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SUMMARY 

Inclined single and paired jets 
were operated through the regime of floor 
vortex formation in the NRC 10-ft x 20-ft 
V/STOL propulsion tunnel. Observed floor 
stagnation positions are correlated in 
terms of a jet force coefficient. Limiting 
conditions for vortex formation (incipient 
stagnation) are derived for a wide range 
of jet inclination to the vertical. The 
observations are discussed in relation to 
limited existing information on tunnel flow 
breakdown with models involving vertical 
jets> and used to infer the influence of 
jet inclination on testing limits. Cor¬ 
related results for the single jet and 
tandem jet-pair were generally similar , 
at the same total nozzle area. 
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TUNNEL FLOW BREAKDOWN FROM INCLINED JETS 

1.0 INTRODUCTION 

A previous note described the correlation of observations 
relating to jet impingement on a boundary surface in the N.R.C. 
10-ft X 20-ft V/STOL propulsion tunnel (Ref. 1). The observations 
were concerned mainly with the position of surface flow stagnation 
arising from the deflection upstream of impinging jet flow from 
single circular nozzles directed transverse to the mainstream. 
Initial jet direction was normal to the impingement surface (a- ). 
Scheduled tunnel programmes involve the use of models incorpor¬ 
ating tilting jets in tandem. The present investigation was 
instituted to extend the correlation of Reference 1 to nozzle 
inclinations, a, in the range + 30 , in anticipation of a need for 
background information on testing limits. Additional observations 
were included to establish impingement stagnation position. The 
presence of two clearly defined stagnation regions implies the 
existence of a stable horseshoe vortex system with corresponding 
modification of the tunnel flow. The correlation is extended to 
include the conditions for incipient stagnation, providing, at 
each a, an ultimate limit for vortex formation, i.e. for tunnel 
flow breakdown. Two additional jet configurations were assessed 
in a similar manner. These involved a jet-pair (s/d = 4.3), m 

transverse and tandem alignment. 

2.0 TUNNEL FLOW BREAKDOWN 

The development of tunnel flow breakdown in the- presence 
of high-lift models has been described in Reference 2. The flow 
fields associated with several devices producing high energy 
downwash (jet flap, rotor and fan-in-wing models) were investi¬ 
gated visually at the floor, over a range of tunnel speed. The 
authors identify several stages in the development of unwanted 
tunnel secondary flows. For a given lift, tunnel flow is rela 
tively undisturbed at high tunnel speeds With reduction in 
tunnel speed model downwash becomes suffici ntly deflected to 
interact with the tunnel boundary layer, causing agitation of 
tufts on the floor. With further decrease of tunnel speed a 
condition is reached in which the model wake penetrates the 
boundary layer to stagnate on the floor. This condition is un 
stable with intermittent periods of upstream surface flow forming 
small horseshoe vortices. The authors designate this condition 
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•incipient stagnation'. With still i»«h«r rtrtuctxon xn tunnel 
spccci the I low 1,..comes Stahle with well defined stagnation, 
portion n,- the wake flows upstream to roll up into » ^ 'S* 
The vortex siae increases with decrease in tunnel speed. finally, 
the tunnel flow is rendered unrepresentative of free flow condi¬ 
tions to a degree beyond correction. This condition constitutes 

'tunnel i low lireaktiown • 

In the present investigation these phenomena “e 
^ thov arise from inclined circular jets originating inthe tunnel 
working section. An attempt is made to reiate quantitatively some 
observable elements of the breakdown process with get 
Th.'.se elements are illustrated schematically in Flf"r* 
1(a) indicates a typical flow breakdown situation a*^ 
low tunnel speed. In the plane through the nozzle axis parallel 
toWthumainstrearn, the flow is characterised by two stable stagna¬ 
tion points on the tunnel floor, X and X. The positions of 
tbesetstagnation points are easilyFdetermSned in practice from 
Io„l tuf inobservations. A portion of the Jet flows radially up¬ 
stream from the vicinity of X , rolling up into a ^able vortex 
tn define X . The separation between and X decreases wit 
increasing ?unnel speed (Figure 1 (b». finding ?o aero at the^ 

stable condition of incipient stagnation (F^U“ ^ speeds, 
a corresponding reduction in vortex size. At higher tunnel speeds, 
any get flow close to the floor is in the general downstream 

direction (Fig. 1(d)). 

