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SUMMARY 
The advent of the big high by-pass ratio engines with their inherently 

large inlet diameters haa resulted in engine installations featuring lower 
. 

ground clearances than hitherto. Under these oiroumatauces the vortex 
formed beneath the intake during ground running oan be en extremely potent 
means of lifting ground debris into the intake. This Report oonsiders the 
impulsive lifting of particles over which the vortex core passes both on a 
theoretical and an experimentalbaais. Scaling lawa are derived to relate 
model and full-s0al.e tests end experimental evidence is cited to demonstrate 
their validity. For a given inlet velooity the strength of the vortex, and 
thus the maximum size of particle that can be lifted, is very much a function 
of the ambient vorticity, end of the strength of the wind blowing on to the 
intake. The ability of atmospheric vortioity to vary from one instant to 
the next leads to home difficulty in specifying the maximum size of particle 
that the vortex might lift. Nevertheless it seem8 reasonable on the basis 
of the evidence submitted that a 6 ft diameter intake operating with the 
centreline 6 ft above the ground, a8 is representative of some current projects, 
would be capable of ingesting spherical pieces of concrete up to 12 in. in 

diameter. Various methods of reducing ingestion were examined experiment- 
ally, and although some undoubtedly decreased the frequency of ingestion 
none provided an absolute safeguard. However, an operational technique 
which might ease the ingestion problem involves a progressive throttle 
opening as the aircraft. initially accelerates on take-off 80 a8 to achieve 

i as high a value a8 possible for the ratio of the wind velocity blowing on to 
the intake to the intake throat velocity. 

*Replaces N.G.T.E. Report No. Il.307 - x.B.C.31 474 
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1 .o Introduction 

The advent of the big high by-pass ratio engines with their 
inherently large inlet diameters has resulted in engine installations 
featuring lower ground clearances than hitherto. The ground clearance can 
be defined non-dimensionally as the height of the inlet centreline above the 
ground divided by the throat diameter, see Figure 1, and whereas a few years 
ago this ratio was typically about 2, values of about 1'0 are now proposed. 
Figure 2 illustrates more dramatically than do these numbers the greatly 
increased proximity of the intake to the ground ana makes clear the enhanced 
risk of debris ingestion. One mechanism of ingestion stems from the forma- 
tion during ground running of a vortex linking the ground to the intake 
capture plane. Tests preceding the present investigation, conducted by 
Rolls-Royce, had shown that such a vortex was capable of projecting particles 
in an impulsive manner to heights far exceeding that of the intake. It is 
with ingestion consequent on the occurrence of this phenomenon that the 
present Report is particularly concerned. 

2.0 Scaling laws 

In earlier work concerned with the somewhat similar problem involving 
debris ingestion and recirculation of hot gases' the forces in full-scale 
and model systems were examined to enable "scaling laws" to be derived. A 
rather similar method was used2 in en early treatment of the present problem. 
The paremeters governing debris ingestion may alternatively be derived from 
a classical dimensional analysis of the process, whilst a second alternative 
is to use the pressure distribution in a simplified vortex to deduce the 
forces acting on a particle resting on the ground at the vortex foot. 
These two methods are treated fully in Appendices II and III. Both develop 
the following "scaling laws" relating full-scale end mo?iel tests, and cover- 
ing not only the conditions under which vortex ingestion can occxr, but also 
the sizes of particle that can be lifted. 

(1) Particle size is proportionalto test scale. 

(2) Intake velocity squared is proportional to test scale. 

(3) Ratio of particle density to fluid density is the same for 
both full-scale and model tests. Thus for tests at both 
scales in air the particle densities should be the same. 

(4) Ratio of cross wind velocity to intake throat velocity is the 
same for model end full size tests. 

(5) Ratio of the intake velocity to the product (cross wind 
velocity gradient x intake diameter) is the same for model 
and full size tests. This dimensionless group is equivalent 
to the "Rossby number", 
physical vortioed. 

which is used in the study of geo- 
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3.0 Experimental - ob jeotives and prooedure 

This part of the Report aims to demonstrate the validity of the laws 
and their u8e in determining 

(4 the "ingestion thresholds" separating the conditions under 
which vortex formation can occur from those whioh are 
ingestion free, 

b) the sizea of partiole that oan be lifted by the vortex. 

3.1 Apparatus 

An eddating suotion line wa8 modified to aooept intakes having throat 
diameters of either 6 in. or 12 in. In addition a fine mesh gauze and 
collector box were installed in the suction line to prevent ingested parti- 
oles entering the exhausting compressor. A variable height table was used 
to simulate the 
throat diameter 7 

round and to give ratios of intake centreline height to 
Ii/D) extending from 0.9 to I.8 for both the 6 in. and 12 in. 

diameter intakes. Figure 3 shows the layout of the rig. 

