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FOREWORD

This report preseats the results of a study conducted by Mr. David J, Hobler concerning
a means of determining the general downwash flow field parameters for varicus
types of V/STOL aircraft. It consists of a study of past experimental data generated by both
the government and private industry and an analysis of certain theoretical approaches used
in an attempt to achieve data correlation,

This work was conducted under Project No. 8174, Task No, 8174C1. The research coverad
in this report was accomplished from April 1966 to August 1966. This report was submitted by

the author in August 1966,

This technical zeport has been reviewed and is approved.

A, VASILOFF

Technical Area Manager
Ground Supp~rt Branch
Suppott Technology Division
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ABSTRACT

This report presev.” a method of analytically determining the general downwash flow field
parameters of various . ves of V/STOL, aircraft, The basic ditference between the operation
of V/STOL aircraft and coaventional aircraft is their method of take-off and landing. During
these operations, V/STOL -ircraft produce high downwash air velocities that impinge su.u
spread out over the surface of .Jhe ground. Depending on the size, type, and number of engines
on the aircraft, this downwash ca. cause damage to nearby aircraft, equipment, or perscnnel.
Past theoretical metbods based .1 incompressible flow theory have been uasuccessful in
establishing a means of computing Wis uvwuwasn flow field. A combined method, nowever,
of proven experimental data and certais analytical approaches have yielded a useful means of
predicting the general downwash flow field parameters. This report preseunts these approaches
and demonstrates their usefulness,

fit




muﬁpmmm.mmmnm.

AFAPL~TR-66-90

TABLF OF CONTENTS

SECTION
I INTRODVUCTION
n OVERALL FLOW FIELD ANALYSIS
1. General Flow Field Descriptiou
2. Flow Fielu Areas of Analysis
3. Calculation Procedures
&, Free Jet Region (Region )
b. Turuing Region (Region II)
¢ Wall Jet Region (Region III)
4, General Considerations
6. Conclusions and Recommendations
111 GROUNDV./ASH ANALYSIS
1. General Flow Field Description
a. Jet Aircraft Analysis
b. Propeller - Rotor Aircraft Analysis
2. General Considerations
3. Conclusions and Recommendations
v SUMMARY OF V/STOL EXPERIMENTAL DATA
1. Jet Nozzie Performance Data
2. Rotor and Propeller Performance Data
3. Near-Ground Cperattonal Performance

4, Genersl V/STOL Engine Environment and
Alircraft Performance Data

5. Summary of V/STOL Alrcraft Specifications

REFFRENCES

PAGE

13
15
15
21
21
21
24
29
29
31

31




AFAPL~-TR~66-90

JLLUSTRATIONS
FIGURE ) PAGE
1. Schematic of Nozzle Downwast Flow 3
2. Axisymmetric Free Jet from & Civculer Nozzle 5
3. Center Line Velocity of Zones 1 and I of Region I 7
4. Nozzle Center Line Static Pressure Ratio in the Turning Region 10
5. Ground Static Pressure Ratio in Region If i1
6. Ground Velocity Ratio in Region II 12
7. Maximum Velocity of Flow in the Wall Jet Region 14
8. Nomenclature for Zone B of Region III 16
9. Reynolds Number for Region J1I 17
10, Parameters a, b, and @ Versus Reynolds Number 18
11, Veiocity Profiles for Zone B of the Wall Jet Region 19
12, Maximum Ground Velocity at Various Distances from Jet Exit 23
13. Variation in K From Eguation 25 for Various Nozzle Exit Heights 28
14, Maximum Ground Velocity at Various Distances From the Propeller Exit 26
15, Variation in K of Equaiion 25 for Various Propeller Exit Heights 27
16, Ground Dynamic Pressure Decay for Propeller or Rotor at H/D = ¢.4 28
17, Correlation of Theoretical and Experimental Data of Ground
Dynamic Pressure Decay 30
18, Dynamic Pressure Decay of a 1-Inch Circular Convergent Nozzle
in Free Air 33
19, Jet Wake Dynamic Pressure Degradation at the Exit Gas Temperatures 34
20. Jet Wake Differential Tempersture Degradation for a Circular Convergent
Nozzle in Free Air 35
21. Jel Wake Dynamic Pressure and Differential Temperature Survey for a
Circular Convergent Nozzle 3
22, Effect of Ground Plane on Jet Wake Degradation Characteristics for a
Circular Nozzle 37

vi




AFAPL-TR~66~90
ILLUSTRATIONS (CONT’D)

FIGURE PAGE

23. Radial Variation of Local Dynamic Pressure over the Ground

Plane for a Circular Nozzle (from Various References) 38
24. Jet Wake Pressure Degradation at Various Nozzle Pressure

Rstios for a Circular Nozzle k2]
25, Pressure Profiles over the Ground Plane (q{qn) for a Circular

Nozzle 40
26. Differential Temperature Profiles ( t. rn) Adjacent tc the Ground

Plane for a Circular Nozzle 41
27, Comparison Betveen Thecretica: and Experimentai Downwash

Velocities for a Rotor in Free Air 43
28, Dynamic Pressure Decay aud Slipstream Profile of & Propeller and a

Ducted Fan in Free Air 44
29, Velocity Contour Map for a Rotor in Ground Effect and in Free Air 45
30, Static Pressure Distribution for a Rotor 1.0 Radius Above Ground 46
31, Ground Static Pressure for Various Rotor Heights 4
32, Ground Velocity Profiles at Various Rotor Heights for Different

Ground Stations 48
33. Effect of Near-Ground Operation on a Single-Jet~Model Configuration 49
34. Effect of Nozzle Height on Lift Losses for Various Circular Planform

Plate Areas 49
35, Induced Load on Several Planform Plates and Pressure Decay for

Single and Multiple Jet Configurations in Free Air 50
36. Variation in Lift of a Propeller or Rotor and 8 Ducted Fan near the

Ground 51
37. Effect of Ground on Various Aircraft Configurations and Types 52
38. Afrcraft Engine Downwash Environment 54
39, Terrain Registance to Overpressure 55
40, Hovering and Cruise Performance 58
41, STOL Performance - Takeoff Distance over a 50-Foot Obstacle 56

42, Fuel Consumption in Hovering 57

vif




AFAPL-TR-66~90

SYMBOLS

exponent in wall jet, Equation 13, (See Figure 7)

exit ares of duct, ‘t.2
jet nozzle exit area, ft.2

exponent in wall jet, Equation 14, {(See Figure 7}
axial distance from nozzle to point of theoretical jet origin, ft.