The stable vortex formation implies lateral jet flow and 

can result in flow up the side walls at 
^ -i\ This is shown schematically in Figure z. me 

r:?h(of vorUx size ílth reduction in tunnel speed is indicated 
broadly by the smoke photographs of Figure 3. Smoke was intro 
duetd near the floor iron, a fixed point upstream, and sUghtly to 

'a tho sinol^ iet. Jet conditions were held constant 

iurÀrrhepÂ 
rhrriirv^ri:;xisncy:rem^th\z:¿u«íorrnp«^i“pei^9 “ms ° 

From a practical standpoint it would be de®ira^* 
establish the degree to which vortex formation can be allowed to 
proceed in the present tunnel without significant effect on jet 
P j i ♦ ♦ r-ocnits This would determine the lowest useful tunnel 

d In detail!'hosier such a limit would depend not only on 
the specific jet arrangements but, presumably, on other configura- 
tiona^aspect^of the model (e.g. on the lateral and longitudinal 
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disposition of aerodynamic surfaces). It appeared more generally 
useful to attempt a quantitative correlation of phenomenologxcal 
aspects of flow breakdown using selected basic jet arrangemen 
incorporating parameter ranges relevant to foreseeable model 
testing. This approach was adopted in Reference 1 using single 
normal jets of an appropriate range of size, location an ve oci y. 
The present investigation is based on the methods and.^sults 
Reference 1 and relates observed floor stagnation positions with 
operating conditions for inclined single jets and two specific 
jet pairs. A useful product of this approach is an indication o 
the conditions pertaining to incipient stagnation These can be 
regarded as defining an absolute operating limit for floor vorte 
formation, i.e. a conservative but safe minimum tunnel speed for 

meaningful model testing. 

3.0 TEST ARRANGEMENTS AND PROCEDURE 

Details of the test arrangements are shown in Figure 4. 
The general form of this assemblage was dictated by the ready 
availability of the component parts (from existing V/STOL propu1 
sion research models). The arrangement provides a pair of jet 
nozzles, each of typical model size and each fully * »«Table in 
plane perpendicular to the line of nozzle centres. Each nozz 
incorporates a 90° bend through cascaded yanes, »“hout ar 
change, for a circular jet cross section (d - 8.03 ln' 
centre line separation is 4.3 d. The assembly was installed 
centrally in the 10-ft x 20-ft V/STOL propulsion tunnel with the 
sunoortino cross-pipe spanning the working section at mid height 

jets directed t^ards the tunnel floor. A detailed account 
of this tunnel is given in Reference 4 The rectangularworking 
section is bounded by solid surfaces. In the regxme of 
wall boundary layer was fully turbulent and about 4.0 inches thick. 

Displacement thickness was approximately 0.5 

the test assembly was suspended with the "funnel axi^ 
and the line of nozzle centres perpendicular to the tunnel ax 
(transverse alignment). Single jet operation was obtained by 
blinking one nozzle. The removable cylindrical -ctron provrded 
two nominal nozzle heights above the floor, h/d - 8.3 and 12^4. 
Jet inclination was varied by nozzle rotation. Earlier fofce 
balance checks had established the mean fl0" fraction at nozzle 
exit to be normal to vane span direction, within 1 . Initial j 
direction in the plane of rotation therefore followed directly 
from nozzle position. (The angle between initial jet direction 
and the plane of rotation due to vane overturning was established, 
by floor tuft observations under static conditions, as not 
ceeding 5°). Some observations were made with the line 
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centres parallel to the tunnel axis (tandem alignment). In this 
case jet inclination was varied by rotating the crosspipe. 