Ground debris was simulated with partioles of spherical shape, both 
to ensure similarity between experiments, and beoeuse of the known aero- 
dynamic oharaoteriatioe of spheres. Glase beads were in faot used, as 
their density compares closely with that of granite or concrete, and 80 
conforms with the "scaling laws". 3 mm and 6 mm diameter beada were found 
oonvenient for moat of the experiments, although as will be described, some 
larger beads were also used. The beada were partially constrained from 
rolling by a wire mesh on the ground to prevent any undue movement aasooia- 
ted with extremities of the vortex. 

The oroee wind was provided by a 7 hp fan. The velooity profile 
and mean velocity were varied by reatrioting the outlet with wire mesh and 
throttling the fen inlet. Typioal contours of constant wind speed in the 
vioinity of the intake are shown in Figure 4. The "velocity gradient" in 
the wind was measured at a position four intake diameters, l+D, from the 
intake and 0.75D on either side of a line joining the intake to the fen 
outlet, and at a height above the ground equal to one half the distanoe 
between the ground and the lower lip of the intake. This is shown in 
Figure 5. The measuring station was considered to be far enough away from 
the intake not to be affected by the vortex motion, yet near enough to be 
representative of the velocity gradient impoaad on the intake. Figure5 
aleo defines both the velooity gradient and the "Roaaby number". The mean 
or088 wind was calculated from the measured velocity profile. 

The intake velocity was determined from the intake maaa flow which 
was measured using a British Standard orifioe plate. 

3.2 Experimental procedure 

Aa mentioned previously the object of the experiment was to determine 
ingestion thresholda, and thenoe to speoify the most favourable operating 
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conditions to reduce the possibility of vortex ingestion. To achieve this, 
and at the same time to reduce the overall workload the following experi- 
mental procedure was adopted. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

The 6 in. diameter intake was set up at an(H/D)= 0.9 with 
numerous 3 mm glass beads placed beneath the intake to 
simulate ground debris. 

The inlet velocity was adjusted to a minimum value of 
150 ft/s, this corresponding according to the scaling laws 
with a throat velocity of 600 ft/s in en 8 ft diameter 
intake. 

The cross wind was inclined at 55' to the intake oentreline. 
(This particular inclination was convenient with the very 
simple apparatus.) Commencing at the highest possible value 
the wind velocity was slowly reduced until particle pick-up 
was just initiated. At this point a pitot traverse was made 
of the cross wind velocity according to the method shown in 
Figure 5. 

The procedure was repeated for 25 f-t/s increments of intake 
velocity up to a maximum of 350 ft/s or until a point was 
reached when the cross wind was no longer capable of prevent- 
ing ingestion. 

Steps 2, 3 and 4. were repeated for different velocity gradi- 
ents, this being arranged by altering the gauzing at the fen 
outlet. 

Having completed a range of velocity gradients steps 2, 3, 4 
and 5 were repeated for(H/D)= I-1, 1'3, 1'5 snd 1-8. 

The 6 in. diameter intake was replaced by the 12 in. diameter 
intake at en(H/D)= 0.9 and the 3 mm particles replaced by 
ones 6 mm diameter. The experiments were then repeated as 
in 2, 3, 4, 5 and 6 above. 

The complete procedure given above was repeated with the wind 
arranged to blow exactly head on to the intake. 

4.0 

ing on 

Results 

4.1 First observations 

Initial tests suggested that the velocity gradients in the wind blow- 
to the intake exerted an important influence on the formation of the - ,. ~... *. . __ . vortex, an0 mu8 on me mgesr;lon process. An early observation was that 

if the experimenter put his hand partly into the wind at some point between 
the fan outlet and the intake, the vortex became much more intense. This 
purely qualitative observation was based on the degree of disturbance among 
the particles on the "ground" and the rate at which they were lifted. In 
fact under very carefully regulated conditions, which included shutting all 
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the doors and windows of the large building in which the tests were con- 
ducted, and securing a virtually uniform velocity profile in the "wind" 
from the fan, the vortex could barely be detected. 

With all doors and windows shut and zerc wind it was found that 
neither 3 mm or 6 mm glass particles were lifted by either the 6 in. or the 
12 in. diameter intake, even when the intake throat velocity was increased 
to the choking figure. The delicacy of these situations is however 
emphasized by the observations that merely opening a door, or perhaps the 
experimenter moving about in the vicinity of the rig, could so upset the 
balance that a vortex capable of lifting the test particles was immediately 
f ormea. Experiment showed the necessity for particle pick-up of a certain 
minimum, and in fact extremely low velocity gradient in the wind. HCWWW, 
although these observations under tightly controlled laboratory conditions 
are no doubt of considerable scientific interest, they were not thought 
particularly relevant to the very different ambient conditions thought 
likely on an airfield. Therefore they were not investigated further. 
Similarly outside the scope of the present work is a closely related phenom- 
encn studied by Ncrbu&. In his experiments the intake velocity was 
sufficiently low for smoke traces to be used to observe the streamline flow, 
whilst the tests were carried out in a nominally circulation free environ- 
merit . The interaction of the intake flow with the ground boundary layer 
initiates a pair of vortices which coalesce as the (H/D) ratio is increased 
to form a very weak vortex linking the intake to the ground. 

