 7475 

1. 0000 . 7360 . 7360 . 7370 . 7385 . 7405 . 7450 . 7460 . 7475 . 7475 . 7455 . 7415 
1. 5000 . 73 30 . 7360 . 7340 . 7360 . 7365 . 7410 . 7420 . 7455 . 7455 . 7445 . 7445 
2 . 0000 . 741 5 . 7410 . 7410 . 7410 . 7450 . 7490 . 7505 . 7510 . 7495 .7495 . 7505 
2 . 5000 . 7115 . 7140 . 7115 . 7115 . 7105 . 7175 . 7190 . 7200 . 7200 . 7200 . 7220 
3 . 0000 . 5390 . 5390 . 5395 . 5340 . 5340 . 5355 . 5365 . 5375 . 5335 . 5290 . 5280 
3 . 5000 . 2985 . 2975 . 2955 . 2925 . 2940 . 2955 . 2955 . 2980 . 2910 . 2790 . 2945 
4 . 0000 . 1200 . 1150 . 1105 . 1100 . 1060 . 1075 . 1075 . 1040 . 1055 .0990 . 0960 
4 . 5000 . 0460 . 0515 . 0505 . 0455 . 0410 . 0375 . 0335 . 0310 . 0290 . 0260 . 0320 

1. 0 - 0 . 5000 0 . 7275 0 . 7250 0 . 7265 0.7275 0 . 7265 0 . 7285 0 . 7285 0 . 7285 0 . 7300 0 . 7280 0 . 7260 
. 0000 . 7235 . 7235 .7250 . 7260 . 7260 . 7280 . 7310 . 7310 .7310 . 7310 . 7315 
. 5000 . 7190 . 7200 . 7200 . 7230 . 7240 . 7290 . 7300 . 7315 . 7340 . 7310 . 7320 

1 . 0000 . 7160 . 7160 . 7160 . 7170 . 7200 . 7260 . 7270 . 7320 . 7350 . 7310 . 7310 
1. 5000 . 7160 . 7160 . 7175 . 7175 .7190 . 7225 .7260 . 7325 .7325 . 7335 . 7350 
2 . 0000 . 7270 . 7270 . 7270 . 7270 . 7270 . 7310 . 7360 . 7400 . 7410 . 7440 . 7435 
2 . 5000 . 7000 .7025 .7015 . 6985 .6965 . 7000 . 7035 . 7115 . 7150 . 7180 . 7190 
3 . 0000 . 5280 . 5280 . 5290 . 5200 . 5180 . 5180 . 5230 . 5290 . 5330 . 5315 . 5330 
3 . 5000 . 2930 . 2915 . 2895 . 2855 . 2830 . 2830 . 2865 . 2955 . 2955 . 2880 . 3030 
4 . 0000 . 1215 . 1140 . 1215 . 1090 . 1030 . 1015 . 1040 . 1050 . 1100 . 1050 . 1040 
4 . 5000 . 0490 . 0550 . 0550 . 0490 . 0425 . 0340 . 0310 . 0310 . 0310 .0290 . 0380 

1.5 - 0 . 5000 0 . 6969 0 . 6949 0 . 6959 0 . 6969 0 . 6969 0 . 6994 0 . 7004 0 . 7024 0 . 7029 0 . 7034 0 . 7004 
. 0000 .6984 . 6974 . 6969 . 6979 . 7014 . 7019 . 7054 . 7054 . 7064 . 7069 . 7089 
. 5000 .6959 . 6954 . 6964 . 6984 . 6999 . 7054 . 7079 . 7114 . 7134 . 7104 . 7124 

1.0000 . 6929 . 6929 . 6929 . 6949 . 6964 . 7044 . 7069 . 7134 . 7164 . 7149 .7134 
1 . 5000 . 6984 . 6994 . 6984 . 6999 . 6994 . 7054 . 7109 . 7174 . 7199 . 7184 . 7209 
2 . 0 000 . 7164 . 7154 . 7154 . 7144 . 7144 . 7189 . 7234 . 7290 . 7290 . 7290 . 7340 
2 . 5000 . 6944 . 6954 . 6939 . 6909 . 6884 . 6934 . 6979 . 7039 . 7064 . 7079 .7124 
3 . 0000 . 5240 .5251 . 5251 . 5170 . 5125 . 5125 . 5175 . 5245 . 5276 . 5296 . 5316 
3 . 5000 . 2941 . 2921 . 2906 . 2856 . 2821 .2806 . 2841 . 2941 . 2931 . 2851 . 3036 
4 . 0000 . 1212 . 1177 . 1122 . 1087 . 0977 . 0952 . 0962 . 1012 . 1077 . 1067 . 1077 
4 . 5000 . 05..1.S . Q591 . 0571 . 0516 . 0431 . 0311 . 0261 .0286 . 0301 . 0291 . 0381 

2 . 0 - 0 . 5000 0 . 6727 0 . 6707 0 . 6722 0 . 6722 0 . 6722 0 . 6732 0 . 6772 0 . 6782 0 . 6787 0 . 6797 0 . 6757 
. 0000 . 6712 . 6712 . 6717 . 6727 . 6742 . 6752 . 6802 . 6807 . 6847 . 6852 . 6857 
. 5000 . 6727 . 6717 . 6737 . 6742 . 6752 . 6797 . 6847 . 6897 . 6937 . 6937 . 6917 

