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Preface

When the literature search was conducted, a vast amount of infor-
mation on downwash impingement, in relation to V/STOL aircraft, was
revealed. Rather apperent, however, was the lack of information on
the specific subject of wind induced recirculation, although most
authors agreed that this is a problem worth solving. Assimilation of
the available information in this area and deciding its relevancy, was
a time consuring process. It then became apparent tha‘’ anyone else
pursuing this problem would be saved considerable time if current
information were presented in a single report with an extensive,
classified bibliography. This is the main contribution of the thesis.

I wish to thank Mr. Evaxd Flinn of the Flight Dynamics laboratory
for the initial suggestion and help with the literature search.

Thanks are also extended to Capt. S. Koob of the Aero Department,
School of Engineering, for his technical advice and my wife, Alta,
for her typing and moral support.

Peter J. Unitt

March 1969
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Abstract

This report contains a sumsary of the work, both analytic and
experimental, that has been performed in the last decade, on rotor and
Jet downwash impingment for V/STOL alrcraft. The various aspects of the
problem, as gathered from available reports, are discussed in detail.
The direct lift jet and rotor downwash fields are described and inherent
opent16n31 difficulties are enumerated. One aspect of impingement, re-
circulation, is treated in a similar manner. Its ca:zes are given,
underlying mechanisms are suggested and operational problems are presented.
Analytic solutions and experimentel investigations for both the impinge-
ment and recirculation problems are discussed. A classified bibliography
is included in which the reports surveyed are listed in ready reference
form, according to type and content. In an attempt to analyze wind in-
duced recirculation, a solution is given vhich is @ re-interpretstion of
the allied problem of jet inclination, as solved by T. Strand. Although
the recirculation problem is not solved, some indication is given of the

effect of a light wind on a normally impinging Jet.

viii
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A COMPREHENSIVE REVIEW OF V/STOL DOWNWASH IMPINGEMENT
WITH FMPHASIS ON WIND INDIICED KECIRCULATION

I. Introduction

The overall purpose of this repo:t is to summarize the available
information on V/STOL aircraft downwash impingement, especially as it
relates to wind induced recirculation, and to propose an analytical

solution for the recirculation problenm.

A1l aircraft must fly at some time within the influence of the

| ground and wvhile some advantages accrue from such operations, in many
instances dlsastrous results can occur. For examgle, on landing
approach, a C-123 aircraft encountered rotor wash from a helicorter

: landing in front of hlm. Rotor wash caused the C-123 to bank sharply.
Before control could be regained, it struck another helicopter parked
some 200 feet short of the runway in the approach zone (Ref 34).
V/STOL aircraft must operate in or near ground effect by virtue of
their characteristic design and the presence pf the ground can give
rise to the problem known as recirculation.

Recirculation occurs when the exhaust gases or rotor downwash, as

’ the case may be, are caused to flow back into the engine inlet or rotro )
inflow region. Ground proximity enhances such recirculative flow. The
downwesh, directed perpendicular to the ground, will be turned through
ninety degrees and flov radially outward from the downwash Jjet center-

) line, parallel to the grcund. Debris on the ground may be projected

upward by this ground flow and ingested into the engine intake or rotor

l inflow region. Hot exhaust gases reentering a gas turbine intake will
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severly degrade engine performance. Rotor blades may be 2amaged by
entrained debris. It is dangerous for ground personnel to work in

such an environment and the generation of clouds of dust, sand or snow
is a decided tactical disadvantage in military operations. When recir-
culation occurs the unsymmetrical modification of the impinging Jjet

can cause severe stability and handling difficulties.

i
——

EEERRER

(a) Obstacle (b) Surfuce Wind

Figure 1: The Causes of Recirculation

The causes of recirculation are basically twofold and are illus-
trated in Pigure 1. An obstacle in the path of the ground flowv can
turn the dovnwvash back up toward the intake region. Similarly, a sur-
face wvind, vhich is almost always present can bring about recircula-
tion. The "intensity" of recirculation will be determined in the
first case by the shape, size and position of an obstacle in the ground
flov. In the second case the wind speed will be the determining

factor. The causes may be present simultaneously, making the problem

even more complicated.

’
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The exact mechanisms underlying the process of recirculation are
not fully understood and analytical solutions are practically non-
existent. Solutions do exist for ;nny allied problems, ranging from
free boundary jet impingment to the periodic shedding of helical vor-

- tices from rotor blade tips. Most of the available solutions take 1

advantage of the axial symmetry of an undisturbed downwvash flow field.

This 1s, of course, destroyed by the imposition of a surface wind. The
obstacle induced recirculation has been examined experimentally but the
flow pattern resulting from a combination of downwash and surface wind
has not yet been successfully visualized.

The only real limit to the scope of this report is temporal. The
literature search for information on downwash impingement extends back
only to 1960. Prior to this date all bibliographies contain basically
the same references.

In the following pages, the downwash impingement problem is examined
in some detail. The specific problem of recirculation is also covered,
with emphasis on the wind induced type. The reports contained in the
bibliography are classified according to type and content and are pre-
sented in ready reference form to facilitate isolation of specific

information. For example, it is possible to tell, at a glance, wvhether

or not Report "X" covered the out of ground effect case, and whether it
wae experimental or theoretical in nature. A solution to the problem
of an inclined impinging jet by T. Strand was recognized as being
equivalent to the problem of a light wind blowing along the ground and
encounterihg an impinging Jjet. Strand's method has been examined in
detail and his results re-inte:preted for the wind problem. Although

this model cannot account for recirculation, the effect of the wind
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on the jet can be detérmined for winds up to about one tenth the Jet

exit velocity and such vinds are strong enough to cause recirculation.
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II. The Downvash Impingement Problem

Flow Field Description

i Before discussing the actual process of recirculation it is neces-

sary to examine the overall jet impingement problem. The flow fields

T

produced by different types of lift device are quite different even
though the impingement problems are similar. There are two general
types of 1lift device, the di.ect 1lift jet and the rotor (propeller)
and the flow fields for both are described in the paragraphs that

follow. Aircraft that use multiple 1lift devices obviously produce
more complicated fields due to interference and should be treated |

independently.

