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Summary

The three-year contract period is nominally finished, but we have
already requested a "no-cost" extension for up to six months, because
the research assistant, Dr.A.D. Cutler, did not commence work until
October 1984. We anticipate producing a final report well within this
extra six month period: the present document summarizes progress over
the 1last six months, with a brief view of the whole year's
achievements. Data acquisition, and most of the analysis, are
complete for the first test case, in which the trailing vortex pair
from a delta wing merges with a turbulent boundary layer on a flat
plate downstream of the delta wing, and data acquisition for the
second case, where the vortices remains clear of the boundary layer

but induce large crossflow in it is virtually complete.

Present position

Samples of analysed data for the first test case were presented
in the last semi-annual progress report, and will not be repeated
here. The data for the first test case are all recorded on disc in
standard format, and the final passes through our data-analysis and
computer graphics routines will be made simultaneously for both test
cases. Data analysis for the first test case, already completed,
includes evaluation of all the terms in the turbulent kinetic energy
balance and the cross stream turbulence diffusion term 1in the

transport equation for the longitudinal vorticity.



As usual, we began our investigation of the second test case
(longitudinal vortex above, but not merging with, a turbulent boundary
layer) with flow visualization studies, and a selection of photographs
will be presented in the final report. The results of quantitative
data acquisition for the non-merging test case are shown in figures 1
to 8 of the present report. Only half of each cross-sectional plane is
shown. The label "delta wing high" refers to the position of the
vortex generator for the second case, the first being "delta wing
low": as before, all results are made dimensionless with the span of
the delta wing, s = 267 mm (10.5 in.), and a reference velocity Uref
equal to the nominal undisturbed flow speed over the plate, about

16 m/s.

Figure 1 shows contours of axial velocity and vectors of the
secondary flow velocity at a short distance downstream of the leading
edge of the plate. The regular geometrical pattern in the vortex core
is simply an artefact of the relatively coarse measurement grid and
the lack of smoothing in the contour-plotting routine: in the present
test case we are not interested in the details of vortex core, because
it never interacts with the boundary layer. Essentially, this
figure defines the vortex: note (i) the fairly accurate symmetry about
the centre plane z = 0 (ii) the small but significant defect in
velocity in the non-rolled-up part of the wake of the delta wing: the
vertical strip on the centreline which is the wake of the delta-wing
support strut. In the core of the vortex, the axial velocity is high,

although the total pressure reaches a minimum there. Measurements in



the boundary layer region were made separately, the traverse gear with
4 automated degrees of freedom being replaced by a smaller one with y,
yaw and rol] movements but no pitch movement, since pitch angles near
the surface are, by definition, small. Figure 2 shows mean velocities
for the boundary layer region, and it can be seen that crossflow
angles at the outer edge of the boundary layer are less than about 8
degrees. The boundary layer thickness at this x position is only
about 1 cm or 0.05 times the span of the delta wing. Figure 3 shows
(unsmoothed) contours of turbulent kinetic energy in the delta-wing
wake. Figure 4 shows the turbulent kinetic energy in the boundary

layer region for the same case.

Figure 5 shows the primary and secondary velocity components in
the boundary layer region far downstream, where the spanwise variation
of the crossflow due to the vortex has resulted in a strong spanwise
variation of boundary layer thickness and the formation of a ridge at
about z/s = 1 (in the first, "merging", test case this ridge was more
concentrated and was lifted out of the boundary layer by the vortex as
a "tongue" of fluid). Figure 6 shows the corresponding turbulent
kinetic energy contours, which, as always, are distorted in roughly,

but by no means exactly, the same way as the velocity contours.

The outer part of the "boundary layer" 1is undoubtedly so
distorted by the vortex that the conventional boundary-layer
approximation (that streamwise and spanwise gradients of mean velocity
shall be small compared to normal gradients) is not satisfied:

however, we may still hope that the inner layer of the boundary layer



(y < 0.18, say) will obey the same simple scaling laws as in a
conventional three-dimensional wing boundary Tlayer. Figure 7 shows
semi-logarithmic plots of the resultant velocity with the flow
measured with a 3-hole pitot probe locally aligned in yaw. If it is
assumed that these profiles follow the conventional "law of the wall"
a skin-friction coefficient can be deduced: these values of skin
friction has been used to produce the plots shown in figure 8. This
is a partly, but not entirely, circular process: if the law of the
wall does not hold, then the profiles in figure 7 would simply
intersect the logarithmic law (shown dotted) at the value of y+ at
which they were forced to match it: however, the profiles follow the
logarithmic law over the whole of the expected range, between y+ = 40
and y/§ = 0.1.

Figure 8 shows skin-friction vectors for both test cases: in
figure 8(a), for the present test case, the spanwise variations of
skin-friction magnitude cover a range of roughly 1.5 as in the first,
merged-vortex, test case shown 1in figure 8(b): however, crossflow
angles in the present case are barely half those in the first test

case.