diameter of the nozzle or ducted fan, or effective diameter of
slipstream from free propeller or rotor (0.767 Dp), ft.

equivalent diameter of a single jet whose area equals the total
area of the multiple jets, ft.

diameter of propeller or rotor, ft.

disk loading, thrust / T" D2

distance sbove ground, ft.

height of nozzle or propeller exit above ground, ft.
height of aircraft fuselage off the gound, ft.

lift, 1bs.

lift, out of ground effect, tbs,

static pressure in the turning region, lbs/ft.2

atmospheric pressure, lbes/ft.2
local static pressuremeasuredinthe ground plane, Ibs/ft‘Z

stagnuiiop pressure, 1e/ft.2

stagnation pressure at any specified point in the jet wake, lb&'«/ﬂ.2

maxiynum stagnation pressure at any specified point on, or adjacent
to, the ground plane, lb/"x"..2

stagnation presrure at the sozrie exit, lb(s/ft..2

maximum etagnation pressur< at any specified point in the
jet wake, lbs/!t.z

viii
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SYMBOLS (CONT'D)

q downwash dynamic pressure, lbs/ft.z
9 average exhaust exit dynamic pressures, Ibs/t't.2
qg tocal dynamic pressure at any specified point, on or adjacent to,
the ground plane, P, ~ P, ibs/ft.2
g
Imax maximum dvnamic pressure along the ground surface atany radial distance from the
downwash center line, lbs/ft,
q, average dynamic pressure at nozzle exit, Pt - PO, bs/ft.2
q, local dynamic pressure at any specified point in the jet wake,
P, - 7P, lbs/ft 2
tz 0
9 max maximum dyn%mic pressure measured at any specified plane perpendicular fo the
Z axis, lbs/ft.
r radial distance measured from the centerline of the jet nozzle,
ducted faxn, :clur or propelier, fi
r, radtus of outside of jet (Zones I and Il in free jet region only), ft.
ry radius of core of air at U = Um (zone I in free jet region only). ft,
R radius of nozzle or ducted fan or effective radius of slipstream from
free propeller or rctor, ft.
R' equivalent jet radius into turning region, ft.
Rp radius of propeller or rotor. ft.
S urea of removable nozzle plate, .2
t time, hours
to ambient leraperature,°F
tt fotal temperature measured in the jet offlux over the gound plane, *F
.4
t total temperature at nozzle exit, ¥
n
t maximum totui temperatwre measured at any specified plane perpendicular

‘z max to the Z axig, °F

T jet norzle thrust, los,

U vertical velocity, ft/sec.

Um mean velocity reyuired over initial flow area to produce given thrust, ft/sec,
Umux maximumm vertical velocity at g distance Z {rom the nozzle exit, ft./sec,
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SYMBOLS (CONT’D)

v velority, ft/sec.

v horizontsl Velocity, ft/sec.

v maximum radial velocity at a radial distance r from jet centerline equal
g to 2R’, ft/sec.

mean induced velceity in plane of rotor or propeller, (V, = 1/2 fully
developed wake velocity), ft/sec.

Vo local wake velocity ypropelier or rotor). ft/sec.
erax maximum radial velocily at a radial distance i« from the jet centerline,
« ft/sec.
w total airplane weight, lbs.
Wf fuel weight, Iha.
distance from nmozzle core torany point in the mixing region,
measured parallel to the X axis, ft.
X radial distance along the ground measured from the center of the ground
g
plane, ft.
Z vertical distance from nozzle, ducted fa: or prepeller exit, ft,
a term in wali jet expression, a function of Reynolds Number,
S height above the ground where V=1/2 V__, ft. (see Fig. 8)
S3m height of the point of maxinmm velocity, ft.
p density, (bs/%t%)
v kinematic viscosity of air (or fluid), (ftz/sec.)
T, differential temperature at any spe f{ied point on, or adjacent to, the ground
9
plane, tt - t °F
4
T differential temperature at the nozzle exit, '”t - to' °F
n
T2 mox maximum differential femperature msasured at any specified plane
perpendicular to the Z axis, tt - to.“F

Z max
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SECTION I
INTRODUCTICN

The V/STOL aircraft differs from conventional aircraft in that the engine or engine slip-
stream is directed verticaily downward to provide either a partial or complete vertical com-
ponent of lift, This extra lift, inadditionto any normsl wing lift, allows the aircraft to operate
from a very short runway, an area unsuited to conventional aircraft, which gives these air-
craft certain tactical and strategic advantages that other aircrait do not have, This unique
operation, howover, is not amenable to conventional performance analysis, This is especially
true of the engine downwash and the associated flow field slong the ground.

Several problems are encounterec during the nocmal operation of V/STOL aircraft. Since
the discharge air from the engines is directed downward during take-off, hover, and landing,
sorme means must be devised to protect the landing area from the downwash blast. Potential
operaticnal problems csaused by this downwash include erosjon of the landing surface, wind
and debris hazards fo nearby personnel and equipment, and possible damage to the aircraft
itself. With jet sircraft, there is also a problem of het gas reingestion under certain conditions.

In order to analyze any of these problems, an accurate knowledge of the downwash flow field,
must be obtained, The most important sectionof the flow fleld, as far as landing-surface
problems are concerned, is that portion that flows outward along the ground from the aircraft.
1t is this portion of the flow fieldthat creates the serious ground erosion and recivculation
problems,

Section II of this report describes gemeral analytical methods oi determining useful flow
field parameters for various V/STOL aircraft. The most recent exberimenta! data has been
introduced, together with availabie theoretical methods ofanalysis, Bofh are combined to provide
a nominal sciution for the general flow field parameters based ob ihe jet nozzle, The flow
{ield ‘s broken down inio three regions and analytical equations aredintroduced for each. This
se xtion of the report is especially helpful to those interesied in ¢btaining a complete study
of the downwash flow field,

Section III of this report is devoted to a rapid method for estim.siting the groundwash para-
meters only at any desired point away from the aircraft. The equatigns are based on the theory
presented in section II; assumptions have been made that allpw solutions to groundwash
parameters for both propeller and jet aircraft,