Direct Lift Jet. The jet is taken to mean the mass of fluid that

exhausts from the nozzle of a gas turbine lift engine and remains an |

entity until it is no longer distinguishable from its surroundings.
It does not dissipate readily but undergoes a series of energy conver-
sions as it is forced to turm through ninety degrees by the surface
upon which it impinges. As shown in Figure 2, it impinges on the
ground and its normel velocity component is decelerated to zero. Its
& kinetic energy is converted to static pressure that accelerates the
flow radially outward away from the impingement area. After attaining
a maximum dynamic pressure, when the static pressure is ambient, the
ground flow continues outward until viscosity finally dissipates it to

zero velocity and it can no longer be distinguished from the surrounding

: alr. The entire flow pattern is axially symmetric unless it is dis- |

2 turbed by other flows or irregularities in the surface over which it

flows. The usual convention for the coordinate system is as shown in
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Normal Velocity A large Normal
Component is Zero Velocity Component

i—
7727277777 ////TWWW
Stagnation Point ‘ Dynemic Pressure - Max.

Static Pressure - Amdb.
X

Figure 2: The Impinging Jet
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Figure 2. The x-axis coincides with the jet centerline, the redial
direction is denoted by the r coordinate. Fig. 3 shows 3 flow regions:
A. The Free Jet Region. This extends from the nozzle exit to

vhere the Turning region begins. The nozzle discharge is unaffected

by the ground in this region and expands to a radius, R'. The downwash
static preesure may be assumed to be ambient within this region. Radial
velocities are very much smaller than the axial components.

B. The Turning Reglon. Beginning at about B/R' of 1.0 to 1.5,

this region ends at a radius of approximately Z2R' from the jet center-
line. In this region the flow turns. through ninety degrees, when
impinging normelly, and the surface static preesure drops from a
maximum at the centerline to ambient at the outer edge, where the flow
essentially behaves as a radial wall jet.

C. The Wall Jet Region. The radial wall jet region extends, in

theory, to infinity. Actually, it ends where the velocity is essent-
1ally zero. The flow is more or less parallel with the ground, moving
radially outward with a static pressure that is ambient.

It is possible to examine each flow region separately and then
match conditions at the points where they merge to build a composite
model of the downwash flow field. Usually, however, these are axially
symetric versions of the three dimensional impinging jet and do not
lend themselves readily to modification by such things as surface winds
or relative ground motion. To this end, iterative and perturbational
techniques, such as that developed by Strand, muct be found (Ref 28).

Rotor (Propeller). When a rotor is used to generate the 1ift for
a V/STOL aircraft, the jet, as previously defined, hes rotational motion

added to it. The flow is, generslly, time dependent with frequencies

e st e
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Fozzle Exit

e

Ground Plane

Figure 3: The Regions of The Impinging Jet (Ref 19)
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vhich are harmonics of the rotor's angular speed. Omne serodynamic
theory that describes a finite ving is the lifting line theory. In

| " it, the ving is represented by the filament of the dbound vortex portion
| of a horseshoe vortex. A semi-infinite vortex filament trails from

, ’ each tip to complete the horseshoe. As shown in Figure k, a rotor
blade may be represented in the same way. The shed vortices approach
the ground forming a helicel vortex filament between the ground and H
the rotor plane. There is also a central vortex filament, satisfying

Helmholtz' Laws, extending from the rotor hudb to the ground. Once 1

again, axial symmetry permits relatively simple analysis of a hovering

rotor in the absence of a disturbing influence. However, vhen there is

relative horizontal motion between the rotor and the ground, or vhen

the ground flow encounters an obstacle in its path, this symmetry is lost.

Bound Vortex Lifting

gxictof Blade ti'

otation >
a5
o«
4 ﬂ.“
| &
} Yo, o’
| .- KT
=
1/

Figure k: Rotor Blade as described by Lifting Line Theory
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When operating near the ground jet nozzles are ineffi:cient, 1ift
losses deling as high as 40% in some instances. Propellers, however,

benefit from such operation (Ref 19).

Problems Crested by Downvash
Many of the downwash impingement analyses are derived from studies

of observadble effects of the phenomenon. It is instructive, there-
fore, to consider some of the major operationa’ prodlems.
(a) Ground erosion and damage to ground equlpment
due to the high velocity and gometimes hot
exhaust geses.

(b) Reduction of visidility due to entrainment of
sand, dust or snow.

(c) Lloss of tactical advantage, in combat opera-
tions, due to clouds of sand, snov or dust.

(d) Degradation of engine performance due to
reingestion of hot exhaust gases.

(e) Demage to the airfrsme or rotor b'ades due to
the entraimment of debris from the ground.

(f) Hazardous conditions for personnel on the
ground in the high velocity region beneath
a rotary vinged aircraft. The environment
becomes vorse with increased disc loading.

(g) Stebility and handling difficulties caused by
unsymmetrical recirculation, both for isolated
aircraft and formations.

With reference to (a), (b), and (c), erosion of fine particles of
loose, 4ry material, about, .Olmm to .03mm in diemeter, will occur when
the surfece dynamic pressure is only 1 or 2 psf. Such particles wi?
form large dust clouds and are thus the primary source of visibility
problems. Particles vhich are about tventy timee larger wil) settle

back to the surface unless supported by a wind of approximately 35 mph

10
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(Ret 18). Item (d) may be borne out by the fact that if a typical
turbojet V/STOL aircraft with an overall thrust to weight ratio of
1.05, operating at ambient temperature, was to experience an increase
in inlet temperature of twenty degrees Fahrenheit, its ability to take
off vertically would be marginal, if not impossible (Ref 2k ). The
smaller particles mentioned above are also largely responsidle for the
erosion of rotor blades referred to in item (e), as well as ludbricent
contamination (Ref i8). To indicate the severity of the problem out-
lined in item (f), the following evidence is presented. Hurricane
velocity, vhich 1s 65 kts corresponds to an average velocity generated
by an open propeller having a disc loading of 16 psf (Ref 31). Typi-
cally, the XC-142 tilt-wing V/STOL aircraft which is currently under-
going flight test has a disc loading of about 42 psf. Jet impingement
on wvater produces spray at surface dynamic pressures greater thar 2 or
3 psf and the spray heizht is directly proportional to'the disc loading
(Ref 18.) Problem (g) is really a recirculation problem and therefore
is discussed in detail in the next Cbapter.
\

Analytical Solutions

Methods. The methods of attack used for the dow\nvuh impingement
problem depend on the desired results. The actuator disc theory for
propellers will yield only gross information such as thrust or power
requirements. If velocity profiles in the wall jet region are needed,
recourse can be made to boundary layer theory (Ref 4). The instan-
taneous induced velocity in a rotor downwash may be obtained from vor-
tex theory. FExact solutions are scarce, most of them being for two

dimensional or axially symmetric flows. The downwash impingement pro-
blem is of the free boundary type, vhich means that, even though the

11
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boundary condition is known, the location of the boundary is not. It
must be located by iteration before any of the flow properties can
be found. To account for disturbances in the symmetry of the flow,

small perturbations, if valid, may be introduced.