4.2 Non-uniform cross wind 

Under this heading is considered what is thought in the present ccn- 
text. to be the general case, namely vortex ingestion in the presence of' 
appreciable ambient vorticity. The vortex formed under these conditions 
wanders cvsr the ground in a random manner in the region of the intake. 
Particles on the ground near the vortex extremities tend to be blown 
horizontally, and those that bounce can become airborne under the influence 
of the local air currents. Experimental observation suggests that such 
particles might well enter adjacent intakes of a multi-engined installation, 
but that they are less likely to enter the intake associated with the 
vortex. 

Dramatically different in the manner of lifting is the action of the 
vortex on those particles over which the vortex core passes. With a vortex 
of sufficient strength these particles are projected violently upwards, as 
if under the action of an impulsive force. Figure 6 shows a spark photo- 
graph of particles being so lifted. As has been noted, it is with this 
form of vortex ingestion that the present investigation is concerned. In 
practice it is likely to occur whenever a sufficiently strong vortex passes 
over a particle, and it seems particularly likely to involve particles which 
cannot be removed from the vicinity of the intake by horizontal surface 
winds: thus debris lodged in cracks in runways, or stones embedded in soft 
earth adjacent to runway edges seem prone to impulsive lifting. Experi- 
mental observation shows that by no means all particles so lifted enter the 
intake. Many fall clear. Some fly very much higher than the intake. 
With a given throat velocity the mind can be increased sufficiently to blow 
the vortex away. As the wind is reduced the vortex first appears (as 
manifest by an agitation among the particles lying on the ground) downwind 
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from the intake and offset across the wind as shown in the upper diagram of 
Figure 7. The vortex follows the path shown in the diagram as the wind is 
gradually reduced, whilst the increasing proximity of the vortex foot to the 
intake gradually increases the frequency of ingestion. This frequency is 
at its highest when the vortex reaches the area signified by the small solid 
circle. 

The lower diagram in Figure 7 shows the vortex history as the wind is 
gradually increased from zero. The initial ground disturbance is quite 
small, but as the wind increases the vortex shifts slightly as shown to the 
area signified by a small solid circle, in which debris ingestion is most 
likely. Further increases in the wind blow the vortex aown and somewhat 
across wind. As this process continues the risk of ingestion is progres- 
sively reduced and finally eliminated. 

Very similar observations were ma& with the wind aligned with the 
intake. In this ease however, as would be expected, the foot of the vortex 
moved under the intake along a line parallel to the wind direction. 

4.3 Ingestion thresholds 

It will be recalled that the thresholds considered are those dividing 
conditions under whioh ingestion occurred from those which were ingestion 
free. 

A few of the extremely large number of separate observations of these 
thresholds are plotted in Figure 8 in a manner stemming directly from the 
scaling laws aerivea in the Appendices. The confusion of the picture needs 
no emphasis. In fact the apparent lack of pattern results from the inabil- 
ity with the essentially crude apparatus to vary independently the cross 
wind velocity and the velocity gradient, for if the points are interpolated 
to enable lines of constant Xossby number to be drawn the very much clearer 
picture shown in Figure 9 emerges. This correlation, based on over 250 
separate observations, is thought gratifying in view of the difficulty in 
exactly spotting the onset of ingestion an& the simple techniques employed. 
The Figure refers to tests with both the 12 in. diameter ana the 6 in. 
diameter intakes ma at the values of (H/D) shown. The values for the 
Rossby number were governed. by rig limitations. For given values of (H/D) 
am3 Ro each line represents an ingestion threshola in the sense that above 
the line is ingestion free, whilst below the line is ingestion prone. 
Thus, for(~/~)= i -5 and R. = 25, vJvI h as to be increased to 0.06 before 
the ingestion free zone is entered, that is in effect before the vortex is 
blown away. 

Supporting evidence for the validity of the scaling laws, when 
applied. to the prediction of ingestion thresholds, comes from observations 
of the first formation of the vortex at the two different intake sizes. 
With (H/D) equal to 1’3 and R. = 25 the vortex was first observed with both 
the 6 in. and 12 in. intakes when V,$VI equallea 0'8. Similarly with (H/D) 
equal to l-1 the vortex was first note& with both intakes when R. equalled 
25 aa VC/VI equalled. 0.11. These observations were based on some special 
flow visualisation testt; for which the ground was replaced by a glass sheet 
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smeared with a mixture of titanium dioxide and oil. In fact however, 
exactly similar conclusions were drawn from the ordinary tests with 3 mm and 
6 mm glass beads. 

