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ABSTRACT 

Engineering methods a r e  presented  f o r  p r e d i c t i n g  t h e  temp- 
e r a t u r e s  and ve loc i t i e s  i n  t h e  v i c i n i t y  o f  v e r t i c a l  l i f t  engines  
of jet V/STOL a i r c r a f t  opera t ing  nea r  t h e  ground. The  methods 
a r e  based on e x i s t i n g  t h e o r e t i c a l  ana lyses ,  a v a i l a b l e  tes t  d a t a ,  
and empi r i ca l  and semiempirical  approaches. Parametric v a r i -  
a t i o n s  i n  engine nozzle  diameter ,  p re s su re ,  temperature,  he igh t ,  
and ambient crosswind v e l o c i t y  are considered f o r  s i n g l e - ,  two-, 
and four-nozzle ( r e c t a n g u l a r )  arrangements. Addi t iona l  t e s t  d a t a  
w i l l  be r equ i r ed  t o  adequately v e r i f y  some of t h e  p r e d i c t i o n  
methods . 
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SUMMARY 

This report presents practical engineering methods for 
predicting the velocity and temperature distributions of the flow 
field in the vicinity of vertical jet lift engines of V/STOL 
aircraft operating in ground proximity, These methods are based 
on the existing theoretical analyses, available test data and 
empirical and semi-empirical approaches some of which will be 
required to be verified by future test results, 
ations in engine nozzle diameter, pressure, temperature, height, 
and ambient crosswind velocity are considered for single-, two-, 
and four-nozzle (rectangular) configurations. For these nozzle 
configurations design procedures are also presented for estimating 
the inlet air temperature rise characteristics for top-mounted and 
f orward-f acing inlets. 

Parametric vari- 
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PRACTICAL ENGINEERING METHODS FOR PREDICTING 
S HOT GAS REINGESTION CHARACTERISTICS O F  

V/STOL AIRCRAFT J E T - L I F T  ENGINES 

By L. Gray, E. Kisielowski 
DYNASCIENCES CORPORATION 

SECTION I 

‘INTRODUCTION 

One of the most serious operational problems associated with 
V/STOL jetslift aircraft operating in ground proximity is the down- 
wash impingement of hot gas efflux.from the lift engines and accom- 
panying hot gas recirculation and ingestion into the engines, 

The ingestion of hot evhaust gases causes elevated 
engine inlet air temperatures and consequently can result in a 
significant degradation of engine thrust performance and in 
possible over=temperature operation of the engine. A thrust 
l o s s  of about 1% for each 3 O F  increase i.n mean inlet air 
temperature is typical for current jet-lift engine designs. 
Furthermore, the rapid temperature fluctuation and severe 
spatial temperature distortion that may occur in an engine inlet 
are known to cause compressor blade stall. Such compressor 
blade stall is usually followed by a large and abrupt thrust 
loss which constitutes a serious safety hazard for both air- 
craft and crew. 

- 

It is, therefore, essential to provide the airframe and 
engine designers with reliable engineering methods for 
predicting the inlet temperature rise ( I T R )  characteristics of 
a given aircraft configuration in order that engine thrust 
performance and susceptibility to engine stall may be 
estimated and avoided through early design modifications. In 
addition, quantitative information pertaining to velocity and 
temperature distributions in the vicinity of V/STOL jet-lift 
aircraft is required for airframe design purposes. 