Potential Flow Theory. T. Strand has used potential flow theory to

derive an expression for the velocity potential of an axially symmetric, i

static, round jet impinging normally and has applied perturbation poten- !'

tials to this solution to include the effects of inclining the jet

(Ref 28). His solution is reviewed in detail in the Appendix. .

Viscous Flow Theory. Stagnation in three dimensional, axially

symmetric flov is treated through an exact solution of the Navier-Stokes

equations by Schlichting (Ref 35). Also, two dimensional and axially

symmetric wall jets have been studied by M. B. Glauert (Ref 33). His

solution wee used by Brady and Ludwig (Ref U4) to develop an approximate

three dimensional boundary layer analysis for the impinging uniform jet.
! Yortex Theory. Cornell Aercnautical Laboratory spent several years
developing an analytical model of a propeller wake in and out of ground
effect and for the hovering and forward flight conditions. The study
vas aimed at determining the wake vorticity distributiion and the associ-
ated induced velocity distribution. For the case of hover, both in and
out of ground effect, an axial system of Helmholtz' vortex rings was
used. In this scheme, discrete, planar vortex rings are periodically
shed from the rotor plane and are alloved to move away, mutually
influenced, according to the laws of vortex dynamics until their tra-
Jectories coalesce (Ref 27). When steady forward flight is considered,
symmetry of the vake is lost and the above representation is no longer

valid because the vortex rings are distorted out of their plane. Instead

12




GAM/AF /69
of planar vortex rings, continuous, distorted helica! vortices are
used to represent the shed tip vortices (Ref 2).

Semi-Empirical Techniques. As previocusly mentioned, most of the work

in the area of downwash impingement is limited to specialized analyses
covering only a narrov portion of the overall problem. Currently, the
experimental data that is availadble is the result of model or full scale
tests which bear little correlation to each other. Some attempts have
been made to provide relatively simple mathematical models based on a
mixture of theory and experiment. This work has been done for both

rotor and Jjet downwesh fields (Refs 6,9, & 2C).

Fxperimental! Investigations

Most of the tests performed in the area of downwash impingement
have been concerned with surface erosion and its relationshir to dynamic
pressure, or measurement of induced flow velocities in the wvake. Of
obvious interest are ways to alleviate.the problem and, according to the
literature, several have been suggested and tried. Other tests have been
conducted recently to determine the physiological effects that the down-
vash environment has ca man. The majority of tests were performed with
full scale vehicles or 1ift devices in the natural environment vhere
all the effects of wind ar. ground proximity were present simultaneously.
Both rotor and jet lift devices were tested, in and out of ground effect,
for the cases of hover and forward flight.

The qualitative results of flov visualization stem from severa’
different methods. Those mentioned in the reports surveyed include
sawdust particle tracking, tuft and water tank studies.

Particle Tracking Method. When the flow of air is being studied it

1e necessary to introduce e vigible medium into the stream. In order to

13
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photograph “he flow pattern, as indicated by the particle path lines,
the particles should exhibit the best combination of density and
reflectivity possible. Their density should be comparable with that of
air, vhile their reflectivity should be high enough to facilitate photo-
graphy. Of many media tested for these characteristics, the ﬁost suit-
able has been found to be particles of finely sanded balsa wood. For
the visualization of rotor downwash a common technique is to drop the
sawdust from a hopper into the inflowv region, allowing it to enter the
region as naturally as possible.

Tuft Studies. If small tufts of thread are affixed to the surface
upon vhich the flowv impinges, the air flowing over it will cause them to
align themselves with the local bulk flow. A photograph of the tuft
align_ent will give at least a gross idea of the flow pattern. When the
conditions that prescribe the flow change, the resultant tuft realign-
ment will give an idea of the effect.

Water Tank Studies. Air is not an exclusive medium in which to
conduct flow visualization tests. 1In fact better visualization may
be provided, when practlical, by water tank studies. Colored dyes having
the same density as water may be introduced into the water to show the
streamlines in the flow.

Messurements. The information necessary for predicting V/STOL
downwash impingement effects may come from any one of several data
sources. Conventional methods such as pitot-static tube measurements
of pressure need little explanation, but some of the more unusual
techniques reported are worth mentioning. Sound pressure measurements
recorded through microphones suspended beneath hovering V/STOL aircraft

can be used to indicate such things as large oscillatory pressures in

Lt
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the downwash, indicating the level of turbulence. This type of meecire-
ment hae a'so been used to determine safe conditions for personne’, on

. the ground. Aw ..ometers placed directly in the downwash environmert
give direct "wind" speed and direction readings, from wvhich velocity
contours may be plotted. Temperature probes with thermocoup'es provide
information on the mechanisms by which energy is moved aroun and
dissipated in the Aownwash. TForces and momentes applied to objects in

the ground flow ref'lect such things as the intensity of recircu'ation.

Experimental Results. It has been found that at esome distence from
the center of rotation the flow dynamic pressure a’ong the ground it o
: function of thruet rether than disc loadirg. For a given weight, the
thickness of the ground flow varies inversely with the disc loadirg

(Ref 26). Changes in the Jjet flow characteristics with jet nozzle height

are primarily associated with the effects of viscous mixing for nozzle
heights greater than two nozzle diameters above the ground. Boundary
layer enalysis shows that from the centerlire to r/R of about 1.6, the
boundary layer is laminar. A transition region existe for r/R betveen
about .6 and 4.0, teyond which, for H/R less than or equal to 8.C, the

ground flov ie of the turbulent radiel wall jet type (Ref &4).