Figure 9 shows that the ingestion boundaries, and therefore the 
boundaries separating those conditions under which a vortex forms from those 
which are vortex free, are independent of the Froude number, VsdgD, (the 
ratio of the inertial to gravitational forces acting on a particle within 
the vortex). This oonfirms that scaling laws concerned only with ingestion 
boundaries can exclude Froude number from the argument. Thus for a given 
value of VC/VI and (H/D), the thresholds are only dependent on the Rossby 
number. The results can therefore be replotted in terms of V /VI against 
R. for varigus values of (H/D). Figure 10 shows such a plot ! or VC at an 
angle of 55 to the intake centreline which shows, as does Figure 9, that 
the smaller the Rossby number the more VC/VI has to be increased to prevent 
ingestion. 

Figure 11 shows some effects of the wind direction on the ingestion 
thresholds. It compares the results that have just been discussed featur- 
ing a wind of 55' to the intake axis with further results obtained with a 
head wind. The differences in intake size can be ignored in the light of 
the correlation between the results for intakes of different diameters shown 
in Figure 9. As V,$JI is increased it is seen that at both values of (H/D) 
ingestion ceases with the head wind sooner than with the wind blowing across 
the axis. The difference is appreciable at(H/D)= 1'1 but much less at an 
(H/D) = 1.3. 

Figure 12 shows how the direction of rotation of the vortex is 
influenced by the slope of the velocity gradient. No significant differ- 
ence was observed between ingestion results with gradients of similar 
magnitudes but of opposite sign. 

At this point it should be noted that there is a lower limit to the 
ingestion zones shown in Figures 9, 10 and 11. That is, a line can be 
drawn beneath which ingestion, as signified by the movement of the 3 mm and 
6 mm beads, no longer occurs. This boundary is shown approximately by the 
dotted line in Figure 9. The high values of Rossby number associated with 
this threshold negates any further consideration of this phenomenon as it is 
outside the ambient conditions thought likely on an airfield. 

4.4 Sizes of particle ingested 

To further investigate the validity of the laws a series of tests was 
undertaken to compare the sizes of particle lifted by the two different 
diameters of model intake when operating under as nearly as possible identi- 
cal ambient conditions. In fact, because the range of sizes of commer- 
cially available glass marbles was limited, (H/D), Rc and VC/VI were all 
adjusted experimentally with the 6 in. diameter intake to obtain a condition 
sufficing to just lift 9 mm glass beads. One particular combination was 

(H/D)= 1.3, Rr, = 11'0 and VflI = O-1. The experiment was then repeated 
with the 12 in. diameter intake with (H/D) again equal to 1.3. This time 
however the particle diameter was increased to $ in. according to the scal- 
ing laws, and the intake velocity also modified according to the laws so as 
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to maintain a constant Froude number. It was again found that the parti- 
cles were just lifted from the ground when Ro and V&I equalled 11'0 and 
0'09 respectively. 

The preceding observations illustrate the limiting strength of the 
vortex end also the dependence for particle scaling on the Froude number. 
A further illustration occurred in some isolated tests carried out in con- 
nection with a particular engine installation having(H/D)= 2.5. It was 
found that even under the most extreme conditions the vortex could barely 
lift the 6 mm particles from the ground, whereas the 3 mm ones were readily 
ingested. However these tests were not pursued, for quite apart from the 
value of (H/D) lying outside the range of greatest interest, it was also 
thought with the intake so high above the ground and such a crude apparatus, 
that there was probably an appreciable variation of Ro with height. 

4.5 Theoretical approximation of vortex formation using potential 
flow 

The experimental flow pattern may be approhtea in potential flow 
by first determining the streamline flow for a rectangular channel, repre- 
senting the intake, near a wall representing the ground and then considering 
the position of the stagnation streamline. The addition of only a small 
amount of circulation to this streamline flow pattern will produce a vortex. 
A head or tail wind can then be easily superimposed to provide a flow 
pattern similar to that shown in Figure 13(a), and representative of the 
actual flow. As the wind is gradually increased the stagnation streamline 
is blown downwind as in Figure 13(b) and ultimately eliminated. The poten- 
tial flow picture then resembles that shown in Figure 13(c) so that the 
stagnation streamline follows exactly the experimentally observed path of 
the vortex cope. For each value of (H/D) there is therefore a maximum 
value of VC/VI for which a stagnation streamline and thus the vortex can 
etist, and these limiting values are plotted in Figure 14. The experi- 
mental points plotted in the Figure are taken from the data on which 
Figures 9 and 11 are based, each point representing an experimental maximum 
value of V 

F/"I 
for ingestion. The points follow exactly the same trend as 

the theore ical ourve but show a limit somewhat short of the theoretical 
one. This could reflect both the simplification8 employed in the theoret- 
ical method and perhaps the continued existence of a vortex up to wind 
speeds rather higher than those corresponding with the cessation of 
ingestion. 