During the past decade and particularly in recent years, 
the ,flow- field characteristics associated with hot gas ingestion 
have been the subject of extensive theoretical and experimental 
studies involving both small and large scale model testing. 
A s  a result of these studies, there now eyists a qualitative 
understanding of the mechanism of hot gas recirculation. In 
essence, the hot gas jet impinging on the ground spreads 
radially along the ground until the horizontal flow no longer 
has the energy to overcome the shear forces along the ground. 
At this point, the hot gas flow rolls up into a torus shaped 
cloud pattern around the jet-lift engine. The roll up is 
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hastened by hot gas buoyancy effects which increase the 
vertical velocity component of the initial radial flow. During 
the entire process, extensive turbulent mixing with the 
surrounding atmosphere takes place. The engine air intake acts 
as a sink at the center of the torus of hot gas and in con- 
sequence some of the hot gas is ingested into the engi-ne air in- 
let. Ambient wind velocities as low as a few knots can distort 
the hot gas flow pattern to such extent that, depending on air- 
craft configuration, the hot gas ingestion may be significantly 
increased or decreased. 

Although there is a qualitative understanding of the hot 
gas recirculation and ingestion mechanism, no systematic and 
comprehensive theoretical treatments or practical (semi- 
empirical) approaches have been developed and verified by adequate 
full- and large-scale experimental data f o r  the purpose of 
providing fundamental guidelines to the design of jet-lift 
V/STOL aircraft. The results of a substantial number of 
relevant theoretical and experimental studies are, however, avail- 
able for isolated portions of the flow field. Several investigators 
have condensed generalized analytical methods for major regions 
of the exhaust flow by a selection of appropriate part- 
solutions (mostly theoreticar) from reviews of the literature. 
However, these methods lack sufficient detail and are not 
entirely suited to practical engineering methods. 

The present investigation, therefore, re-evaluates the 
available existing technical literature, both theoretical 
and experimental, in order to develop a unified engineeying 
approach for predicting velocity and temperature dist- 
ributions of the flow in the viainity of the jet-lift 
engines ,of V/STOL aircraft operating in ground proximity. 
The following analysis is restricted to hovering flight with 
consideration given to the effects of ambient crosswinds. 
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3. S E C T I O N  2 

THEORETICAL A N A L Y S I S  

Presented in this section is a brief review of available 
theoretical approaches f o r  predicting hot gas reingestion char- 
acteristics of typical direct-lift turbo jet-powered V/STOL air- 
craft operating in ground proximity. An evaluation of existing 
ing theoretical treatments and available test data formed the 
basis for the development of practical engineering methods for 
predicting the velocity and temperature distributions as pre- 
sented in Section 3 .  
the analytical methods used in formulating the engineering flow 
model are discussed below. 

The basis for selection and the adeepacy of 

2 . 1  GENERAL C O N S I D E E U T I O N S  

A cursory examination of the flow conditions of jet lift 
engines operating in ground proximity shows that the physical 
characteristics of the jet efflux correspond to those of a con- 
vergent nozzle operating at stagnation pressure ratios up to 
approximately 2 and at tempepatures typically in the range 1000 
to 2000°F. Since this range of operating condition includes 
high subsonic and even underexpanded smic flow at the nozzle 
exit, the resulting flow field in the vicinity of jet-lift 
engines will be largely dependent on jet density changes, buoy- 
ancy effects, and turbulent mixing of hot gases with cooler 
surrounding air. e 

istics including the effects of turbulent mixing, compresibility 
and buoyancy effects is indeed a very formidable task and no 
reliable solutions to the problem are presently available. 
.However, several investigations have attempted analyses which 
are applicable to limited portions (regions) of the flow field. 

A complete analytical treatment of the hot gas character- 

2.2 D E F I N I T I O N  OF FLOW REGIONS 

Wnile a unified theoretical treatment of the hot gas flow 
field does not exist, a composite analytical model can be con- 
structed by subdividing the entire flow field into a numb<r of 
convenient regions as shown in Figure 1. Each individual region 
is chosen on the basis that the enclosed flow field approyimately 
corresponds to a simplified type of flow behavior for which 
theoretical treatments are available, Thus the entire hot gas 
recirculation phenomenon can, in principle,be represented by a 
linked chain of isolated analyses, each applicable t o  a specific 
region. The various regions, as shown in Figure l(aX are defined 
as follows: 
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Flow Regions - __ 