Jet air was supplied from an external source through the 
crosspipe. Jet measurements were confined to temperature and mass 
flow rate (by standard orifice in the external line). No pressure 
or velocity profiles at nozzle exit were established. A mean jet 
velocity was deduced from continuity. The experimental procedure 
followed that of Reference 1. Wool tufts were affixed to the 
tunnel floor in groups of transverse rows defining specific 
stations along the length of the working section. Each jet con¬ 
figuration was operated over a range of jet velocity up to about 
500 ft/sec. At a given value of jet velocity the tunnel speed was 
adjusted to locate the upstream stagnation point at each longi¬ 
tudinal station in turn, over the relevant section of tunnel floor. 
In each case the position of the corresponding impingement stagna¬ 
tion point, X , was estimated and recorded. Mainstream velocity 
was measured by the regular calibrated pressure tapping located 
about 15 ft. upstream of the model. All three jet arrangements Q 
were operated over a range of jet inclination, a, from -30 to +30 
(at intervals of 5° or 10°), at both available heights above the 

tunnel floor. 

4.0 EXPERIMENTAL RESULTS 

4.1 Single Jet Nozzle 

The mainstream velocity, V^A/Ôq, required to locate the 
extreme upstream stagnation point, X^, at each of the specified 
longitudinal stations is shown plotted against jet velocity, Vj/v9 ^ > 
in Figures 5(a) to 5(c). The experimental data are presented for 
values of a from - 30° to +30° at 5° intervals. In general the mea¬ 
sured data fall along straight lines through the origin with little 
scatter. Similar results were reported in Reference 1 for normal 
single jets (a=0), of similar size (d - 6.63 in. to 9.78 in.) and 
position (h/d = 8.33 to 18.11), in the same tunnel. For this range 
of variables, the results of Reference 1 indicated the non- 
dimensional distance x /h to be mainly a function of VRh/d. As a 
trial measure, this form of relationship was assumed to hold for 
inclined jets. The data of Figures 5(a) to 5(c) were carpet plotted 
in terms of the variables xB/h, V h/d' and a. Both data sets, 
corresponding to each h/d, were closely fitted by a single carpet, 
tending to confirm the assumed relationship (Fig. 6). The 
resulting internally consistent curves of xß/h versus VRh/d, at 
constant a, are shown in Figure 7. This correlation is shown com¬ 
pared with the original data as the straight lines of Figure 5. 
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(In practice, nozzle rotation resulted in a slight shift of nozzle 
centre (6x * ï 0.95 in., 6h = 0.25 in., for a changing between +30 ) 
This effect, while negligible, was included for consistency in the 
derivation of actual x_/h, V h/d from nominal x /h, h/d. Nominal 
values are defined as those pertaining to a=0. This point is of 
practical significance in the case of the tandem jet-pair, to be 

discussed later . ) 

The measured data of the present investigation are directly 
comparable with those of Reference 1 in the particular case, 
x /h = 0, a = 0. These data are shown compared, as (V A/tf h/d 
versus V.A/TT, in Figure 8(a). The present results (two values of 
h/d) confirm íhe linear relationship exhibited by the more exten¬ 
sive data of Reference 1 (seven values of h/d). Quantitatively, 
they lie a few percent below the earlier data, implying a corres 
pondingly lower value of V h/d to maintain xß/h = 0. Th^s 13 
reflected by the corresponding correlation curves for a = 
shown compared in Figure 8(b). In practical terms the differences 
are small and arise, presumably, from the installations! and ve o 
city profile differences which clearly exist between the two smgle- 

jet set-ups. 

To conserve tunnel time the approximate position of 
impingement stagnation point was recorded each time the upstream 
stagnation point was adjusted to a prescribed station. Observa 
tion involved interpolation between tuft rows and was relatively 
imprecise. Approximate values of the non-dimensional distance, 
Xn/h, are shown, in terms of V h/d and a, in Figure 9. The 
observational shortcomings result in considerable scatter. 
Furthermore, a small but consistent separation of the results for 
the two nozzle heights indicates that the assumed factional 
relationship is less realistic for x than for x . On the whole, 
however, a significant collapse of the data is obtained and the 
observations at each a can be represented by a mean line without 
serious discrepancy. For example, a minor extrapolation to inter¬ 
section of the observation-based curves of xß/h and xp/h defines, 
at each a, a critical V h/d corresponding to the state of incipient 

stagnation. (This cond?tion is not to 
tion by wool tufts owing to instability.) Critical V h/ , 
on the faired curves of Figures 7 and 9, is shown plotted ^9ainst 
a in Figure 10. Values based on separate best-fit curves through 
the data of Figure 9 corresponding to each h/d are included for 

comparison. 