The above treatment, coupled with the premise that the static pres- 
sure in the vortex core governs the ingestion limits, leads to an explant- 
tion for the influences shown in Figure 10 of (H/D), R. and VC/VT on the 
ingestion process. By developing the simplified treatment outlined above 
it can be shown that, with all other conditions constant, the static pres- 
sure at the foot of the stagnation streamline decreases with (H/D). If 
vorticity is now added to the wind blowing on to the intake then if a vortex 
is established the pressure around the stagnation streamline foot (the VOX- 
tex oore) is further reduced. This further reauotion is substantially 
independent of (H/D), but is a function of Ro. Thus for a constant value 
of Ro the conclusion that the static pressure around the vortex core falls 
with (H/D) remains unohanged. It therefore follows that the lower the 
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(H/D), the greater is the risk of ingestion. If B. is decreased, then 
because of the increased vorticity the static pressure at the vortex core 
falls and so the risk of ingestion increases. 

4.6 Influence of intake diameter 

The increasing risk of ingestion as the ratio of (H/D) becomes 
smaller will be clear from the preceding sections. However it seems poss- 
ible that the large inlet diameters which in practice tend to be associated 
with low values of (H/D) may in their own right increase the risk of inges- 
tion. Consider for example two inlets of differing size operating with 
equal throat velocities in winds featuring identical velocity gradients. 
Now if in practice the velocity gradient extends for a distance sufficient 
to span not only the diameter of the smaller inlet, but that of the larger 
one as well, then because the Rossby number is inversely proportional to 
inlet diameter it will be smaller for the larger intake. Thus on the 
evidence of Figures 9, 10 and 11, at a given (H/D), VC/VI will have to be 
increased to a higher value to blow the vortex away and so eliminate the 
risk of debris ingestion. This reflects the fact that the velocity 
differential across the inlet diameter will be greater with the larger 
intake than with the smaller one, and this will still be so even when both 
inlets are operating in the same mean approach wind velocity. Thus, whilst 
the gradients are the same, the circulation with the larger intake will be 
greater. 

5.0 Comparison with other work - and full-scale predictions 

The only other quantitative investigation of vortex ingestion known 
to the author is that of Klein. A first paper5 published in 1953 described 
ingestion experiments conducted in quiescent air with a 1 in. diameter inlet 
connected to an industrial vacuum cleaner. The paper characterised 
ingested particles by their terminal falling speed, regardless of their 
physical shape and composition. Thus the experimental data were plotted in 
the form shown in Figure 15, in whioh (H/D) appears as a function of the 
ratio of particle terminal velocity to inlet throat velocity at he thres- 
hold of ingestion. t A later investigation by Rodert and Garrett with an 
intake approximately 20 in. throat diameter indicated the role of ambient 
vorticity in vortex formation and the ability of a head wind of sufficient 
strength to eliminate the vortex. In 1957 Klein7 presented data which 
showed that under certain wind conditions particles much larger than those 
predicted by the lower sloping line in Figure 15 were ingested; the experi- 
mental points plotted with dots in Figure 15 are taken from this Reference. 

Confirmation of this observation came from work by Rolls-Royce in 
1966 with two different intakes having diameters of 8 in. and 3 ft. The 
larger intake was tested under gusty atmospheric conditions near the edge 
of an airfield and gave an ingestion performance noted by the crosses in 
Figure 1.5. The present tests with 3 mm and 6 mm particles provide 
further support, for the ingestion thresholds shown in Figures 9, 10 and 11 
can be replotted to extend the original threshold of Klein up to the thres- 
hold represented in Figure 15 by the chained line: this it will be seen 
predicts ingestion over a much wider range of operating conditions than the 
original line. 
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The spread of the experimental ingestion thresholds beyond the line 
first drawn by Klein reflects the widely varying conditions of wind and 
ambient vorticity at which the observations were made. For particles of a 
given size and density for example it seems possible to visualise the 
original line being replaced by a series of parallel lines, each represent- 
ing a particular ambient condition. However this added oomplioation is not 
in itself sufficient. Figure 15 suggests that because for a given (H/D) 
and ingestion "boundary" VT/VI is uniquely determined, then for a given 
throat velocity so also is VT and thus the particle diameter. Contrary to 
the evidence of the present experiments therefore, the argument suggests 
that the maximum diameter of lifted particles is independent of the intake 
size. The solution to this difficulty requires the addition of further 
lines to accommodate changes in either particle size or intake diameter. 
Thus the overall presentation would become extremely complex. 

In contrast, the presentation of ingestion thresholds developed by 
the author aims essentially to define, in quantitative terms, the conditions 
under which the vortex forms. The resultant Figures 9, 10 and 11 achieve 
simplicity at the expense of excluding any reference to the size of parti- 
cles lifted. This omission is not thought important, for the experiments 
show that whenever the vortex forms there is a risk of debris ingestion. 
In the light of this it may be unimportant to distinguish between the inges- 
tion of a 2 in. or a 6 in. piece of concrete, for both might be equally 
damaging. In any case the size of ingested particle is very much a func- 
tion of ambient vortioity which in practice, although not in controlled 
laboratory experiments, is thought likely to vary from one instant to the 
next. 