’ Summar
Althougn many of the problems associated with downwash impingement

are similar, regardless of the type of 1Lift device used, the mechanics

of the flow fields and thelr solutions are different. Measurements =nd
) analysee of rotor downwash must account for the vortical nature of the

flow field., This is not so for Jet impingement. It is difficult to

generalize about downwash because each vehicle has a unique downwach

15
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signature. The differences among their flow fields are primarily depen-
dent on the number, type and location of thc 1ift devices. For this
reason most =nalyses are, at best, idealistic. Experimental verifi-
cation of such analyses is not easy to obtain either, since Lt is

difficult to remove real world effects such as viscosity and wind,

16
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III. The Recirculation Problem

Jotroduction

Recirculation is the principle cause of several of the problems
vhich occur during V/STOL aircraft operations. in the propeller/rotc;r
type aircraft, recirculation seems to be an unsymmetrical modification
of the ring vortex state, which occurs as soon as the rotor starts to
descend from hover. The flov pattern is as shown in Figure 5(a) below.
The resultant flow through the disc is still downward, because of the
large induced velocity, but the flow far sbove the rotor is upward. The
limits of the ring vortex state ere hover, as shown in Figure 5(b), end
the condition where the rate of descent is equal to twice the average
induced velocity at the rotor. The state is characterized by the large
recirculating flows and the absence of a definite slipstream. The preserce
of another aircraft may also initiate the ring vortex state as may an

irregularity in the surface of the ground. e

Un‘ -0

(a) Initial descent (v) Hovering

Figure 5: The Propeller Ring Vortex State (Ref 32) ¥

17
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D oo A 1TEL L

Rotor Disc:

Helical
Vortex
Pilaments

(a) Obstacle (b) Winad

Figure 6: Obstacle and Wind Effects on Rotor Downwvash (after Grahem)

Ixpes of necirculation
Both surface vinds and obstacles are known to ceuse recirculation

and they produce the different flov patterns illustrated in Figure 6.
Particle entrainment trajectories are prodbadly different and while the
obstacle introduces one or more characteristic dimensions into the prob-
lem, the vind does not. The wind seemingly tends to concentrate vorti-
city, as explained below, dut obstacles do not. Some of the more import-
ant paremeters involved appear to be the vind and jet velocity, the
diameter of the rotor and its height above the ¢round_, and the size,
shape and position of obstacles. It had been thought that inclination
of a rotor might affect the onset of recirculation, but a model study at
Boeing Scientific Research laboratory has shown that this is not a signi-

ficant factor (Ref 21). Obstacle induced recirculation has been examined
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experimentally (Ref 30). Some of the photographs from this experiment l
are included as Figure 7 of this report. The arrow indicates the tip

# of the rotor blade. It is interesting to note that the conditions are
almost identical in both photographs (obstacle height / rotor height

are slightly different) but recirculation does not occur in both cases.

The Nature of Recirculation
It has been suggested by E. W. Graham that recirculation may be

attributed to vorticity being trapped on the upstveam -. ~» of the jet
ty a vind as light as one tenth the jet velocity (Re: 7 ;. Without the
l wind, the vorticity at the edge of the Jet is <free to diffuse and de
removed by the jet velocity. A light wind could push this slowly dif-
fusing vorticity up the flared portion of the jet to a stagnation point,

. A rough idea of the flow field is given from Figure 8, in which a pert-

ially developed vortex 1s shown. Its exact position is not known, but
the assumed stagnation points would result in the cor plete trapping of
all vorticity flowing towards the rotor between streamlines A ané B.
Continulty is satisfied in a three cdimensicnal field by flow eround the
Jet. If it collects close enough to the rotor, the result could well be
. the onset of recirculation. Its strength would probebly depend on the
aforementioned parameters. If the wind velocity and the normal induced
velocity of the generated vortex were equal, it is possible that a
statlonary condition could be achieved. For a large enough height above
the ground, the stesgnation point would probably never reach the rotor,
. making recirculation 1mfoasib1e. A large enough winé could deflect the
Jet, again preventing recirculation as chown in Figure 9.
] The recirculation vortex on the upvind side of the et is actually

a horizontal vortex filament normal to the wind direction. As the air
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(a) Avove: H/R 1.5, r/R 1.5, no recirculation

(b) Below: H/R 0.5, r/R 1.5, recirculation

|

: Figure 7: Obstacle Induced Recirculation through a Model Rotor -
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Figure B: Vorticity being trapped by a light wind (after Grahem)
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flows past the jet, it has to diverge to get around it. This creates an *
outflov from this region and, in order to conserve mass, an inflow must

occur. This inflov draws the vortex filaments together through convec-

tion. Viscosity will, of course, diffuse the vorticity and so a state

of equilibrium must be reached between the two effects. The steady

state vorticity distribution for an isolated axially symmetric vortex
filament has been derived (Ref 10). In the presence of a surface wind
the vortex filament will have an axial component which carries rotation- f
al energy awveay vith it. This energy must be replenished by the wind or 1
the rotor. l
Erratic and periodic recirculatory flows have been reported (Ref 10). |
Such fluctuations are probably caused by random wind variations {gusts)
or w periodic shedding of vortices from the blade tips (Ref 27). r

Figure 9: Rotor Dowmvash Deflected by a Strong Wind

2
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Problems Created by Recirculation

Stability and Randling Difficulties. Usually the effects of recir-
culation upon stability and handling characteristics of a V/STOl. aircraft
are detrimental. There is & 1ift loss on that part of the rotor through
which the vortex peasses, due to the near-equalization of pressure above
and below the disc. Should the amount of disc covered by the vortex
fluctuate, which is most 1lkely, there wil)l be a change in the pitching
and/or rolling moment with resultant handling difficulties.

Particle Entrainment. There is a direct relationship between the

amount of recirculation present and the size of a particle that can be
entrained into the f'ow. The recirculation of exhaust gasee or fine dust
would not require much vorticity (circulation per unit area) since it
could actually be lifted by turbulence to a height where the wind coulA
carry it back over, and into the rotor disc. In fact a vortex recirc-
ulating such fine particles might not even have to extend to the ground.
Larger particles will be recirculated only if the enclosed vortex extends

to the ground,

Analytical Solutions

Since so much of the theory cf recirculation is speculative, it is
difficult to even establish a valid model. In theory, of course, the
Navier-Stokes equations could be applied but their non linearity in such
a problem would render them too cumbersome. A workable approach is to
choose a known exact solution which approximates the desired solution and
subject it to small perturbation theory. One such solution is given in
Reference 11. The known exact solution is for a rotationr’ly symmetric
vortex core, rotating as a solid. Only radiel perturbations are per-

mitted in this reference, but in Reference 12, the solution is extended

23
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to permit axlial variations also, which more nearly represents the
required recirculetion model. In the seme reference the idea of

employing series solutions without linearization is introduced.