Section IV is a summary of the latest V/STOL research dafa pertinent to this problem.
It consists of nozzle and rotor or propelier performance data, ngéar-ground cperational per-
formance, general V/STOL engine evironment and aircraft performpince dats, and a summary of
the specifications on the latest V/STOL aircraft.
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SECTION I

OVERALL FLOW FIELD ANALYSIS

1. GENERALFLOW FIELDDESCRIPTION

in general, the engine downwash is assumed to flow vertically downward until it encounters
the ground, and then it spreads out radially over the ground, Since each tyne of V/STOL engine
produces a different exit gas flow, analytical means may not be available to compute the down-
wash from each type of engine with any degree of accuracy. One analytical method has been
established, however, to compute the downwash flow field of a jet nozzle accurately, It is
these equations and certain modifications and ussumptions that can be used to determine the
flow fields of the remainder of the engines. Fortunately, the flow field along the ground, which
is the most critical and important one foraircraft operacion, lends itself to analytical solutions
that can be applied to all types of V/STOL aircraft. Experimental data included in Section IV
in graphical form can be compared with the analytical results contained in Section L

2. FLOw FIELD AREAS OF ANALYSIS

Analytical studies of downwash phenomena in the past (see references) have shown that
certain areas of the flow field lend themselves to quite accurate analysis, while others depend
to a great extent on past experimental data and certain assumptions. The flow field has been
divided into three regions, as shown in Figure 1 which are briefly described as follows:

a. Free Jet Region (Region 1),

This region extends from the nozzle exit to an/unlimited distance away from the exit. The
rozzle discharge is rot influenced by the ground i this region and, therefore, these equations
are often used to determine free jet decay data, The static pressure within the nozzle down~
wash is assumed to be equal to the ambient pressure. As applied to V/STOL downwash data,
which concerns itself with data within ten nozzle diameters (H/D = 10) above from the
ground, this region terminates at the specific point above the ground where Region II begins.

b. Turning Region (Region II),

This region commences where Region I ends; it generally begins about one and one-haif
nozzle diameters (4/D = 1,5) above the ground and ends at a distance along the ground of about
two nozzle diameters from the jet centerline. In this region, the direction of the air is turned
from vertical tohorizontal and the static pressure varies from a maximum at the jet centerline
to ambient at the outer edge of the region.

c. Wall Jet Region (Region 1T,

The wall jet region extends from the end of Region 1I out to infinity (or to a point where the
velocity is essentially zero). The flow is essentially parallel tc the surface of the ground and
moves radially outward in all directions from the jet centerline, The static pressure along
the ground is equal to ambient,

These three regions which compri. - the entire downwash flow field will now be discussed
in detail. Equations w'll be presented and procedures for calculations will be listed.




AFAPL-TR-66-90

MO1d geumumoq eyzzoN Jo opBWeYOg

‘ll _mmll."

‘T eanBrg

LULLLLLLZL 1224220010777 LLLL2t2 22000 \\\\\L\\\.\\k\\\\\\\\mN\\\\\\\\\\\\\\\\N\\\\\\\\\

—

II NOI93N
- II NOI93Y

ﬁ|

I NOIS3Y

!

I3A37 ANNOND

Q HLINVIO 40 37Z20N l\A\JG




AFAPL-TR-66~90

3. CALCULATION PROCEDURES

The calculations used to determine downwash parameters are based on a series of equations
and graphs. The procedure is arranged so that the flow parameters can be calculated beginning
at the nozzle(Region I) and extending down through Regions II and IIl. Thus, ifonly ground flow
data is desired, for example, the preliminary equations of Region I or II can be easily
eliminated from the analysis. This allows for a more rapid investigation of only those para-
meters that are pertinent o the problem. The equations and graphs have been presented in
terms of ratios of velocity, pressure, temperature, and distance and are based on the nozzle

exit conditions. Incompressible flow has been assumed in all areas (PT = P0+1/2p VZ).

Additional detailed information on the theory and derivations of these equations can be found
in References 1 through 7.
a, Free Jdet Region (Region 1)

The free jet region {Region I) is divided into three zones, as shown in Figure 2. The flow
field in this region is similar to the flow from a nozzle or an orifice, and these flows have been
examined previously by several investigators, Keuthe examined the turbulent mixing zones ¢i
a jet from a nozzle, subdivided the flow region into the three zones shown in Figure 2, and
presented a solution for Zone L Squire arnd Tronncer also examined the free jet region ¢/ a
nozzle; the deriviation of their solutions for Zones I and II are presented in Referen.. 4,
_The work of these investigators was restriced to incompressible flow, however, and assumed
a uniform velocity profile at the exit of the nozzle. This last assumption affects Zones I and 1I
while the flow in Zone III will apply'to any jet. The work of Keuthe appears to be the most
complete. The expressions used in this report will be taken from the work of Squire and
Trouncer, however, since their expressions are presented in a much simpler form, and the
results agree quite well with Keuthe’s results.

Zone I of the free jet region consists of a turbulent mixing shell currounding a conical
core whose velocity is equalto the exit velocity, At a puint approximately 4.2 nozzle diameters
downstream of the nozzle exit, the cntire downwash becomes turbulent. Beyond this point,
the centerline velocity hegins to decrease, and the shape of the velocity profile approaches
that of a parabola, Zone II extends from Z/D = 4.2 to Z/D=9 and the flow is entirely turbulent,
The maximum velocity along the jet centerline at any distance away from the nozzle is well
defined. The flow is essentially intransitionand is developing the general flow characteristice
of Zone IIL Zone Il begins at Z/D=9 and extends to the turning region. The maximum velocity
in Zone I is inversely proportional to the distance Z + C, which is measured from the
theoretical jet origin,

Equations are provided so that an outline of the jet downwash canbe estimated, The pro-
cedures and equations for computing the parameters for the jet downwash are presented
as follows.