Hot-wire data acquisition in the boundary layer region and in the
vortex region has been completed for planes at x = 16, 34, 52, 61 and
70 inches as have measurements of total pressure using the 3-hole
pitot at x = 16, 34, 52 and 70 inches. As in the first test case, a
group of three closely-spaced stations have been measured so that
x-derivatives can be accurately evaluated for use in the transport

equations. A1l that remains are a few check measurements.
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Other work in progress includes further flow-visualization of the
delta-wing wake, as part of an undergraduate project. As mentioned in
previous reports, the present work seems to be almost the first
detailed investigation of the wake of a delta wing, and the flow has
been found to be much more complicated than is implied by the use of
simple concentrated-vortex models. We are also devoting considerable
effort, at no cost to the present contract, to the development of
graphical output routines for this and other three-dimensional
experiments. Plots Tlike that of figure 1, in which there is no room
for labels on each contour, are much easier to read if the contours
are intelligently smoothed, and coloured or separated by colour
infill. Work on graphics routines is being assisted by Professor J.K.
Eaton of Stanford University, sabbatical visitor at Imperial College,

January - June 1987.

Publications

A review of work on vortex flows in the Principal Investigator's
group has been written, by invitation, for presentafion at the
symposium on Perspectives in Turbulence Studies, Gottingen, May 1987.
The present experiments are described, without full detail. The data
have already appeared in our progress reports to NASA but a copy of

the symposium paper is attached for information.



Further plans

We expect all data-taking and the final analysis of the data,
including evaluation of terms in the transport equations,to be
complete within about two months from now. The principal investigator
regards the data taken by the research assistant as being of
exceptionally high quality, forming a solid basis for further
interpretation and calibration of turbulence models. Draft journal
papers on both test cases should be complete before the research
assistant leaves, and will form the basis of the final report which we
expect to submit by the end of the six-month extension period in

September 1987.



SL [°A4dIUL 4NOJUOD 3Juduodwod-n By3 ¢saydut 9]

.wm;: 03 spuodsauu0d sT°Q 30 yibua| Moudue ue pue ﬁwm;: S0°0
X 3P 9SPD XDJJUOA

pappaqui-uou ay} 403 AILD0(9A ueaw 40 SIusduodwod Auepuodrds pue Adewlud 1 a4nbL4
S/Z

O 1A 8 - c I- 91—

T T I T T I ) mu
MIIHI.’HlIlJ\\ ) H H : /.. .
\ 1] / ” . 1 I-_N
7T 7 ~ ~ .
\ ! / / N . .
\ ! / / N . . -
T T A NN mi
1 _ I/ N . , , _
Yoo/ NN ]
— — — \ ) \ 1 [y \ ]
N1 \~ ﬂ Sy L —9
oAV N - C
N A TN NN . .

! Y g / / ! : _
/ * ! V \ ///\y[l.:l\\\‘ "/ / : ' ' s .
! ﬁ tlo < N - -, , ~ . ‘1:1°0 @rpos mouuy —8B°
/o _a VN N - o . y y ‘ + Aqroorean M ‘AN uUDBw
! \ _a \ \ ~ -~ -— -~ ’ / ‘ ‘ -cmH£ mcﬁ.glopﬂwq i
!/ t \ \ ~ -~ - - P , ’ ‘ ‘ . .

1 L. i 1 1 1 1 H

SNI 9I=X 1V

NV 1d

S/ A



L?.: 03 SpuodsaJuod sg°0 40 yjbua| mouue ue pue »m;: G20°0 SL |RAJDJUL
AN03uU0d Jusauodwod-N $3deHunS Y} 4RAU SALILOC[IA AUPpU0DIIS pue Adewluad 2 d4nbL4

S/Z
0 v - 8 - T =
—————— -~ _ —————— . O
S Tl . "
N f Z z = = I= e = = ,\\%wNv :
N ! Z — — — 2= .I.l””\l. - = = =2 g N -
-”.‘ —— — —r——, —— ~— -~ —~— - -~ ~
2 ERIZE =T oY T
—iz -
[ 3£ °0 ©[DOS mOoudy
"BDUIM-q0Y WO —Y
A3100[8A M ‘A ‘N
‘ybry burm—-p318g .
4 i " A 1 1 M 1 M A s D .

SNI 81=X 1V 3NV7d



ad
-3 2N GZ00°0 SL S4NOIUOD UIBIMI3Q [BAUIIUL BY} :Saydut 9f = X

Je 3SeD X33J40A Pappaqui-uou 3y} 404 ABusua dL3BULY JUB|NGUN] JO SANOIUO) £ aunb4
S/7Z
O V- 8 "— c 1-

T T T T T T T T

*JM] 40 SJNO3IUOY
‘ybry burm-oarag

1000 *
1 2 1 N | 2 | i

SNI 91=X 1V 3NV7ld

S/A



.mm“: G000'0 SL SJ4N03UO0D UdIMIAQ

[RAURIUL BYJ ¢3dejuns 3y} Jeau ABuaua ILIBULY JUBLNGUNT JO SUNOUO)