Experimental Investigations

3-me of the q'ueationa that need to be answered experimentally, if

rossible, include the following:

(a) Does vorticity distribution depend on the
type of recirculation (ie, wind or obstacle)?

(b) What causes the fluctuations or periodicity
in the flow and can it be suppressed?

(c) Row may reciculation be destroyed?

(d) Does it matter whether the wind is introduced
before or after the rotor starts to rotate?

(e) If the wind is increased until recirculation
occurs, does 1t disappear at the same wind
value vhen the wind subsides?

(£) Keeping the wind constant, does recirculation
begin and cease at the same height as the
rotor is raised and lowered?

Model studies of recirculation seem to be more promising than full

scale since it is easier to i1solate and control such things as the wind

speed, rotor height and rotational speed. Complete isolation from random
air currents may only be possible in a vater' tank in which the advantage
of more accurate flow visualization is also to be realized. It is diff-
icult to find materials with the optimum densit; and reflectivity for
flow studies in air. This is not as difficult for studies in water.
WinA tunnels are not very desirable for this kind of work because of
wail effects, wvhich are to be avoided at all costs. It has been shown
that the air flow represénting the wind must be almost turbulence free

for successful visualization of its effect to be realized (Ref 21).

-
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This mey be accomplished by placing screens between the wind producing

device and the rotor downwvash. One of the few quantitative measures

of the amount of recirculation present is through the power required

to drive the rotor at constant rpm. A simp'e Iut useful test could be

- performed using a vacuum cleaner riggec i~ dlow on to a flat surface.

Tufts could te attached to the surface to indicate the general trend of

the flow with and without a wind. The surface could be graduated in

a poler form for reference in photographs. This would provide a crude

but inexpensive approach to the solution, or at least the further

understanding of wind induced recirculation.
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IV. Classification of Reports
|
{ntroduction l i

There is much information on V/STOL aircraft downwash impingement.

Hovever, it is generally disconnected and difficult for a researcher to

assimilate, In order to find information on a specific portion of the

overall downwash impingement problem it would be convenient to have a

classified Index to the available reports. The following pages are

devoted to this purpose.

Clagsification
Each report is referred to by a number which corresponds to its

numerical position in the bibliography. The first classification is
accoriing to general subject areas of interest. The second and third 4‘
concern themselves with experimental and theoretlcal reports respect-
ively. The subject areas are coded for convenient inclusion in tables
and an explanation of the coding precedes each table.

General Classification. Table 1 covers those areas which really H
have nothing to do with vhether the report is experimental or theore- it

tical in mture. The subject area coding and its explanation follows:

la. Experimental reports contain neither analytical invest-
igations nor explanations of the results.

1b. Theoretical reports are of two types. A type A report
consists of possible explanations for the mechanisms
involved in downwast impingement. Type B reports have
analytical approaches to the solution of part or all
of the downwash problem.

lc. The Combination report supplements an analytical invest- i
' y igation with experimental evidence. ,

2a. Impinging Jjete refer to the downwash problem as produced
by a direct lift engine (turbojet). .
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3a.

3v.

ko,
Sa.

5b.

L0,

%.

10.

Rotor Downwash refers to the downwash problem as pro-
duced by a helicopter or propeller V/STOL aircraft.

Normal Impingement is studied to account for the vert-
ical take off and landing of V/STOL aircraft.

Inclined Impingement represents the case of landing or
take off from a hillside.

In Ground Effect is defined as less than about 2 rotor
diemeters or nozzle diameters from the ground.

Out of Ground Effect is also considered.

Single "engine" refers to aircraft that use only one
1lift device to achieve vertical motion.

Multiple "engine" aircraft are also studied.

Wind Induced Recirculation is, as the name implies, the
type of recirculation that is caused by a surface wind
or possidbly forward steady flight.

Obstacle Induced Recirculation owes its name to the fact
that an obstacle such as another aircraft, a hangar or an
irregularity in the surface can cause recirculation.

Horizontally Translating Flight refers to Forward flight.

Hovering flight is the case of no relative motion with
respect to the ground.

Gooa ‘verall Correlation means that, as reported in the
particular document, the theory and experiment are in
agreement throughout the report.

Good In Parts Only indicates that some varts of the theory
find agreement vwith experimental work whereas there is a
discrepancy in others.

General refers to the degree of application of the report.
It simply means that the information contained therein
could be used for several applicationms.

Specific is for the type of report that applies only to one
particular model or to one part of the flow field.

Computer Program. It is customary to include computer source
programs where applicable. This coding indicates the in-
clusion of such programs.

e il cad PO T 1 -
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Experimental C1 cation
Orly those reports that may be considered purely experimental are

included ln this section. Items 12, 13 end 14 listed belowv are explain- I .
ed in the Experluen.tul Investigation section of the Nownwash lmpingement ‘
chapter. An explanation of the coding used in Table 2 follows.
1la. Wind tunnel studies. J
11b. Full scale tests in the netural environment.
llc. Model tests in the natural environment unless also coded lla.

12a. The Sawdust Particle Tracking method of flov visualization.

ik

12b. Tuft Studies.
12¢. Water Tank Studies.
13 Quantities Measured. |

a. Dynamic Pressure.

b. Static Preesure.
i ¢. Temperature.
d. Sound Pressure Levels.
e. Flov Velocity end Direction.
f. Forces and Moments.
‘, | 14  Methods of Measurement.

a. Pltot-static Tubes and/or Rakes.

b. Thermocouples.
¢. Anemometers.
d. Mlcrophones.
e. Transducers.

f. Strain Gage Belances.
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Table 2: Classification of Experimc.tal S8tudies
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Theoretical Classification
The reports that contain theoretical analyses are -.lasslified in
. Table 3 based on the flow model and assumptions used.
15a. Exact solutions.
15b. Approximate solutions. It must be realized that, although
a computer solution may be accurate, it is only approximate

by virtue of the mathematical model around which it is con-
structed.

l6a. The Impinging Jet flow model. Generally, this model applies
more to the jet lift device than the rotor, because of the
absence of rotational flow in the downwash. A more detailed
explenation appears on pege S.