{1) Zone I, Free Jet

The following equations can be used for calcniating the parameters for the region between
Z/D=0to Z/D = 4.2,

Core Area Equations

F
or ¢ <t _U_ :.‘.Jﬂl : 1.0
! Um Um
For rls r<r
o
"o
R : i+ 03335 Z/0 (1)
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Turbulent Area Equations

"

— = |- 0.238 Z/D (2
R
o _r
) | [ R
e — f1= cosW | ————— (3)
% [__H
R R

(2) Zone II, Free Jet

The following equations can be used for calculating the parameters for the region between
Z/D= 4.2t Z/D =9.0,

U

—rar , determine from Figure 3

Um

[/

; = 12 + 02865 2/D (4)
x ~‘ 3\

y = L I+ cos ~R (5)

Umnax 2 fo J
R

(3) Zone HI, Free Jet

The following equations can be used for calculating the parameters for the region between
Z/D = 9.0 and ihe turning region, Region IL

U
—-—%91— =6.57/(Z/D + C/D} (6)
m
u B
— =l 14 5756 (7)
Umox [ (Z +C ) ]
C/D = 1.44 (for a nozz'e with o uniform exit velocity )

This completes the equations for Region L

There is a discontinuity of the velocity profiles between Zones 11 and 11I which is caused by
the differert fiow as.:mptions used in each wone. The Zone 11l equations, which were taken
from Schlichting, provide values that are considerably more accurate than those for Zone
IL In general, the downwash {rom any hovering vehicle w.ill develop Zone 1l flow character-
istics at a Z/D = 9. Unfortunately, in most of the work coensidered in this report, the turning
region begins at Z/D ratios much lower than 9.0, In this case, these egiations may not be
very useful,

b. Turning Region _(}}egion 1

The turning region hes been defined as that portion of the downwash where the general
direction of flow changes from vertical to horizcntal along the ground. The flow may enter
Reglon 1l from any of the zones of Region I; {or this analysis, the turning region has been de-
fined as having an initial redius of R’ at & beight of 1.5R’ above the ground (see Figure 1) and
is assumed to end at a distance of 2 R along the ground from the jet centerline, The profiles
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of the zones in Region I have different boundary equations: therefore, different expressions
must be used to determine the values of R'. The following equations define R’ for each of the
ranges in which the turning region might start:

Equation Useful Range
R'/R = 0.0461 H/D + 0.9654 0<H/DS51
R'/R = 0,1310 H/D + 0.5420 5.1 < H/D €104
R'/R = 0,1505 H/D + 0.2187 10.4< H/D < @

The maximum velocity along the ground will occur at the exit of the turning region, at the
distance r = 2R’ from the jet centerline, This location of maximum ground velocity is the point
where ground erosion is expected to start. The magnitude of this velocity (Vg) is assumed to

be equal to the maximum vertical velocity of Region I, at the distance Z = H+2R', The
appropriate equation for Region I or Figure 3 may be used to determine this value. Equations
that can be used {o determinc the height of the maximum velocity along the ground are in~
cluded with the equations for the wall jet region.

A review of the literature on flow fields yielded very little information pertaining to the
turning region. No practical theories could be found tv describe this region with any degree of
accuracy. The expressions and assumptions defining the flow field presented here contain mcat
of the information found. These assumptions include:

(1) The flow is isentropic;
(2) Incompressible flow equations are applicable;
(3) The nozzle discharge velocity profile is uniform;
(4) The flow is perpendicular to a large flat plate;
(5) The nozzle is located at Jeast 3 radii away from the flat plate.
Most of the investigators conducted their research using assumptions zimilar to these,

A more detailed study of the turning region is presented in Reference 6. A synopsis of that
work is presented in the remainder of this subsection for the convernience of those readers who
are interested. The theory is shown graphically in Figures 4, 5, and 6,

Thre flew near the intersection of the norele centerline and the ground is described as
follows:

Ve = ox (8)
Vy = 2 oy (9
¥ o= 0,! y {1

= constant

= horizontal distance parallel to the ground
vertical distance

borirontal component of velocity

where

!l "o

a3
X
y
V
v = vertical component of velocity
¥ =

stream function, constant along any streamline.
The constants are evaluated as follows: The line for constant velocity potential that passes

through the point where the ground and the jet centerline mecet will be straight with a slope of
v,/2 . The velocity will vary linearly along this iine {rom gero at the origin to U, on the

O
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free stream line. The coordinates of the free stream line and the velocity potential line may be
found by means of the continuity equation. The norzle exit flow may then be set equal to the
flow across the velocity potential line, The welocity (v} at any point along the velocity potential
line may be given by:

valp (x/xg )

where x, equals the radius to the edge of the fluid flow, Making use of the continuity equation
gives:

Xe Xe
wREUp = [ vaR 2w V37Z [y (x/xg) xdx (n
o °

Solving Equation 11 yields:
xg = L1067 R=¢
Ye =0.7825% R= h
Then
Ve= Uy a'/R) s (12}

Vy = 2 Wy d/RIR 13)

At the intersection point,

r 2 2
‘Jm-Vl +Vy

Substituting the coordinates in the above equation anrd Jetting Um equal unity, we obtain a' = 0,5217,

The velocity along the ground (y = 0) and along the jet center line (x = 0) may be found by
using Equ.tions 12 and 13. Since the velocity {v) cannof exceed Um and P... 15 & coustant, sub~

atituting inlo the incompressible flow equation for the stat . pressur along the ground yields.
- S 2
P =Py 5 P 10527 U, r/R]
Dividing by F, gives:

P/Pr = - (05217 ¢ /7RI (pu, ¥ 2P
Since P, = total pressure - l»’.‘z’,:)l.lm2
P/Py = 1-02722 (r/R) v

The jet center line static pressure iz shown in Figure 4. The sgreement between the
experimental date and theory is accurzte to a height of only about h/Ii = 0.4, The static
pressure aloug the ground ir shown in Figure 5, The agreement bere extends out to a radial
distance of about one noszle diameter. Using the inoompressible flow oquation to dewrmine the
appropriate velocities, we obtain Figure 6. Ag»inthe agreement hetween experiment and theory
is quite good. It is well to uoin here that there is almost complete recovery of the nozzle exit
velocity, even for noxzle beights of 4.0.

S R
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Equation 14 may be generalized by introducing the previously developed term R’, which is
the radius of the free jet profile at the beginning of the turning region and st a height of 1.5 R’
above the ground.

P/Py = 1-0.2722 (e 7R (15

This equation should be used only over that interval where theory and experimeatal data agree,

As previously stated, the attempts to develop any general expreseions for the flow through-
out the turning region have been unsuccessful, The previous assumptions may be quite naive in
some zpplications, but they are useful in viow of the correlation of Figures 4, 5, and 6 with
experimental data. It still appears, however, that the best description can be obtained from
actual test data under realistic conditions.

c. Wall Jet Region {Region 1T)

The flow in the wall jet region moves radially along the ground away from the jet center
line. This region is assumed to begin at r = 2R and to continue out to r = @ , (infinity) or to
the point where the ground welocity becomes zero. The region is broken down into two zones
as shown in Figure 7, Zone A starts at r = 2R’ and continues to r = 5 R', Special analysis must
be conducted here, since the flow ia in transition from the turning region and develops the
general characteristics of Zone B. Zone B begins at r = 5R'and continues out to infinity.