Notwithstanding the preceding remarks, the recent interest in debris 
ingestion has undoubtedly been fostered to a large degree by predictions 
that alarmingly large particles can be lifted by the vortex. Such predic- 
tions can be readily made on the basis of the scaling laws. Thus for 
example it was found possible experimentally for glass beads up to 1 in. 
diameter to be lifted by the vortex formed beneath a 6 in. diameter model 
intake with (H/D) equal to one. This would be equivalent to the lifting 
of 6 in. diameter particles by a 3 ft. diameter intake or 12 in. diameter 
particles by a 6 ft diameter intake at appropriately scaled operating con- 
ditions. In the scaling the necessity will be recalled for retaining the 
same Rossby number at both the model and full-scale, so that the prediction 
of maximum particle size just made necessarily assumes full-scale Froude 
and Rossby numbers similar to those employed in the model work. Confidence 
that these might not be too significantly different is encouraged by the 
broad agreement shown in Figure 15 between the chained line representing the 
extremity of the ingestion prone area on the plot, as determined by 3 mm 
particles with the 6 in. intake, and the points obtained by Rolls-Royce 
under gusty airfield conditions with a 3 ft diameter intake. 

6.0 The prevention of ingestion 

Although this Report is concerned with the mechanics of the ingestion 
process, the author has devoted some time studying methods by which inges- 
tion might be avoided. Numerous possibilities have been examined experi- 
mentally. These have comprised aerodynamic devices such as the blowing jet 
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extensively used in earlier investigations 738 and mechanical arrangements 
such as plates which physically impede the progress of any lifted particle. 
Some undoubtedly reduced the frequency of ingestion, but at the low values 
of (H/D) currently of greatest interest, none provided en absolute safeguard. 

Against this background it is suggested that a promising operational 
technique might be to keep the ratio of VC/VI es high as possible, for 
it will be seen from Figure 14 that if the ratio can be kept sufficiently 
high the vortex will not form at all. From this point of view the worst 
thing is to run an engine up to full speed under quiesoent conditions, for 
in this way VI reaches a maximum whilst VC remains effectively zero. VC/VI 
is thus effectively &ero, and local disturbances would almost certainly pre- 
clude the reproduction of the laboratory condition featuring freedom from 
vortex formation. Keeping VC/VI as high as possible during the very early 
phase of take-off demands a progressive throttle opening as the aircraft 
accelerates, so that VC increases with VI. It is also worth noting that so 
far as the impulsive projection of particles by the vortex is concerned, 
the ingestion problem may be eased by the aircraft movement, for this might 
tend to cause particles to strike the underside of the intake cowling. 

7.0 Conclusions 

The ingestion of debris during ground running by the low slung 
intakes featured in current aircraft proJects can occur through two 
mechanisms associated with the formation of a vortex beneath the intake. 
Particles on the ground near the vortex extremities tend to be blown 
horizontally, and those that bounce can become airborne under the influence 
of the loo&l air currents. Dramatically different in the manner of lifting 
is the action of the vortex on those particles over which the vortex core 
passes, for with a vortex of sufficient strength these particles are pro- 
jected violently upwards, es if under the action of en impulsive force. 

Scaling laws have been developed to relate model and full-scale tests 
of the lifting of particles by the vortex core. The laws are: 

(1) Particle size is proportional to test scale. 

(2) Intake velocity squared is proportionalto test scale. 

(3) Ratio of particle density to fluid density is the same for 
both full-scale and model tests. Thus for tests at both 
scales in air the particle densities should be the same. 

(4) Ratio of cross wind velocity to intake throat velocity is the 
same for model and full-scale tests. 

(5) Ratio of the intake velocity to the product (cross wind 
velocity gradient x intake diameter) is the same for model 
end full size tests. 

Experimental results support the validity of these laws and suggest 
for example, that a 6 ft diameter intake operating with its centreline 6 ft 
above the grouu3 could give rise to a vortex capable of lifting spherical 
concrete blocks 1 ft in' diameter. Various methods of reducing ingestion 
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were examined experimentally and although some undoubtedly decreased the 
frequency of ingestion, none provided an absolute safeguard. However, an 
operational technique which might ease the ingestion problem involves a 
progressive throttle opening as the aircraft initially accelerates on take- 
off so as to keep as high as possible the ratio of the wind velocity blowing 
on to the intake to the intake velocity. 
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APPENDIX1 

List of symbols 

velocity of sound 

intake diameter 

particle diameter 

f 0r0e 

functions 

gravitational constant 

intake height 

length 

constants 

pressure 

radius associated with vortex 

velocity 

velocity gradient 

boundary layer thickness 

density 

direction of cross wind with respect to the intake centreline 

circulation 

viscosity 

angular velocity 

drag coefficient 

Fro&e number 

Mach number 

Reynolds number 

Rossby number = '2 
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APPENDIX I (oont'd) 

air 

oroee wind 

intake 

full-scale 

partio1e 

interfaoe of inner and outer regions of vortex 

model scale 

radius 

terminal (velooity) 
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APPENDIX II 

Dimensional analysis of particle lifting by ground vortex 

Using the notation of Appendix I, and following the conventid 
pattern of dimensional analysis the variables associated with the lifting of 
a particle are noted end listed as follows. See also Figure 1. 