A Free Jet 
B Ground Impingement 
C Radia l  W a l l  Jet 
-E- D - Far-Field f n ~ ~ k k e -  Near Rec i rcu la t ion  Fi-e.ld -- 

(a) Flow F i e l d  Under S t a t i c  Ambient Condi t ions 
* 

7 y- 

(b). Flow F i e l d  Under Steady Crosswind Condition-s 

F igure  1.- Ana ly t i ca l  Representat ion of t h e  H o t  G a s  Flow 
F i e l d  i n  t h e  V i c i n i t y  of a S ing le  Engine, 
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REGION A. Free Jet Flow 

This region extends downwards from the engine exhaust nozzle 
and is characterized by free turbulent mixing with the sur- 
rounding air. This results in a progressive growth and ex- 
pansion of the vertical jet flow for which the effects of 
ground proximity can be neglected. In the presence of a 
crosswind (See Figure l(b)) jet flow is distorted and curves 
toward the direction of the crosswind. 

To facilitate formulation of the mathematical model, this 
flow region is divided into four distinct axial flow sub- 
regions as shown in Figure 2. These sub-regions are defined 
as follows: 

c. 1. Potential Core Region 

This is approximately a conical flow'region whose base is 
contained by the jet exit and whose apex lies several diameters 
downs tream on the jet axis. This is the only region of the 
flow field which is essentially isolated from the turbulent mix- 
ing process with the ambient air and is characterized by a uniform 
velocity approaching the value at the jet exit. 

2. Annular Mixing Zone 

The potential core region defined above is bounded by an 
annular mixing zone where turbulent mixing between the jet and 
ambient air takes place. The external boundary of this region 
spreads outward as  the f l o w  moves downstream, and the mixing 
process eventually permeates the whole jet at the apex of the 
potential core. 

- -  

'3. L_ Transition Region 

This region pertains to flow between the end of the potential 
core and the start of the characteristic decay region described 
below. Its length is about the same as that of the potential 
core. It is completely permeated by the turbulent mixing process 
but the decay of axial velocity along the jet axis has not yet 
reached the inverse function relationship, whereby the axial 
velocity is inversely proportional to axial distance. 

4. - Characteristic Decay Region 
This region is completely permeated by the turbulent mixing 

process. It extends downstream from a point beyond the'limit of 
the potential core where the entire flow reaches and maintains a 
profile similarity and where the velocity along the jet axis de- 
cays approximately in inverse proportion to the downstream 
distance. 
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Flow Regions 

@ P o t e n t i a l  Core 

@ Annular Mixing Zone 

@ T r a n s i t i o n  Region 

@ C h a r a c t e r i s t i c  Decay Region 

\ 
\ 

Figure  2,- C h a r a c t e r i s t i c  F low Regions Downstream of a 
Uniform A x b y m e t r i c  Free Jet Exliausting 
Under S t a t i c  Conditions.  

6 



REGION B ,  . Ground Impingement Flow 

As the flow in the free jet approaches the ground, the jet 
core undergoes a rapid deceleration and interchange of ki- 
netic a n d  pressure energy as it turns radially outward 
along the ground. This region as shown in Figure 1 repre- 
sents continuation of the flow between the free jet, the 
ground plane, and the wall jet region(described below). 

REGION C, Radial Wall Jet Flow 

After the flow turning process associated with ground im- 
pingement is completed, the ground flow soon achieves a 
condition of stable radial expansion and decay, Here, the 
flow field is.characterized by free turbulent mixing with 
surrounding a i r  and a boundary layer along the ground 
plane. In the case of a hot jet this flow eventually 
becomes unstable and separates from the ground due to 
buoyancy forces overcoming the radial shear and mo- 
mentum forces. The process of ground separation can be 
hastened under the influence of adverse crosswinds, (See 
FCgure l(b)). 