The only useful information to describe Zone A' was obtzined from experimentai data. The
curve in Figure 7 describing the decrease in maximum velocity was taken from Referencs 1i.
Ia Zone B the rate of decay of the velocity and a velocity profile have been established by
Glauret and by Poreh and Cermack. The work of Glauret will be used here since it appears to
give the best results. Only the basic equations will be presented here; a more detailed in-
vestigation can be obtained from References 5 and 12,

Figure 7 shows the decrease in maximum velocity throughout Zone A. The data is pre-
sented as a function of velocity entering the turning region; this velocity waa determined to
be that of the free jet region at a distance Z = H + 2R'from the exit of the nozzle. The
height of maximum velocity in the ground slipstream in Zone A wili be estimated from in~
formation obtained in Zone B.

The equations describing the flow in Zone B of Region 11l are presented below, They are
similar to e equations in Region 1, and provide a method of obtaining the rate of decay of the
ground velocity and of determining the velocity profile at any station along the ground (see
Figure 8). The procedures for calculating these parameters are as follows:

For the beginning of Zone B at r = 5K,

(i) Obtain anx from Figure 7 at r = 5R;

(2) From standard air tables determine the kinematic viscosity of the air;
(3) Calculate 8 from the following equation:

0.134 R
A (16)
R’ ( Vimax )z
v T * (
(4) Eviluate the icrm ':m and obtain the wall jet reynolds number from figure 9.

{For - simplicity, the reynolds number may be assumed constant throughout Zone B.)
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(5) Calculate 3, /3 from the following equation:

83,/8 = 1.3 /1.3 + RN>' (17)

(6) Determine the values of a, b, and @ From figure 10.
7) Determine the maximum velocity, V. max’ and the height, 8, at any distznce, r, in Zone

B by using the foliowing equs.tions:
’ Q
Vimax * (Vmaxlggt (SR /1) (e
8 = 18) 5 (r/5R)® )

(8) Evaluate from Figure 11, the actual velocity profile, using the results of the above
equations,

(9) Assume for Zoane A, that the height of the ngnmium vech:ty varies linearly ».om a
value of zero at the jet center line to the value at r=5

No equations have been developed to describe the flow in Zone A of Region III since this
flow is in transition. The assumption made in Step 9 appears reasonable, however, from an
analysis of pressures and velocities in the turning region and the estabhshed equations of
Zone B in Region II1,

4. GENERAL (‘ONSIDERATIONS

. The..acouracy ‘of the results of these equations is limited by the assumptions used in
establishlng the calculaiing procedures. The usefulness of the equations will depend on how
wel} the assumptions fulfill the requirements of the particular application.

The equations in Region I are accurate to about 5% for nozzles of uniform exit velocity.
The equatious for Zone 3 of Region I are the most accurate of all those presented, but they
may not be particularly useful for near-ground V/STOL calculations. The value of “C” will
vary for each type of propulsion system. Values between one and two will cover most nozzles,
the value for rotors or propellers, bowever, may be negative. Very little work has been done
in this area so far as determining these coefficients for various propulsion systems.

Equations and data for evaluating the turning region are nonexistent. Most of the values
here are predicted from the data of RegionsIand [T and are based mostly on experimental data,
Ground pressure data from experimental methods also help in estimating this data; however,
information on the amount of turbulence, the turning losses, and the exact physical extent of
the region are nonexistent.

Determining values for Zone A of Region III i8 also highly dependent on experimental in-
formation. Theory for Zone B is reasonably well established; however, values from some of
the assumptions made in Zone A are carriedover to Zone B, along withanyinherenterror.

5. CONCLUSIONS AND RECOMMENDATIONS

A useful system has been presented tu calculate the major parameters of V/STOL engine
downwash, The effectiveress and accuracy of these equations are based on the propulsion
gystem used, the accuracy of the assumptions pr ted, and the compatibility of the experi-
mental data with the desired information,

If truly accurate downwash information i8 required, then the following areas will require
specific investigation:
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e

The effect of nonuniform exit velocity profiles on the engine downwash.

Mixing effects caused by gases of varying densities exiting into air.

The turning region (including overall turning lcsses), actual physical extent of the region,
and an accurate analysis of the location and the change in maximum velocity within the

region.
Zone A of Region Iil where the ground flow is in transition.

20
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SECTION I

GROUNDWASH ANALYSIS

1. GENERAL FLOW FIELD DESCRIPTION

In many instances, Regions I and II of the downwash flow field are of little interest to the
reader. They lake place very near the aircraft, Depending on the aircraft configuration, the
flow field near the aircraft may be disrupted to the point where any desired calculations would
be in error. Of great importance to many engineers, however, is the extent of the groundwash
at greater distances from the aircraft. This is imporiant in regard to determing the required
landing area and providing protection fur personnel and equipment.

It has been shown in Section II that the flow in Zone B of the wall jet region lends itself
to an analytical solution of the groundwash parameters The solutions presented here are based
on these equations. This section will provide a means of estimating the extent of the groundwash
for variou~ V/STOL aircraft. This estimation will be based on the type of aircraft and or the
namber of its engines. The remaining assuriptions are contained in the following analysis.

a. Jet Aircraft Analysis

In determining the ground pressure or velocity decay at any radial point away from the
aircraft, the foliowing assumptious are made,

(1) The flowfield at the beginuing of Region I has an area equivalent to the sum of the exit
areas of the individual lift engines of toe aircraft,

(2) The exit velocity is uniform over this equivalent area and impinges normally uo a re~
latively fiat surface,

(3) The centerline of the equivalent norzle area coincides with the centroid of the areas of
the individual nozzles.