A special test series was run (with additional floor 
tufts) to establish the variation of impingement stagnation 
position with a, at zero tunnel speed. Jet velocity was held 
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constant (at about 200 ft/sec.) and inclination, a, increased from 
zero in increments of 5 . In all cases stagnation position was 
well defined (by wool tuft indications of strong radial flow) for 
values of a up to 50°. At a = 55 a change in the character of 
the floor flow had become evident. The motion of the affected 
tufts nearest the nozzle had become highly irregular, indicating 
turbulence from the periphery of the jet. Apparently a state 
corresponding to incipient stagnation was achieved at a value of a 
between 50° and 55 . Figure 11 shows the observed results in the 
form X_/h versus a. With increasing a, the actual stagnation P0» 
tion departs progressively from 'geometric impingement (xp/h - tana), 
reflecting the diminishing propo: ..ion of jet flow reversed by e 
floor. In the neighbourhood of incipient stagnation the departure 
is approximately h/3. In this respect the observations at the two 
nozzle heights show small but consistent differences. Stagnation 
position departs relatively further from projected nozzle axls 
the smaller height. Such differences in detail might be expected 
from relative jet spreading, jet curvature and nozzle size 

considerations. 

The static observations are included in the general map 
of impingement stagnation position and used in deriving the sing e 
curve representing the data at each a (Fig. 9). A crossplot o 
these curves, in conjunction with the static data, was used to 
approximate impingement stagnation position for va u®s ° . . 
nation beyond +308. The method of extrapolation is indicated in 
Figure 12. In particular, Figure 13 shows the mean curve of Fi9"re 
10 extended to provide an approximate representation the cond - 
tions for incipient stagnation over a^ange of ion fro 
-30° to a limiting value at about +53 . Figure 13 delineates 
broadly the single jet operating limits for floor vortex formation 
in theVesent tunnel, at least for values of h/d in the neighbour¬ 

hood of 10. 

The indications of the present observations are summarised 
in Figure 14. Faired curves of xß/h and Xp/*1 &re presented in 
terms of V_h/d and a. The curves relate to single circular jets 
in the N.R?C. lO-ft x 20-ft propulsion tunnel. Pertinent para 
meter ranges include: V * 100 to 500 ft/sec., qj * 10 to 250 
lb./sq.ft., h/d = 8 to ¿2, a = -30 to +30 . 

Within these limits Figure 14 affords quantitative 
estimates of the longitudinal location and extent °f reversed jet 
flow along the tunnel floor. These factors, presumably, relate 
directly to the position and strength of the floor vortex system. 
Reduction in x /h or increase in (xp - xB)/h imply increasingly 
severe modification to tunnel flow at the model. The influence of 
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inclination, a, on the V h/d required to maintain constant x /h 
is shown explicitly in Figure 15. An appropriate constant value 
of x_/h (e.g. x /h = 0, as suggested, for a = 0, in Ref. 1) cou 
conceivably constitute a practical criterion for limiting ^unne 
conditions. Figure 15 indicates that, as would be expected from 
geometry, the resulting limits are highly sensitive to inclination. 
A more realistic criterion would include some accounting of vortex 

strength. Figure 16 shows (x - xß)/h plotted inwsimÍlar+.tGr^* 
At constant x_/h this factor declines rapidly with reduction in a. 
To include both positional and strength effects, the factor 
a * (x-x0)(xp-xn)/li is suggested as a rough index of vortex 
sever ity^x corresponds to incipient stagnation at zero tunnel 
speed, i.e. x - x * 0). Curves of constant a are shown, for 
x/h * 1.02, in Figure 17. Given a known limiting tunnel speed for 
a relevant jet model at, for instance, a = 0, Figure 17 affords a 
possibly useful indication ofthe relative change of limit with jet 
inclination. On this basis, the adverse effects of negative a are 

encouragingly small, at least for —o. ^ 30 . 