REGION D. The Far-Field Recirculation Flow 

The'separated wall jet flow is influenced by the effects of 
hot gas buoyancy, crosswinds, and also the combined "sink" 
effect of the intake flow and turbulent mixing process in 
Regions A, B, and C. The recirculating flow is contained 
within an envelope which represents the outer boundary of 
the turbulent mixing process with the ambient air. 

REGION E. The Intake Near-Field Flow 

Air is drawn into the engine inlets by the ?'sin"' effect of 
the intakes. The magnitude and spatial distribution of the 
temperatures at the inlet plane are therefore sensitive to 
the temperature properties of the recirculating flow surround- 
ing the inlets. 

REGION F, The Interaction Plane Flow 
-. - .  - _. - _  - - __ __ -. __ 

The interaction flow is produced by mutual impingement of jet 
flows from two o r  more engines. Although it is possible for 
multi-jet exhausts to coalesce prior to ground impingement, 
this interaction flow is more generally caused by the impinge- 
ment of opposing wall jets. Such a flow is characterized by 
an interchange of kinetic and pressure forces and by a change 
in the f low vector from t h e  h o r k o n f a l x -  vert C c a l  direct ion, 
This-flow region (shown in Figure 3 )  is also referredto as the 
hot gas fountain, whose strength and direction depend on 
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aircraft/engine geometry and flow conditions of the partic- 
ular nozzle configuration. 

In formulating the mathematical modal for predicting 
flow characteristics in each of the above defined flow regions, 
it is convenient to initiate the analysis for a single engine jet 
flow in ground proximity. The effect of steady ambient cross- 
winds and treatments for multi-nozzle configurations are included 
by utilizing empirical methods as discussed later in the tert. 

2.3 REVIEW OF THE EXISTING ANALYTICAL APPROACHES 

In reviewing the available technical literature it is noted 
that most theoretical treatments of the three-dimensional flow 
from a jet nozzle rely upon assumptions that the velocity in the 
plane of the nozzle eyit is both uniforn and axial (i.e. no 
swirl). These assumptions result in a substantial simplification 
of the mathematical considerations. 

Available analyses,which are normally limited to circular 
nozzles with no crosswind effects,consider the time-variant and/or 
time-average flow behavior of which only the latter type is of 
direct interest here. However, most of these analyses are gen- 
erally considered inadequate for providing practical engineering 
so1ution.s and therefore utilization of test data is generally 
recommended wherever possible. Major difficulties lie in the fact 
that the application of the existing theories strongly depends 
on the empirical evaluation of time-average the turbulent mixing 
phenomena. This naturally leads to time-average flow solutions 
which generally are in a fair t o  good'agreement with the available 
test data, although usually only for limited ranges of flow conditions. 

The sub-sections below present a more detailed discussion 
'of the available theoretical approaches pertaining to each 
specific flow region described previously. This discussion 
considers flow conditions with and without crosswinds. 

2.3.1 Region A- Free Jet Flow 

A number of theoretical and ewerimental studies f o r  ax- 
ially symmetric free jets have been performed by various invest- 
igators. The most pertinent information on turbulent mixing of 
free jets was published by Forstall and Shapiro (Reference I), 
Halleen (Reference 2) ,  and Kryzwoblocki (Reference 3). Although 
these analyses are limited to incompressible isothermal flow 
conditions they are important in establishing the basic flow 
field behavior within each sub-region of the free jet a s  shown 
in Figure 2, 
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An early analytical solution for the potential core and the 
annular mixing region of free jets was obtained by Kuethe (Ref- 
erence 4) by using Prandtl's mixing length concept. This solu- 
tion although limited to incompressible isothermal flow con- 
ditions, indicates that the length of the potential core is 
about five nozzle diameters and that the velocity profile in the 
annular mixing region is approximately affine and can be repre- 
sented by an exponential form. Agreement with experimental data 
obtained for incompressible conditions is shown to be generally 
good. 