The solutions presented here provide for a means of bypassingthe initiai downwash equations
of SectionIi and allow for an immediate solution of the groundwash at any desired distance from
the aircraft. Equation 18 Section Il defines the maximum velocity along the ground {V }as a
function of the distance (r) from the aircrafl: max

Voo (V {5R' /e1° (70!

max max 'sR’

Dividing by Uy and for distances r > SR, Equation 20 becores

v Q
Vmax . (__!ga_g.__) ) (__\i‘i) (*2_'5‘3,9‘*) (21)

Upn Vg SR Um R

At enlering Zone B of Region 111, \'muz(xﬁzl Vg. Then

v v SR \0 , Dy 10 .
gL o521 Ui- (E ) (=) 122

where ngl?m is determined from Figure 12 at the value where 2/D=1/D « H/R and R/R is
defined in Equations of Section I1 b with the appropriate H/D value.
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The exponent, a, in the above equations is a function teynolds Number as shown in Figure
10. For simplicity, an average value of 1.15 is assumed. Equation 22 then becomes:

Vmax Vg RS De 113
T = 1.493 —U': (—R-) ("—'-') (23)
which may be written as
Vmux D. I3
o - (—) (24)
and
K= 1493 Yo Ry (25
T Um (R / -

since D/r is not a function of R'/R or vg/Um"
Figure 13 has been plotied to determine at which H/D value the term K is & maximun, it
can be seen that v/D for a particular vmax/Um is 2 maximum at H/D = 3.914, This is the

condition for maximum extent of the ground flow, and this value will be used to determine the
final eyuations.

The groundwash diameter, Dre , as a function of either the velocity or the pressure at any

desired point can be obtained from Equation 24

where De Venox !
ee Dreq
2
Then
o 1 L
req Ty, U )
g ARTs ()
2 De Veax
or
u s
Dieg = 3256 D) (o™ ) (26
\'mru
Also :
o EX)
Dreq =3 226 (D¢) ("6::} ) (77)
Jx
For nozrles, in-wing fans, or ducted fans,
- 28
Q, - T /Ac {28

It should be notod that the diametes D, in Equations 26 and 27 represents the equivalent
diameter of all the nozzles of the aircraft as dizcussed at the bewinning of this s action, N
cogines of equat size are used, then

D, = VN (D} (29;
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Fquations 26 and 27 then define the maximum velocities and pressures at any desired

distance from the aircraft. For example, assume a single jet engine 1 foot in diameter has
an ex't gas velocity of 1500 ft/sec. At what distance from the aircraft will the velocity be 50

ft/sec.?

From Equation 26,
)

D,.. =3256(1) (1500 /50)"° = 63 feet

req

T distance from the engine centerlixie would be approximately 21.5 feet,
b. Propeller-Rotor Aircraft Analysis

A review of the available literature yielded very little information on the dynamic pressure
decay of the downwash from a rotor or propeller. Most of the information presented here is
based on References 11 and 14.

Equations are needed to determine at what height the rotor or propeller will produce the
maximum ground dynamic pressure. The work is similar to that performed in Section II.
From Equation 25:

vV, R' {.18
= 2 (.
K= 1493 U, ( =)

Vg/Um can be obtained from Figure 14'at Z/D =H/D + R'/R, where R’/R = 0.0461 H/D +
0.9654, assuming a maximum value of 0<H/D<5.1. Again, plotting K vs, H/D shows that V g/Um

for a particular r/D is a maximum at H/D = 0.4. This is shown in Figure 15. All calculations
will now be based on this value. For H/D = 0.4, R'/R = 0,984, and from Figure 7 me/vg

may be plotted against r/D. Since Z/D=H/D + R'/R = H/D + 2R'/D = 0.4 + 0.984 = 1.384, from
Figure 14 Z/D = 1,384 and V {Um =U /Um =1.006. Using these values the variation of

Vm a:/Um may be obtained withr/Dg. The corresponding pressures 9., ax/qe with /D, is plot-
ted in Figure 16 where r equale the required radius =D re q/ 2and D e equals the equivalent

rotor or ller diameter. Also D = 0.707 D, and D_=0.707vV/ND___.
prope prop e ' prop

Figure 16 allows for the solution of groundwash problems involving propeller or rotor air-
oraft.

For Example, assume a helicopter has a 60-foot diameter rotor with a disk loading of 7psf.
At what distance from the helicopter will the dynamic pressure of the surface downwash decay
to 3 psf?

De =0.707/ N Dyyq, =0.707(60) = 42.5 feet

and
Tmax

q

=377 =0.429. ,
e .

From Figure 15 ¢/ Dy = 2.03

Th=zn .
r= 2.03(42.5) = 86 .3 feet.

Tho rocuired distance, therefore, would be 86.3 feet from the rotor center line. ;
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Figure 13.

H/D

Variation in K From Equation 25 for Various Nozzle Exit Heights
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2. GENERAL CONSIDERATIONS

In order to verify the analytical approaches given above, a research of availabie downwash
data was conducted in hoth areas. References 15and 16 provided the only useful dats found for
a single jet impinging on a flat surface. Figure 17 shows the correlation between this data
and the above theory. The agreement appears good.

There is virtually no data for flow fields created by more than one jet. Reference 17
contains flow field dats for three types of propeller VTOL aircraft, but quantative data
is not available because height to diameter ratios are not givea for the listed data.

To obtain multijet flow data, LTV Vought Aeronautics conducted tests with the XC-142A
aircraft. Final data is still being compiled, but preliminary analysis shows adequate cor-
rejation in view of the limited amount of data.

3. CONCLUSIONS AND RECOMMENDATIONS

The equations and data presented in this section allow for a reasonsbly accurate cal-
culation of the ground downwash parameters. The error is estimated to be lesc than 20%
in all cases and as little as 5% in the work involving the jet nozzle.

Other items that have not been considered are the configu-ation of the aircraft itself, the
location of the wing and its planform, the closeness of the engine exits to the ground, and the
relative flatness of the ground itself. Allthese factors have a great influence on the flow along
the ground. Another important physical parameter that is ofien ignored is the ambient wind
condition. This parameter would appear to have a great effect on the extent of the surface
flow relative to the other factors.
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SECTION IV
SUMMARY OF V/STOL EXPERIMFNTAL DATA

This section contains the latest research data on downwash in the area of V/STOL ex-
perimentation. Most of the data presented bere has been obtained experimentally, but
theoretical curves are furnished for purposes of comparison. The purpose of this section is
to preseat 2 general comprehensive tabulation of the latest experimental data on V/STOL
propulgion systems and aircraft including the following:

a, Jet nozzle performance data

b. Rotor and propeller performance data

¢. Near-goound operational performance

d. General V/STOL engine eavironment and aircraft performance data
e, Summary of V/STOL aircraft specifications

Although this discussion is not intended to interpret in detail all the grapbical information
prescated here, those figures where misunderstandings might occur will be briefly dis-
cussed to clarify the intent,

1. JET NOZZLE PERFORMANCE DATA

Figures 18 through 26 preseat information based pr.marily oo a pozzle pressure ratio of
2.0. This pressure closely parallels the operational pressure of 2 pozzle on a jet engine at
military power., Some of the curves also include nozzle operation at 1200 °F, which, com-~
bined with the pressure ratio data, allows for very accurate estimations of actual jet nozzle
performance. The difference between operating with an ambient temperature gas and the
1200 °F gus a8 applied to the downwashdecay parameter i8 shown in Figure 19. The difference
in values between the two curves shows the relative difference in mixing of the two exit gases
when discharged into ambieat air.