It is noted that the parameter V h/d can be expressed in 
terms of a force coefficient based on jet thrust, F(=MV ^dynamic 
pressure q , and an appropriate area. Defining C = F/qoh » then 
V h/d * Jnfel. The present results can be recast in terms ofj^ 
or, to facilitate comparison with other data, in terms of C 
C cosa, the coefficient based on jet force normal to the impinge 
mint surface. For example, xß/h is shown in terms of CXN a 
in Figure 18. As a point of interest, the value of CTN 
incipient stagnation (0.62) shows no change over a range of a fro 
about -5® to +20®. The condition of incipient stagnation affords 
a conservative limit to minimum tunnel speed. The curves illustrate 
the improvement in usable C if, in practice, Xß can be allowed 
to move upstream, i.e. someTãegree of vortex development can be 

tolerated. 

Available experimental data on this point appear few, 
particularly for jet models. Vogler has reported force measure¬ 
ments on a jet equipped wing-fuselage model at varying 
clearance (Ref. 5). Several normal jet arrangements, e^ual 
total exit area, were investigated (a = 0). These include a 
single jet and a rectangular arrangement of four jets 
tudinal s/d = 4.3, lateral s/d = 1.54). Owen has examined «s 
lift data for evidence of tunnel flow breakdown (Ref. 6). In some 
cases a reversal of lift trend was noted as ground clearance was 
reduced. While the implied testing limits ar 
ill-defined, Owen was able to show the single-jet limits to be 
reasonably consistent with a constant value (60 ) of the jet angle 
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at the floor , as deduced from a jet path formula given in Reference 

7. The limit so defined is shown, in terms of h/d and VR, in 

Figure 19. Also included in Figure 19 are curves representing the 

present data (at a = 0) for the condition of incipient stagnation 

and for various constant values of x /h. These curves are rectan¬ 

gular hyperbolas corresponding to constant values of vRh/d (constant 

C ). The test range of h/d was about 8 to 12 and 2 to 10 for the 

present investigation and that of Reference 5 respectively. 

Apparently considerable floor vortex strength was developed before 

the lift data of Reference 5 reflected tunnel flow breakdown. The 

appearance of anomalies in measured lift is not inconsistent with 

a constant xß/h of approximately -0.5 (or CTN » 3.0, ct « 1.0). 

Other available information on tunnel flow breakdown 

relates to sources of significant downwash other than jets. Its 

application to jet systems is somewhat speculative and indirect. 

Rae investigated rotor systems (at essentially lifting attitude) 

in various tunnel configurations (Refs. 3 and 8). Test values of 

h/b ranged from 0.5 to 2.0. Force measurements and tuft observa¬ 

tions indicated that vortex formation involving appreciable flow 

up the tunnel side walls was present at the limit of data in¬ 

tegrity. Tunnel operating limits are given in terras of maximum 

allowable momentum downwash angle for various values of B/H (R®f* ) 

Heyson has correlated Rae’s limit data in terms of h/b-tanx, the 

ratio of idealised wake impingement distance behind the model, xf, 

to model span, b (Refs. 9 and 10). This factor was approximately 

constant at tunnel limiting conditions, for a given working section 

geometry. For tunnel rectangularity (greater of B/H and H/B) "ot 

less than about 1.4, x /b « 1.0. According to Heyson (Ref. 11), 

the relation between wake skew angle, X» an<* lift coefficient or 

a lifting rotor (D/L = 0) is given by 

(1) C, 

(This relation, presumably, constituted the practical definition 

ji(1 + (xf/b)2 (b/h) ) 
(2) 

coefficient to be directly applicable Assuming this limiting force 

to single jets (a = 0), 
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then 
2(VRh/d)2 

ji(1 + (xf/b)2 (b/h)2) 