$ aunbL4

IM| 40 SUNO3UO)
-ybry Burm-o3ag

1 " " A 1 1 4 A

SNI 9T1=X 1V 3NV'd



-3%40 09 spuodsauauod sg+g 40 yibua| moude ue pue 37 GO0 SL [eAu33uL
4nojuod juauodwod-n 3y} $SayduL @/ = X 3B 3JPJUNS Y] J4PSU 3SRI X3JU0A
Pappaqui-uou 3y3 404 A3LI0|3A ueaw JO SIuauodwod Auepuodas pue Auewl.dd

G d4nhL 4
0 g1
= T - " O
ST I -
N | :
= N “ ) / —
- oKL
B - /V/r/r////p/»/fv.\ \\I\a’ >
T <
[ 3£ 'g ©[pOos moddy
— "BUIM—70Y WO —¥ °
A3100[8A M ‘A ‘N
- ‘ybry Burm-oirag -
1 . " s 1 N . . A N s N 1 @ L

SNI 04=X 1V 3NV1d



aJd
-3%40 5000°0 st

S4N03U0D U33MIaQ | eAUdIUL By} ¢ABUBUD JL33ULY US| NQUNY SO SANOIUO) 9 aunby 4

g 1l-
0
-2 "
iy -
3y 4O SJNO3UO0)
‘ybry burm-_o33g n
N 1 1 . 1 R R . Q-

SNI O04=X 1V 3NVd



aul| 943uad dJeau (me| Bo| ay3 03 34 3S8Q WOUS UOLIDLAY ULYS)
*saydouL 0/ = X 3e A3LD0[3A Juel|nsad ‘ueaw j0 s3opd drwyiiuebo| -twas

+A
0T 0T

(e} 8unby4

— T ¥ ¥ L ] ¥ ) v — LAEAJ L] L ¥ T T

L ——— - mo[-Bor

a8c "0- S/Z ©

G606 °0- = S/Z
S60°0 = S/Z X

D]

q031d ajoy-g wouy

—--.- 1 1 1 —--P 1 1

sa11404d A3100]BA UDBY

Ol

0c

O€

+M



X9340A 43pun (me| 60| ay3 03 314 3S3Q WOUy UOLIDLY uLys)

"S3YduL 0/ = X 3B A31130|8A JuURI|NSBU ‘uesw 4O s3o1d otwyjruaeboy -twas =~ (q)/ aunbi4
+A
LOT ,OT 01
1] — LOBLIRL ¥ ) § L T H — LA L) Ll L] L] L D
L ———— mo[-bon 7
LS8 "0- = &5/Z ©
L8988 "0- = S/Z DO
| gLy '0- = &5/72 X IDH
'
7031d Bs[oy-£ wou4 =
i C
+
102
1 | I T 1 1 | I U B 1 ! 1 Om

s 1404d A3 100[BA UDBY

C s . -~ . © e e ey e s . . B L T e g ot o ARy e



. "X3340A apiLsino (me| Bo| ayl o3 3ty 3S8Q WOJ} UOLIOLAS ULYS)
SayauL 0/ = X 3e A312013A Juel|nsada ‘uesw jo syo|d JtwyLaeboy - Lwas (2)7 a4nbr4

.+\A
0T 0T o7
T —- L L ¥ 1 L] L} I —- L 13 L} T L ¥ L | D
L ——— - mo1-bon ]
IBE'I- = S/Z ©
geec'1- = S/7Z O
o 8vY0 'I- = S/7 X -01
3031d @[oy-£ wouq mm%
_ _ C
+
57
)
— o & —0<c
&
! 1 1 1 | T 1 1 1 Dm

S8[1404d AR 100[BA UDB

S iy e vt e



‘(pabuswun) ybry Burm ey ap ¢10°0 = wu 03 spuodsauuod
S 03 (enba y3bua| 40303A €SU03I3A FJUBLOLSS90D UOLIILUS ULYS

(e)8 dunbi 4

S/X
Q 14 c O
M | M I ! T N
— ”” ,— G — 7]
-~ ~ -~ -
>~ mmmm ~_ mmmm
-~ - -~ <
G — -—
G — G — -_— -G —
o D - - —0
o - -
olg0*0 ¢ I *®[b3S
‘mor-bor ay3z o3
papp 3031d 8[oy-g -
JO 3Ig wod4 47
ybry burm-p3rag
1 1 1 1 1 N

IN3IJI44303 NOIL3Idd NIMS

S/Z



(9sed 3593 3S4L3) Mol Buim e3iap *10°0 = 35 07 Spuodsaddod
S 03 Lenba y3jbua| 40399A €SU03IDA JUILILSSB0D UOLIDLJAY ULAS

(q)g @4nbi4

-—
-—
‘/
d/
.d/
—
Qe
-
-

Rl
A

‘mo[-bor By3 03
papop 3031d Bd[0y-¢€

40 314 wWOdy 43
‘moy Burm-p3arsg

1 1

IN3IJI44303 NOIL3Idd NIMXS

: . e

S/Z