Figure 20 shows the reduction in exit gas temperature with distance from the nozzle.
The effect of nozzle operation at 5 nozzle diameters ubove the ground is shown in Figure 22,
The values for pressure and temperature with ground effect were slightly less than those for
free air. The exact reason for this is not completely understood since no accurate know-
ledge of the airflow in this region is available,

Figure 23 presents the findings of three different investigators in the study of maximum
surface velocity, A wide variation appears to exist in the curves of this figure. This vari-
ation exists because maximum recovery of the morzle velocity is a function of H/D, and the
curves are based on different values of H/D. The curve of Reference 11 is based oo ac am-~
bient airflow at an H/D = 1.0, and that of Referonce 29 18 bused on a pressure ratio of 2.0,
8 gastemperature of 1200 *F, and an H/D of approximately 5.0. Correcting these curves for one
pressure, temperature, and height ratio would have resulted in very close agreement of
this data.

The effect of nozzle pressur» ratio is shown in Figure 24. The slight decrease in downwash
decay at the higher pressure ratios is attributed to the effects of compressibility, which start
at a pressure ratio of about 2.0, At greater distances from the engine, the compressibility
becomes almost negligible.

Pressure and tempersiure profiles over the ground surface are shown in Figures 25 and
26. The dats is plotted for a nozrle beight of 5.0 diameters, which is typical of operational
nozzle heights for curreat design VTOL aircraft. Data is plotted for five different radial
stations away from the nozzle center line.
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An effort has been made to presen' this data with parameters that could provide a direct
comparison of the data of each refervnce. Different instrumentation techniques were used,
however, and there were generally diffcrent test objectives, so this is seldom possible. The
technique used in Reference 28, where the pressures and temperatures are presented as
differentials, appears to provide the %est test data, As previously mentioned, it also closely
simulates actual jet nozzle operation.

2. ROTOR AND PROPELLER PERFORMANCE DATA

The curves presented in Figures 27 through 32 are based on data obtained in experiments
using a two-foot diameter rotor. Most of the information was obtained from Reference 23. With
certain reservations, the information presented here could also be appliext to propelier systems,
particularly to the near-ground pe.formance charts,

Figure 27 shows the difference between two theoretical assumptions of disc loadings for the
fully developed wake and the values measured at the rotor planeand 1.2 radii below the rotor
plane. Variations in the number of blades, the collective pitch, and other parameters would
produce certain quantitative differences in load distribution but the general configuration of
the curve would be the same.

The difference in slipstream profilesof a ducted fan and a propeller are shown in Figure 28,
As expected, the exit profile for the ducted fan is much more uniform than that for the open
propeller. This uniformity is the result of the ducting around the fan, which prevents the normai
contraction of the slipstream. The decay rates are almost identica! at distances beyond two
exit diameters. The open propeller or rotor realizes a significant increase in lift at low height-
to-diameter values. Rotors may operate at H/D ratios of 0.25 when taking off, so this induced
lift is very beneficial. The ducted fan obtains some induced liit, but the amount is highly de-
pendent on blade angle (See Figure 36).

Figures 29 and 30 show the velocity distribution and static pressure contours for a rotor
at near—ground operation and for one operating out of ground effect. The velocity contours are
different because in near-ground operation the wake cannot develop fully before the downwash
is turned along the ground. Relatively high upward velocities are evident at the rotor center line,
and negative static pressures are experienced ai the blade tip due to the rotor tip vortices. The
effective stagnation point in the downwash is located at a distance of about 0.8 radius. The
pressure drops off rapidly beyond this point with the rapid acceleration of the downwash along
the ground. Inboard of this point there i a relatively high but constant pressure distribution
as a result of the two converging downwashes under the rotor center line.

Figure 31 shows that the ground static pressure increases as the rotor height decreases, but
only to a certain ratic. At & rotor height of about 0.5 radius, a sharp drop in the ground pres-
sure appears, which is believed to be caused by a high velocity vortex escaping at the rotor
center line. Although it is not completely understood, it is probably a result of the conservation
of angular momentum of the air flowing radially inward along the ground.

The ground velocity profiles in Figure 32 show some peculiar characteristics. At stations
2.4 and 3.4 radii from the center line, the maximum velocity increases rather than decreases
witk rotor height up toa beight of 5 radif. This characteristic is assumed to be the result of the
difference in wake profiles observed at station 1.5. A parrower high-speed wake teods to dis-
sipate more quickly than a wider moderate-velocity wake, The larger static pressure poteatial
at station 1.5 also may tend to accelerate the wakes of the higher rotor positions.

32




oI5 5. Wy A

e i b

AFAPL-~-TR~-66-90
Z/0= 1.0 Z/0= 3.0 2/0= 5.0
1.0 1.0 1.0
o
- AR
~N 0-5 ) -. J 0.5 \
o k
0
0 0 0 Lo 0lO o) 10 1.0 0 1.0
X/D '
Z/D = 8.0
‘ -0 \ |.0
. / /\\
08 - 4
AN e 9 ¢ i
t \ ! h
5
Z/D = 12.0
0.6 1.0
N
c \ /J\
7 l 1
x 0.4 ,
2 P, /P =20 \Y %50 1.0
n o
N | |
o . 1
T’."} 2 TORF "\\i
o2b— : — 4 - \\ B
!
| |
93 3 B 2 5 20 ~
D
Firure 18,  Dynari:is Pressure Decay of 2 1-Inch Circular Convergent Nozzle in Froe Alz



AFAPL-TR-66-50

11V 231 4 uf 9aargBirodiua ] 88D 1XH OML 18 UCHIBPEBLEDI(] 3IIB8aI IJWEBUA] 8By 1P