16b. Discrete Ring Vortex System. This approximation to the problem
of the hovering rotor is described on page 1l1.

16c. Continous Helical Vortex. The case of a rotor in forward
flight ie modelled by this vortex system as mentioned on
page 11,

. 16@. Boundary Layer Analysis. Laminar and Turbulent boundary layer
theory with stability criteria has been used to analyze the
groundflow. Reference is also made to the work done on the
vell jJet by M. B. Glauvert.

17a. Inviscid Flow Assumption.
17Tb. Viscous Flow allowed.
17c. Incompressible Flow assumed.

‘ 17d. Compressibility alloweé.
17e. Two dimensional problem, or axially symeti'ic.

17f. Three dimensional problem.

17g. Steady Flow assumed.

1Th. Unsteady I'low allowed.

174. Uniform Blade Loading assumed for a rotor.

17j. Non-uniform blade loading.

1Tk. Uniform velocity distribution assumed at a jet nozzle exit.

171. Non=-uniform velocity distribution.

3l
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V. The Effect of Wind on the Jet
Introduction

One of the gimpleet forms of the downwash prodblem is the normally
impinging Jet as produced by a jet lift V/STOL aircraft vwith its engine
nozzle axeg ;erpeniiculer to the ground. [t has the advantage of axial
syrmelry and non-ro*ational flowv. This problem has been considered by
several authors who used the m:thods of separation of varisbles or sing-
ularities. In both m>thods the general idea is to solve, by some tria!
and error technique, for location of the flow boundary, knowing its
condition.

When the normally Impinging Jjet is disturbed in any wvay, it is
necessary to apply perturbestlons to the besic solution to account for
the modification of the flov field. One example of the applicetion of
this idea is the paper by T. Strand in which he approached the prod'em
of oblique impingement and devised a systematic iterative technique to
find the flov boundary (Ref 28). He used the method of separstion of
variables and smal) rerturbation theory. A small scale experiment was
conducted to check the theory and, generally speaking, asgreement was
good except for low values of H/R.

Close examination of Strand's solution led to the conclusion that
there is a similarity between the oblique impingement prodblem and the
effect of a light vind on 8 normally lmpinging jet. One of nis assump-
tions wvas that there is a constant velocity component para'le to the
ground due to the inclination of the jet, and its value depends on the
engle of inclination. Pert of one of the perturbation velocity potentisls
uged in his solution ls for this constant velocity component, but it

could just as well be for surface wind The reference velocity used in his

33




GAM/AE/G9-9

solution ls for this constant velocity component, but it could be for sur-
fece vind. The reference velocity used in his problem is the velocity
along the free streamtube vhich is equal to the peripheral jet exit
velocity. Tor the reinterpreted problem it is assumed that the exit
velocity distribution is uniform, vhich is actually the case for B/R
not less than 2. There 1s evidence that recirculation may be caused by
e wvind as light as one tenth the jet velocity (Ref 7). A wind factor, w,
is defined as Vy/U, and it may vary from O to 1. However, in keeping
vith the intention of using v to perturb a no wind solution, it will not
be allowed to exceed O.1l.

In Strand's paper the angle of inclination, which is equivalent to
the wind factor, 4id not exceed 10 degrees (0.10472 radians). Thus a
vind capadble of producing recirculation is seen to be equivalent to an

inclinatio~ of the jet of approximately 10 degrees.

The Flow Model
The impinging Jjet may be divided into three regions as a result of

experimental observations. These have been described on page 7 of this
report. The free and wall jet regions are mainly influenced by viscous
forces and are well covered by theory. In the impingement or turning
region viscosity is negligidble in comparison with pressure and morentum
forces. Since the flow velocities in this region are relatively low, the
fluid is considered incompressidble. If the Jet remains stationary, as

in hover, it is not difficult to maintain steady flow. With no rotational
mution added to the flow as with 3 roior, vorticity m;y be neglected.

The foregoing assumptions lead to consideration of a steady, irrotational
flov of incompressidble, inviscid fluid. The analysis is restricted in

application to direct lift jet vehicles and possibly those deriving lift

34
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from ducted fans. The flow field is illustrated in Figure 10 end is

_bounded by the free streamtube, the Jjet exit, the ground and a cylindri-

. cal surface ( X,r, ) vhich defines the beginning of the wall jet region.
The details of the solution and the method of Strand are reviewed in the !
) Appendix.
Results |
Strand's solution was programmed on & digital computer and stream- ‘

tube shapes were obtained for the equivalent of the no wind case for
values of H/R of 4, 2, 1 and 0.5. The magitudes of the velocity vectors
along these streamtubes were also given in his peper. For the equivalent
of the wind perturbation case no stream function exists and the stream-
lines in the plane of symmetry must be calculated by stepwise integration
s for the case, H/R=4. Calculated streamlines for the equivalent of v of
0.035 were compured with those for no perturbation and are reproduced in
this report in Figure 1l. No experimental verification of the wind ] 1

effect was available at the time this report was written. ]

Bt L S




GAM/AE/69-9

—mame s

R
g4 —
[ ]
Amblent Free
Pressure Streamtube
" Ul \%

ANV NNVNANNNN NN NNNNNNNNN

Figure 10: The Wind Effect Flov Model (Ref 28)
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Figure 11: Comparison of Streamtube Shapes for the
Unperturbed and Wind Perturbted Cases
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VI. Conclusions and Kecommendations

The literature search revealed that although a great deal of work
has already been done in the aree of downwash impingement, the part-
icular problem of wind induced recirculation has been neglected. Since
the vind is a natural phenomenon and cannot readily be removed from the
flov field, it must either be tolerated or controlled. Thus far it has
been tolerated, but if the mechanisms of its interaction with en imping-
ing Jjet were better understood, wind induced recirculation might be pre-
vented. For example, it is possible that inclining the jet, after the
wind has caused recirculation, will cancel its effect.