(xf/b)2 

(3) 

This relation is shown in Figure 19 for x /b = 1.0 and 1.25. 
The curves are shown extended to values of h/d of jet interest» 
i.e. well beyond Rae's test range. The general agreement with 
the implications of Vogler's jet data is, however, surprisingly 
close. Over the plotted range_the limit curves are effectively 
hyperbolas of constant C^. (CL 2 rapidly approaches n/(xf/b) 

h 
with increased h/b*) The rotor-based data tend to confirm the 
impression that single-jet models (a=0) can be taken to « 3.0 
before measurements are affected by the floor vortex system. The 
curve of C = 3.0 is included in Figure 19 for reference. 

TN 

Other available data relate to jet-flap models. Using 
tufts and smoke, South (Ref. 12) noted the conditions pertaining 
to the first appearance of flow separation on the tunnel floor 
for a family of jet-flap models, (h/b from 0.4 to 3.0), operated 
over a range of positive and negative drag/lift ratios. This 
observational criterion presumably corresponds closely to in¬ 
cipient stagnation. South was able to correlate his limit data 
in terms of a lift coefficient, C , based on the cross section 

area beneath the wing span. At the limit, this factor depended 
on model drag/lift ratio and was little affected by tunnel 
proportions (B/H from 0.5 to 2.0). At D/L = 0, limiting ~ 

. • i bb 
3.0. This jet-flap criterion applied directly to a single 
circular jet is shown, for completeness, in Figure 19. As would 
be expected, and as pointed out in Reference 6, the criterion is 
not relevant to the jet case. (The present inclined jet data, 
however, confirm qualitatively the trends in limiting force co¬ 
efficient observed by South at non—zero drag/lift ratios. In 
particular, South found limiting lift coefficient to be constant 
over his available range of negative drag/lift ratio. As noted 
earlier, this trend is exhibited by the present jet data, at 
incipient stagnation, for positive a to about +20 (Fig. 18)). 

In summary, limited existing data suggest that tunnel 
speed may be reduced to a level approximately half that at which 
floor stagnation first appears before single-jet model measure¬ 
ments ((1=0) are affected by tunnel flow breakdown. This practical 
limit is shown in Figure 20 as the VRh/d equivalent of CTN = 3.0. 
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Curves of constant xB/h, (x — 
' F B 

)/h, and a, based on the present 

results, have been drawn through this point as a general indication 
of the influence of jet inclination on breakdown limit. A straight 
line conservatively bounding these curves is shown as a tentative 
working limit. Limiting VRh/d for incipient stagnation is included 

for comparison. 

4.2 Paired Jet Nozzles 

Observed results relating to floor stagnation position 
for a jet-pair (s/d * 4.3) are shown in Figures 21 and 22 vtrans- 
verse alignment) and in Figures 23 and 24 (tandem alignment). 
Faired curves correlating these data are shown in Figures 25 and 
26. The correlating procedure was the same as that employed for 
the single-jet results. Lines representing the correlation are 
included in Figures 21 to 24 for comparison with the original 
data. For both alignments, observations of xB/h reasonably 
well accommodated by an assumed relationship with VRh/d. As in 
the case of the single jet, however, the approximate observations 
of x_/h are less successfully reduced by this parameter. The 
observations for the transverse jet-pair (Fig. 22) are qualita¬ 
tively similar to those for the single jet (Fig. 9). A sma 
residual effect of nozzle height is evident but, for practical 
purposes, the observations can be represented adequately by mean 
curves. In the tandem case, observed Xp/h shows pronounced nozzle 
height effects particularly at conditions remote from incipient 
stagnation (low V ). The results obtained at the two "O”™1 
nozzle heights are presented separately in Figure 24. (It 8 
noted that, for the tandem arrangement, x and h are measured from 
the mid-point of nozzle centres.) At low VR, jet interaction 
effects on stagnation position are evident. (At the lowerhe g , 
the tandem jets remained distinct to impingement for a - 0 and 
10°.) Clearly a single parameter is inadequate to correlate 
physical processes of this kind. At values of V 
those for incipient stagnation, however, residual height effects 
are noticeably »nailer. Extrapolation of the Xg/h ^ ““j' 
height, to intersection with the x_/h curves yi&lds sinilar values 
of V h/d at incipient stagnation. ’’The mean curve representing 

thisRlimit is included in Figure 26. 