Ry oadn®id

{

Gs2Z
-4 gl [o]] ] 3 |4 2 Q
; . Y ¥ v T
_ ! ! !
. ' |
v !
et # M e i}
| ° ;
0z = %g/ W
FIZZON LNIDHIANCD HYINDEID
I .- ! b e b ]
| : :
7 ay . ,~ i e
oo B .
* H
|
i !
| !
| |

20

v 0

IDWZ

Y

80




AFAPL-TR~-66-90

JuadreAuo IuMoIlD B J0j uonspried aamjsradwel [e1ILexeyid exsm jop

IV @83 Uf 9[2ZON

07 eaniil
Q/szZ
& m_ m 5 4 2 06
! _ -
. | —
w.
_ ~12°0
J
/l d0008i r b MZJ
// 02 = O&\ C«& &
. YRS
)
1 K 20
/ 80

&)

-




AFAPL~-TR-66-90

9[2ZON JUaBI3au0) 1BMOIID

¥ 10} AsAang sanjeradwal [BIIUOILIIIQ PUB OINEHLI OjUIBUA(T @Xea 190 12 oImBrg
asz
@ 91 b1 2l ol e 9 2 2 e
/l.l.T.l!ll /t/
. ™~ _10 ot
Ya,2, T — fo'os
/L
| 70~ .
_||l|\ﬁ|\1A - S ) p—— &0
L —9 o~ | 80 T
\\\ \4\\. 2]
¢ arx
AN ot 40002:=
T
-5 204,94
~——— 90 [.// 80 / 0=/
— ) — }IW $0
o ——— i'0 \\
U, 7 .
b b —
s —— 0
f ]
o0o=
‘ | .00

36




AFAFL~-TR-66-90

NOZZLE OUT OF GROIND EFFECT
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Figure 22, - Effect of Ground Plane on Jet Wake Degradation Characteristics for a
Circular Nozzle
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3. NEAR-GROUND OPERATIONAL PERFORMANCE

In almost all cases, jet nozzle operation within ground effect is unfavorable. Figure 33
shows lift losses are as high as 40% of the free air lift. The lower curve in Figure 33 shows
this effect to be present outto s nozzle height of five diameters (the fusclage height and nozzle
exit beight are assumed to be the same). This test was conducted with an airplane model, and
no separate breakdown of lift losses was determined; therefore, it is difficult to estimate the
losses due to the engine itself. The negative pressure on the wings and fuselage due to the
engive operation may contribute most of this lift loss.

The use of a perforated plate over the flat surface eliminated the ‘‘suzkdown’' effocts until
a height ratio of less than 3 was reached. Figure 34 shows the regults of a suckdown tes. in-
volving the use of avariable area circular plate located at the nozziz exit. The loss in lift does
not appear unreasonsble until plate-to-nozzle ares ratios reach30ormore. This loss rep-
resents the induced load on the plste due to the jet exiting under it and also represents the
nozzle losses due to ground effect, It appears that the nozzie losses due to high back pressure
are not affected until values of /D of 3 or 4 are reached. Studies were alsc conducted on a
four-jet and eight-jet configuration exiting under a delta wing model. The four and eight-jet
configurations were located in rectangular patierns under the fuselage. Induced lift losses and
the dewnwash decay patternare shown in Figure 35. The eighi-jet configuration shows the most
rapid decay curve, but it also shows the greatest lift losses.

The aear-ground operational performance of a rotor and ducted fan are shown in Figure 36.
The rotor realizes the greatest benefit of near~ground operatica, but this is not frue for the
ducted fan. Blade stall occurs at near-ground operationunless a very low blade angle is used,
and a low blade angle would give very poor cruise performance if the engine is used for both
lift and cruise. ‘Likewise, if the optimum biade angle for cruise is used for take-off, a definite
loss in lift would resuit.

The ground effect on several aircraft is shown in Figure 37. Propeller aircraft all benefit
from operaticn near the ground. The four-propelter model berefits less than the two-propeller
madel because of the interference of the downwashes from adjacent engines. It also has smaller
diameter propellers which cowd provide less iaduced lift, ‘The X-14 deflected jet shows losses
greater than 10% at fuselage heights of less than two, This is typical of most lift jets exiting
near or under the fuselage.

4. GENERAL V/STOL ENGINF. ENVIRONMENT AND AIRCRAFT
PERFORMANCE DATA

Figure 38 shows the maximum range of operationof various V/STOL engines. Both the disc
loading and slipstream tempuratures are given forvaluesat the exii of the propulsion system,
Figure 39 indicates the point where ground erosion will commence for various type soils.
Differences in these values may cxist, depending on the amount of moisture and the relative
configuration of the terrain,

In any discussion of V/STOL aircraft, certain performance parameters are always para-
mount in deciding as to what type vehicle to use for a particular mission. Several of these im-
wortant parameters are preseated in the final three figures, The hovering and cruise per-
formauce shown in Figure 40 is based oa a coasumption of fuel during hover of 3% of the air-
craft gross weight; this would inciude hover for both take-~off und landing. The helicopter
offers the best hover performance but algo the poorest cruising speed. The reverse is true of
the turbojet, where bover times must be limited (o 3 minutes or less.
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A possible trade-off between these two extremes is shown in Figure 41, This comparison is
for an overioad condition of 207 above that of VTOL weight. ‘The rotor configurations have ref-
atively high take-off distances because of the Jow power requirement in hovering and the Jow
varialion in power with speed. The tilt duct and flapped tilt wing make use of the highly
efficient wing for needed lift, while the remaining types suffer from problems suchas short wing
span and peor load distribution during transition in take-off and ianding. The final figure,
Figure 42, indicates the fuel consumption required in hovering. The amount of fuc] consumed
by the turhojet for a hover time of one hour approaches the weight of the aircraft. The rotor
aircraft shows the best performance where hover times of several hours may be required.

5. SUMMARY OF V/S8TOL AIRCRAFT SPECIFICATIONS

Table ! provides a listing of the latest specifications for V/STOL uivcraft (including heli-
copters). This is provided not only as a general source of information but alsc as a reference
for specific aircraft dimensions for use in Sections i and I of this veport. All of the in~
formation contained here has been taken from ‘Janes’ - All the World’s Aircraft,”” 1964
thru 1966 editions,
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