Analyticel studies of wind induced recirculation are practically
non-existent due to the complexity of the flow field. However, there
are several solutions for axially symmetric downwash that may be perturted
by a wind vhen the correct epproach is used. The oblique impingement
solution by T. Strand, reviewed and re-interpreted for the case of a
light wind in this report, needs to te examined for a wind speed closer
to the value that is known to produce recirculation ( V,, = 01U, ).
From the re-interpretation of Strand's solution, it appears that inclin-
ing the jet and imposing a wind on it causes the same distortion of its
shape. This might leed one to believe that inclination and wind have
the same effects on recirculation. However, from experimental observa-
tions, inclining the Jjet has little or no effect on tie production of
recirculation. The next step in studying wind induced recirculation
should probably be a model test to verify the predictions of Strand's
analysis, as applied to the wind problem. Analyses and experimental
verifications for the rotor downwash-wind problem are also needed. A

flov visualization study should be conducted to verify such theories as
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trapping of vorticity and to determine the relationships among wind and
Jet veloclty, rotor diameter and height above the ground. The ldea of
using a water tank, particularly for studying the vortical nature of the
flow, should be conesidered seriously. 8ince the subject is relatively

nev, any additional information about wind induced recirculation will be

of value.
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Appendix
Strend's Solution Re-interpreted for Wind Effect

The Governing Equation
The governing partial differential equation for the potential flow

described in Chapter V is lLaplace's equation which, ir cylindrical

coordinates, is written as

1 2 2
The velocity potential, & , is defined by the components Vx , Ve , Ve
of the flow velocity, 8] , anyvhere ir the flow, as follows:
N, = %?— where \I:* V:*V: = Uz (2)
]

No = —
¢ v 3_6
The Wind Vector

Corslider the plane,X=O, pasged through the normally impinging
Jjet ag shown in Figure 12. The velocity vector in this plane consists

of two components, V‘- 5 \'. « Assumirg that there 1s no rotational or

SERERRRR

TFlgure 12: The Velocities in the Plane of the Jet Zxit
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radial motion in the flow issuing from the jet exit,V,*Oand Vy=O .
This restricts the application to direct lift jets or ducted fans.
Let a steady wind, bloving parallel to the ground withwlocity,
Vw , be superimposed on the jet. Since the direction is immaterial,
assume that it blows parallel to 9-0.. Then
Vy = Vwcoes® (3)
Vg = -Vw 3m® (&)
From these components a velocity potential for the wind may be

derived as follows:

& E Ve =V, wse (5)
o
13 & =
v —3:- = V. - \’w$\he (6)
Integration of the above equations yields
D = Vurcwse (7)
Letting V,, = wl,, Equation (7) becomes
P = wlO,reose (8)

Boundary Conditions
l.Vx-Ovhenx-thich satisfies the necessity for a vanishing

normal velocity component at the ground.

T 12 2
2.Vp *Vp = (wUo) anda Vx*Us vhen x=0O. This provides for the

existence of a wind and its velocity potential.
3. U = U, along the free streamtube and at the beginning of the

vell jet regionm.

4, P " Po along the free streamtube, which, through Bernoulli's

equation, implies constant velocity squared.
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Bagic Solution
When the wind perturbeation is restricted to small values, it is

assumed that the velocity potential may be expanded into a series of

the form

] (o) -4 (w)
d = ) + D lur) + 2w (ire) (9)
\) =
)denotes e basic solution which is a first approximation to the

(w)
boundary conditions. The Cb are perturbation potentials which are
added to account for the presence of a light wind.

For axially symmetric flow, the governing equation reduces to

2 2
%%; + %% + —:— %? = 0O (10)
Assume a solution of the form
P k) = XK)R(W) (11)
Substitute this into the governing equation to obtain
%%R+Xg—?, +%—§—E=O (12)

'
Separating variables, Fquation (12) becomes

3 2
_‘..ax —--..\.?_R __LEB (13)

X 3¢ ~ RIF  Re Jw
Both sldes of the equation are equal to the same constant which will

2
be called K . Thus » two ordinary differential equations result:

L3
2
X 4L WX = 0o (14)
. A
\:2'3, -\-r%%- —krR = O (15)
v
Solutions for these equations are
R = Asmkx + Beoskx (16)
k5

e < v

p——
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end R = CI, (kr) + DK, (kr) (17)

vhere A, B, C, D, anda k are unimown. I° and K,are modified
Bessel functions of the first and second kinds respectively, both of

zeroth order.

Substituting for X ard R in Equation (11) a general solutlon is

¢ - ?‘P =§_[A,sn (k) + B, sl J €L, (ke) + DoK(k]®)

Since K.(\&pproachel infinity as v approaches zero,Dhmust be zero.

The remaining constants are evaluated thus:

Vo = %—% = k| Auoslkn - Boamlea) JO, T, (k) €9

s B o [Asale)+Baske) [CL0G) (20

Applying Boundary Condition # 2,

(v, v, )o =0 = -KY_F\,‘ sin (k.0 B,\c@s(k.,o)]chl\(k“p) (21)

. . B, =0
Applying Boundary Condition # 1,

v (hy) = 0 = ku VAwws(ea) ] €, 1, (o) (22)
since k., A.,C, and I, are arbitrary, it follows that ces (\:n\\) =0
From this

(2\»\* \\ n
k, = oy (n = o,t,z...,) (23)
Thus the general solution is
¢n ¥ A\\ Sin (ku"\ CV\Io (.kn") (24)
46
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A particular solution, for n=O, is

P, = Agsin (ko) C T, (ker) (25)

()
Define a dimensional velocity potential ,C‘) !Q\).H and let A.Co' £, !