The faired curves of Figures 25 and 26 involve the use 
of effective diameter, d, based on total nozzle area (d * </2d). 
On this basis the transvirse jet-pair results «re 
than those for the single jet (Pig. 14) in terns of velocity para¬ 
meter for corresponding conditions. At incipient »tagnation. for 
example, the difference is about 20 percent (Fig. 27). The implied 
augmentation of tunnel limits arising from an additional is 
less than the corresponding increase in jet area. (It is not 
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that, quantitatively, the present observations are specific to a 
transverse alignment of two equal jets characterised by s/ - • , 

H/B = 2.0, B/d = 15). 

Comparison of Figures 26 and 14 shows the tandem jet- 
pair and single-jet results to be generally similar. In parti¬ 
cular, values of limiting V h/d at incipient stagnation (and 
hence corre.ponding C base? onetotal jet force) are roughly equal 
(Fig. 27). It would appear that tunnel limits for tandem jet-pair 
models (s/d * 4.3) are similar to those for jet models of the same 
effective jet diameter. This conclusion is supported by Owen s 
interpretation (Ref. 6) of the lift data relating to the rectan¬ 
gular multiple jet arrangement of Reference 5. This arrangemen 
involved (coincidentally) the same longitudinal spacing r^tio 
that employed in the present investigation. Tunnel flow breakdown 
limits, deduced by Owen, conformed with those for single jets 
when expressed in terms of effective jet diameter. 

5.0 CONCLUSION 

Wool tuft observations were used to establish floor 
stagnation position, associated with single circular jets operated 
through the regime of floor vortex formation in the N.R.C. 10~ft 
x 20-ft V/STOL propulsion tunnel. Jet inclination, a, was var e 

incrementally from -30 to +30 . 

The results observed at two nozzle heights (h/d - 8.3 
and 12.4) are correlated in terms of the parameter vR^/d if* 
force coefficient, C , baser, on the area h ). In Pabular the 
correlation providesvalues of V h/d corresponding to incipient 

stagnation, defining, at each a, the limiting c°"dit^n* 
vortex formation. Approximate incipient stagnation limits for 
a > +30° are derived by extrapolation. The limits terminate 
(V h/d * 0, C infinite) at a critical inclination, a « 53 , 
established by tuft ob,ovations at zero tunnel speed. Over the 
range -5° * a * +20°, ce iditions for incipient stagnation are 
represented by a constant value of the normal force coefficient, 

CTN(SS CTCOSa)* 
Limited existing data, for a * 0, indicate that, in 

practice, considerable vortex strength is developed before 
jet model data are affected beyond correction (tunnel flow b^k 
down). Indicated tunnel limits, for a = 0, can be approximated by 

' _ „ ^ ^ -TO /„ -*■ r = n.62 or V h/d = 1.59, at 
lx C = 3.0 or V_h/d a 0.72 (c.f. C 

TN K ^ 



12 

incipient stagnation). At this breakdown condition upstrea 
floor stagnation point is located approximately h/2 »headofthe 
jet nozzle. The influence of jet inclination on tunnel ^“s is 
inferred from the observed changes in floor 
Quantitative criteria bearing on vortex strength and position are 

introduced for this purpose. 

Similar observations were made, using a jet-pair 
(s/d = 4.3) operated, in both transverse and tandem alignment, 
over the same range of inclination. Stagnation positions and 
incipient stagnation limits for the tandem jet-pair sere similar 
to'thos^for a single jet of the same total nozzle “ja ~ntred 
«n +ho mid-Doint of paired nozzle centres). It is inferre y 

analogy that tunnel flow breakdown limits fr ^ 
models are broadly similar «hen expressed in terms of effective 

jet diameter, or total force coefficient. 
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FIG. 4: TEST ARRANGEMENTS 
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