VI, VC, Pa, P,r pa, ca, D, fl, 6, a, g, F, 'A~ 

From the 13 variables listed above 3 prime variables may be chosen 
to represent the 3 prime concepts of mass, length and time. 

For this analysis the prime variables may be chosen es follows. 

(1) D intake diameter - geometric similarity. 

(ii) VI intake velocity - kinematic similarity. 

(iii) Pa density of air - dynamic similarity. 

The remaining IO variables must be arranged into groups and balanced 
dimensionally with respect to the prime variables. 

The 10 groups can be expressed as follows. 

VC pa ca a Pp 

cp2 6? If'=)' (Pa VI D)"' (pa VI D)" (pa vI D)” (pa vI D)E’ 

g H 6 F WC 

('a '1 D)X' (pa v~ D)* (Pa VI D)O' (p,vI D)” @, vI D)T’ 

in whioh for brevity, the second group 
,Pi Ji DP3 

has been written 
a 

cg 

(Pa VI D)' 
and similarly in the remaining groups. 

Substituting the dimensions of the variables in group 1 

VC L T-l 

P: V% Da, - (ML-s)% (LT-')% (L)% 



- ,y- 

and equating the indices yields 

1 = Pi + Q-2 + a, - length 

-1 = -a, - time 

0 = a, - mass 

. . . q = 0 a, = 1 a, = 0 

VC Hence the non-dimensional form of group 1 becomes -. 
VI 

Similar relation- 

ships maybe found for the other 9 groups; the results of which are given 
below 

VC 63 ca dPJ 9” H 6 F WD 

c' p,VI D' 7 ;' P,' V;' 
c. 

;'D'PaVTDs' VI 

I I I I 
Reynolds Mach Froude Rossby 

number number number number 

Therefore the force acting on a particle can be expressed by 

For complete similarity between full-scale and model tests each of 
the dimensionless groups should be identical at both scales. However this 
would entail the model tests being carried out in a pressurised chamber in 
order to achieve, for example, full-scale Reeynolds numbers in the model 
experiment. In fact, however, model tests are clearly most readily per- 
formed under atmospheric conditions. In these circumstances the only 
non-dimensional groups in which equality can be maintained between full- 
scale and model are as follows:- 

VC 5 H d a,D 
v P,’ TP F v I 
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Thus it is necessary to investigate the magnitude of the effects of 
the remaining non-dimensional groups on the ingestion process. 
respect a review of earlier work is helpful. In this5t09 Although previous studies 
of what is undoubtedly a complex phenomenon fall far from completely 
explaining the processes involved, it is nevertheless not unreasonable to 
draw the following conclusions:- 

(*) The vortex tends to wander, and any particle on the ground in 
the path of the vortex core is subject to an impulsive force 
which if sufficiently strong relative to the forces resisting 
motion will lift the particle. The particle is projected 
impulsively into the air, and under these conditions viscous 
effects barely influenoe the initial trajectory. 

(b) Only particles constrained and subject to the stagnation 
region of the inlet vortex are picked up. Thus the effects 
of Mach number on the stagnation streamline may be ignored 
as the non-dimensional flow field is independent of Mach 
number. 

The only remaining parameter is the Froude number. Thus an approd- 
mate expression for the force acting on a particle may be defined es follows 

F = Pa V; Da f 

In an experimental investigation concerned both with determining the size of 
particle that oan be lifted, as well as the ingestion thresholds separating 
the conditions under whioh vortex ingestion can occur from those which are 
ingestion free, the above expression leads to the requirement for observing 
the following sealing laws to achieve similarity between full-scale inges- 
tion and model experiments. 

(1) Particle size is proportional to test scale. 

(2) Intake velocity squared is proportional to test scale. 

(3) Ratio of particle density to fluid density is the same for 
both full-scale end model tests. Thus for tests at both 
scales in air the particle densities should be the same. 

(4) Ratio of cross wind velocity to intake velocity is the same 
for model and full size tests. 

(5) Ratio of the intake velocity to the product (cross wind veloo- 
ity gradient X intake diameter) is the seme for model and 
full size tests. This is equivalent to the Rossby number as 
noted in the body of the Report. 