1. 0000 . 6717 . 6727 . 6742 . 6757 . 676 7 . 6817 . 6872 . 6957 . 7007 . 7002 . 6982 
1 . 5000 . 6837 . 6847 . 6827 . 6812 . 6807 . 6857 . 6952 . 7017 . 7082 . 7087 . 7097 
2 . 0000 . 7072 . 7087 . 7082 . 7047 . 7037 . 7047 . 7121 . 7156 . 7216 . 7231 . 7281 
2 . 5000 . 6892 . 6917 . 6892 . 6852 . 6797 . 6832 . 6887 . 6982 . 7037 . 7092 . 7101 
3 . 0000 . 5232 . 5217 . 5237 . 5137 . 5088 . 5043 . 5117 . 5242 . 5297 . 5317 . 5317 
3 . 5000 . 2914 .2904 . 2884 . 2809 . 2764 . 2709 . 2764 . 2904 . 2959 . 3069 . 2894 
4 . 0000 . 1194 . 1169 . 1134 . 1085 . 0975 . 0895 . 0900 . 0975 . 1109 . 1139 .1114 
4 . 5000 . 0545 . 0595 . 0570 . 0520 . 0440 . 0290 . 0250 . 0260 . 0300 . 0325 . 0425 

2 . 5 - 0 . 5000 0 . 6484 0 . 6469 0 . 6474 0 . 6479 0.6469 0.6489 0 . 6513 0 . 6528 0 . 6538 0 . 6558 0 . 6523 
. 0000 . 6479 . 6479 . 6479 . 6489 . 6489 . 6503 . 6538 . 6573 . 6593 . 6613 . 6628 
.5000 . 6479 . 6484 . 6484 . 6494 . 6513 . 6553 . 6608 . 6668 . 6693 . 6708 . 6733 

1 . 0000 . 6498 . 6498 . 6508 . 6508 . 6518 . 6603 . 6668 . 6763 . 6813 . 6818 . 6808 
1 . 5000 . 6648 . 6648 . 6648 . 6633 . 6633 . 6663 . 6753 . 6843 . 6908 . 6943 . 6973 
2 . 0000 . 6958 . 69 58 . 6958 . 6913 . 6893 . 6908 . 6958 . 7038 . 7088 . 7148 . 7213 
2 . 5000 . 6788 . 6798 . 6798 . 6738 . 6693 . 6693 . 6748 . 6858 . 6973 . 7073 . 7123 
3 . 0000 . 5125 . 5115 . 5130 . 5025 . 4965 . 4900 . 4970 . 5125 . 5280 . 5360 . 5375 
3 . 5000 . 2847 . 2832 . 2812 . 2747 . 2682 . 2597 . 2647 . 2817 . 2962 . 3142 . 2952 
4 . 0000 . 1199 .1144 .1104 . 1069 . 0944 . 0819 . 0819 . 0909 . 1094 . 1174 . 1174 
4 . 5000 . 0564 . 0 599 . 0599 . 0534 . 0445 . 0240 . 0210 . 0200 . 0295 .0380 . 0465 
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P FOR SIX SPOILER SIZES (FIG. 14) 

Suc tion surface 
z w 

0.0076TO.0227 0.0379 I 0.0682 0.0985 I 0 . 1591 0 . 2197 10.2803 0.3485 I 0 . 4242 I 0 . 5000 
Spanw1se stat1c-pressure rat10, P 

0.7601 0 . 7626 0.7611 0.7616 0.7616 0.7626 0 . 7616 0.7616 0.7611 0.7626 0.7626 
.7626 .7636 .6701 .7606 .7596 . 7606 . 7596 .7631 .7616 . 7631 .7631 
.6552 .6532 .6567 .6537 . 6537 .6527 .6502 . 6497 .6497 . 6497 . 6432 
.4443 .4353 .4433 .4298 . 4.348 . 4338 .4348 . 4348 .4318 .4298 . 4183 
.2564 .2484 .2424 .2349 .2299 .2224 .2169 .2244 . 2109 .2124 . 2129 
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Figure 1. - Line drawing of t est setup. All l inear dimensions in inches. 
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various spoiler sizes . ·Tank gage pressure (PT - Pal , 20 inches of water . 
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Figure 5 . - St reamlines and velocity-pot ential lines in elbow plane. Incompressible f low; 
prescribed velocity given in table I . 
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(b) Shielded total-pressure probe. 

Figure 8 . - Concluded. Totsl-pressure-loss contours of constant ~t in region of secondary flow at exit plane from 

6-inch extension dOWllsteam of elbow with no spoiler; shielded and unshielded total-pressure probes. Exit Mach 
number, 0 . 4 ( tank gage pressure (PT - Pa)' 46 in. water ) . 
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Figure 10. - Smoke trace showing formation of passage vortex (at elbow exit). Smoke injected into boundary layer 
(at elbow inlet) on plane wall of elbow of smaller Lucite model. (Elbow walls retouched for clarity.) 
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Figure 15 . - Smoke traces showing convergence of secondary (boundary-layer) flow 
to s uction surface of elbow at values of Q between 1 . 5 and 2 .0. Smoke injected 
into boundary layer close to plane wall of elbow) in smaller Lucite model . 
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