80 that the final form of the basic solution is {

QD(M = (Uo"\) A s (\t.x) 1, (ker) (26)

The relationships among the velocity potentials, stream functions and

velocity components, in cylindriceal coordinates, are

() (8] (v tv)
- ES->-al\'\<l\l,."\3ﬁ=B—¢i

Ny = - — e
» r Ov ox v OX ov
Performing the differentiation of Equation (26), the stream function

smponents are
(W)

%‘i’_ = ._\nko ACDs (\‘ox) 1. (\(.\*) (27)
r
()
%% = —vk Asm (k) T, (ko) (28)
From Equation (27)
(o) |
b = -Acos(kat)Sko\* Lelde = -vAas()I ()  (20) : ]

From Equation (28)

q)m: ~Akerl (kor\jsv\(\(o“)d*

~v A eos (k) T, (k) (30) -

b7
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Letting-A=C, the basic stream function becomes
()
$ = Cel (k,v) s (kex) (31)

In order to evaluate the constant, C , in Equation (31 use one

of its known coordinates, nemely the rim of the jet exit, (O,R).

q;“‘(o,a\ = CRI(kR) (32)

Solving for C and substituting back into Equation (31) gives

v - v L, (kor) cos{kgx)

—(—;r'—— = (33)
W™ (o,r) RI, (kR)
For the bounding streamtube, (.\)m / (.\)N(O ,R) = 1.
Solving for x, the following implicit relation is obtained
RI.(k,v)
[ H
X = — avgps | ——— 34
ko \-'Il(ker\ (34)
H

for the approximate location of the free streamtube.

The velocity in undisturbed flow is found by differentiation of
Equation (26) with respect to x and r. The sum of the squares of
these components 1s the square of the flow velocity as a function of

position.
Uz = [HUo\‘.A s (kox) lo(k"'\lz

+ [ hUEA s (k) T 060 ]
= (\-\ U° koA)z [Cosz (\(}\ 1 S (\(J\ + S\\: (ko‘)x‘(ko'\l (35)

At the rim of the jet exit, it is assumed that the only component of

L8
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velocity is V%-U.. Using thi~, 1t is possible to evaluate A.
U, = KA cos (k0) I, (k&) HU, (36)

Solving for A and substituting back into Equation (35)

2

@) + sm (kx) T ,v)] (37)

I()

vhich is the approximate flow velocity anywhere in the field.

Perturtation Potentials
Two possible solutions to the governing equation that satisfy

the first two boundery conditions are

¢‘°\ = UK i An Io ()\hr) 5“"()‘“,() (38)
Q)
¢ = U s®|r + HZ% 1 ()\ V)S\v\ “X)] (39)
vhere )\“ = (Z—“;—‘_‘{)—E— (V\ = o,|'z....)

A“and Bh are unknown constants. Note that the first term on the
right hand side of Equation (39), when multiplied by w, 1s the poten-
tial of a uniform wind, Vi, as given in Equation (8).

Employing Boundary Condition 7# 4, the square of the velocity is
obtained from Equations (2) and (9) and is given by

x ™ () «.\

of - [ B [ [ 2B T [ o

Expansion of Equation (40) leeds to

lz\,_o (a¢ ‘Q_Qm _J ﬁ(n & N 5? sﬂ:’;

ax ox : :

(X () (») L] )]
ww B [
+wi } + ... (k1)

k9
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Thigs expression must hold regardless of the value of the wind
factor and so the coefficients of like powers of w must be set equal
on both sides of the equation. The result is a sequence of equations

the first two of which are, neglecting higher order terms,

(%) (o) {» () (l\ (»\
_39392 , 3¢ %9 [U ) (%?)‘z] =0 (u2)

3x  oxX or a"
m‘\) a ¢(u Q¢ (B} %‘U D ¢(0\ L
ﬁ' S(—-F?;]“\' %‘3—;‘\' -Q_Y]_O (43)

(o)
‘Solution of Equation (42) for Jx end St will not only improve on

the basic solution for the normal impingement, no wind problem, but will
provide the input necessary for solutior of Equation (43). The terms
an and w‘,in Equation (43) are the perturbation potentials, or their
E o ’
partial derivatives, that include the effect of the wind.

In his paper Strand used the method of least squares to solve
Equations (42) and (43). First he defined two functions, f(dﬂ and
g( (bm) , that are measures of how well the two equations are satisfied
along the assumed constant pressure toundary. The dir:ctions of the
velocity vectors are known at the poiats ( O,R ) and ( H,r, ). Using
Lagrangian Multipliers, two more functionms, F(CP‘.S and G(Cbm) are defined

thus:

F (¢m) { + m [? (Ok (o R) - Uo]
+/‘l“_a_¢f“(m) + 57 \-\,\-‘) X ] (44)

c@") - & + s Bon) + 0 X (wr) W)

50
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x 2 n &
where f -F(tbm) = g [EQN 4?.] ds + S‘[EQN 42.1 dx .
zﬁe = g¢") = js‘[EQN 43]1 ds + S“[aan%]" dx I

and /\4, s M ,/uv/;‘are Lagrangian Multipliers.

The extrema of f and g are obtained when

E - 28 o 3
M e e
3 _ 6 . 6 _o

and 55, ol T (¥7)

Equations (46) and (47) constitute a determined system of linear
algebraic equatlions for Ap and Bp and the/\A's, 1f a partial sum is
taken in Fquation (38) and (39) and if the approximate location of the

free streamtube is known for the no wind case.

The [terative Method

The streamtube locations for the unperturbed jet, corresponding
3

to the velocity potentiale given in Equations (26) and (38) are calcu-

lated from the corresponding stream finction
q) a Cy I| ()\o\.) S (koX) + h“z‘.A“L ()\“\')Cos()\“x) (48)

by specifying the originating point of the streamtube in the jet exit

plane, (O,R), thus:

-Cr I ()‘OV\ cos (ko)\\ + ‘V‘“i-o A“‘I‘ (k“\p) <os ()‘“X\

= CRT,(WR) + RZ AT (MR) (i)
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Solution of the matrix, Equation (46), ylelds the Ay which are then
used in the implicit expression, Equetion (49), to obtain a closer
approximation to the location of the btounding streamtube. This new
location is inserted in the matrix, Equation (46), for the second
solution of the same equation. The new basic potentiasl,corresponding

to the new location of the streamtube is

$

The superscript on the Ap denotes that they are ottained from the

(w o
Yo H0CL (v s () & HGS AT (st (50)

. first iteration. The convergence was quite rapid provide¢ I, was

not too far from the jet centerline. The limiting value.of YV, de-
creased from about 3R at H/R=k to 1.5R at H/R=0.5.

The final free streamtube for the no wind problem was used in
the solution of the matrix equation for the wind perturbation case,
Equation (47). In order to more nearly equalize th-~ sizes of the
unknown coefficients, each nth term of the series ex;ansions in

Equations (38) and (39) vae arbitrarily divided by lb(kgﬁ.
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