APPENDIX III 

Analysis of particle lifting based on the pressure 
distribution within .a simple vortex 

The rules for scaling model and full-scale tests may also be deduced 
by resolving the forces acting on a particle within the field of influence 
of a simplified vortex. Consider a vortex with a core of constant angular 
rotation, 0, and en outer region of nominally free vortex flow in which 
ora = constant, as for example in Reference 10. The corresponding pressure 
distribution can be calculated using the radial. equilibrium equation as 
follows:- 

In circular motion the pressure increases radially outwards and thus 
for radial equilibrium 

. . ..(III.I) 

If the pressure 
the pressure is 

at infinity is pa then for any finite point at radius r 

. . ..(III.Z) 

If the density variations are ignored i.e., P = P,, then the pressure dis- 
tribution may be calculated for the inner core end outer region. 

(4 Outer region 

This is defined in Figure 16, as the region in whiah 

Now in the outer region, 

v = gy . . ..(m.3) 
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Whence, evaluating the integral of Equation (111.2) 

P8 -- . . ..(IIL4) 
I‘ r 

So that from Equation (111.2) 

Pa 2 
P = p* - &a ra 

Therefore the pressure at the interface radius ri is 

pa y 
Pi = Pa - 

8x= rp 

. . ..(111.5) 

. . ..(111.6) 

(b) Inner region 

Referring again to Figure 16, it will be seen that in this region 

Also in the inner region 

. . ..(111.7) 

Evaluating the integral of Equation (111.2) once again 

'i va 
P8 Far = FT - ral . . ..(111.8) 

r r 



So that, the pressure at radius r is given by 

P = Pi - &2 Pa ":; (r; - r2) . . ..(III.S) 

where pi is given by Equation (111.6). 

Determination of lifting forces acting on particle 

The pressure distributions derived above for the inner and outer 
regions can now be used to calculate the forces acting on a particle of 
radius rp centrally situated at the foot of the vortex. Two cases 83'8 
considered. In the first the particle diameter is greater than that of the 
core, i.e., rp > ri. In the second, rp < '1. 

(8) Particle diameter greater than the vortex core, r > '1 

The force on the particle due to vortex alone may be determined by 
the summation of pressure distribution on the particle. 

rP 

FORCE, F = 
i 

p2x rdr . . ..(III.lO) 

0 

and substituting for p from Equations (1X.5), (111.6) and (111.9) gives 

F = 

. . ..(III.lj) 



Wkhen the particle is on the point of being lifted by the vortex the 
following equality holds:- 

FORCE ON LOWER SURFACE OF PARTICLE DUE TO AMBIENT CONDITIONS - FORCE ON 

UPPER SURFACE OF PARTICLE DDE TO VORTEX = WEIGHT OF PARTICLE 

. . ..(111.148) 

i.e., F = 4 & p 
3 PPg . . ..(III.Il+b) 

From which it follows that, using Equation (111.13) 

But 

. 
. . 

vgp = 0; r; 

* = 2 3+lnfE 
&J r 

( 1 
44 l-1 

. . ..(III.l5a) 

. . ..(III.l5b) 

b) Partiole diameter less then the vortex coxv r < ri 

As before, the force due to the vortex on the particle is derived by 
summing the pressures acting on the particle. 

Thus, 
rP 

FORCE, F = 
i 

p%rdr . . ..(111.16) 

0 

an.3 substituting for p from Equations (111.6) and (111.9) gives 
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. . ..(111.17) 

. . ..(111.18) 

and b) 
Equating verticle forces on the partiole as in Equation (111.14.a 

. . ..(III.lpa) 

But 

. . ..(III.lYb) 

Derivation of scaling laws 

For equivalence between model and full-scale tests the following 
oonditions must hold. 

(a) For the case when rp > ri 



(b) For the case when rp < ri 
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. . ..(111.20) 

C& = Lp!j . . ..(111.21) . 

Now if the model is scaled linearly with respect to the full size 
intake and the cms~ wind velocity gradient, wc, is assumed to be propor- 
tional to the vortex angular velocity, W, i.e., 

($,. = ($$ . ...(a) 

@)F.,. = ($M . . ..b) 

where D is intake diameter, 

and wp rp = fi (WC rp) = fs (VC) . ...(c) . . ..(111.22) 



then substituting in Equations (III.20) and (III.21) gives 

(SjF.& = (?5fjM . . ..(111.23) 

Furthermore if the ratio of the cross wind velocity to the intake velocity 
is the same for model and full size then the following relationships hold 

(a) I) 5 - oonst (by definition) 221~ a _ 

(b) %= const (by definition) 

(0) !kE2 = const from Equation (111.23) and 
pa 9 (a) and (b) above 

> 

(a) z = const Prom (a) above 

. . ..(III&) 

(e) y = const from (a) and (b) above and 
Equation (111.22~) 

1 

It should be noted that relationship (111.24(c)) can be maintained by 
making 

!E= 
pa 

const end $ = oonst 
I 

and then the above laws conform exactly with those deduced in Appendix II. 
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