Such a representation is, however, inadequate f o r  the pres- 
ent investigation since it is necessary to calculate temperature 
distributions and to account for flow compressibility and 
temperature differential effects. Although these effects are 
shown by experimental data to be appreciable, there are no 
known analyses which yield satisfactory results. 

istic decay region have been reported. 
al assumptions of a uniform static pressure and a flow profile 
similarity at all downstream distances, The analytical results 
thus obtained are generally in a good agreement with the data of 
many experimental tests. 

Numerous theoretical studies of the flow in the character- 
Most are based on ration- 

While many theories(for e.g., References 5 and 6 )  do not 
account for the presence of jet compressibility effects and 
temperature differential, these considerations have recently 
received substantial attention in both theoretical and exper- 
imental investigations. Warren, (Reference 7) ,  obtained ex- 
perimental results for high subsonic and fully-expanded super- 
sonic heated jets exhausting into a static enviornment. The 
application of a momentum integral analysis to the test data 
'indicates that the local downstream flow characteristics are 
primarily governed by the nozzle exit Mach number (Mj) and 
stagnation temperature ratio (Ttj/Ta), Experimental comparison 
was made with the analytical predictions based on the assumption 
of a constant mixing rate parameter. This yields poorer cor- 
relation for.high-subsonic jet velocities and indicates that the 
mixing rate parameter should in fact vary with the initial jet 
Mach number. 

Later; an extension of Warren's analysis to allow for the 
mixing of dissimilar gases was developed by Donaldson (Reference 
8). The experimental measurements show that the mixing rate 
parameter could be more adequately expressed, to first order, 
solely in terms of a suitably chosen local flow Mach number. 
Although good predictions are obtained over a wide range of con- 
ditions, this method requires a step-by-step numerical solution. 
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Many other theories (References 9 to 14) attempt to account 
different combinations of jet compressibility, temperature, 
density effects by employing various assumptions in solving 
basic equations of motion. However, practical solutions to 
more generalized theories (for example, References 7, 8, 
and 14) are usually tedious and reauire numerical integra- 

tion techniques. Altekatively, other -analyses which offec 
relatively simple closed-form solutions through additional 
approximations normally lead to results that do not satisfac- 
torily account for the full range of jet conditions considered 
here. At this point special mention should be made of the 
work of Kleinstein (Reference 12), whose analysis offers an 
approximate solution that includes the transition region. More 
recently, Cook and Singer (Reference 14) have extended Kleinstein's 
analysis to include the variation of mixing rate parameter deter- 
mined by Donaldson (Reference 8 )  but their method also requires 
a step-by-step numerical solution. 

None of these theories are suitable for predicting the 
flow characteristics of under-expanded sonic jets, which are also 
of interest in the present investigation. This is due to the 
occurrence of rapid changes 5n the jet flow structure as the 
stagnation pressure ratio ( Pt j  /Pa) is increased, Experimental 
observations (References 15, 16 and 17) show that moderately 
under-expanded sonic jets ( P t j  /Pa 3 2.0) exhibit a system of 
interact'ing shock patterns which dominate the potential core 
and may extend for many nozzle diameters downstream, Donaldson 
(Reference 8 )  suggested that the flow may be treated in terms 
of an effective jet Mach number and jet diameter appropriate 
to isentropic shock-free expansion of the jet flow to the 
ambient pressure value. However, no validation of this method 
is given. 

In view of the above discussion, it seems clear that a 
mathematical model of the free-jet region should be largely 
empirical. Although much of the available data pertains to in- 
compressible isothermal flow ( M j  < 0.4, Ttj = 5 ), References 
7, 9 ,  13, 17, 18, 19, and 20 are considered to be important 
sources of experimental data where temperature differential 
and compressibility effects are isolated. This data is used as 
the basis for developing an empirical flow model, as detailed 
later in section 3 .  . 

When a vertical axisymmetric jet is subjected to a cross- 
wind the resulting path curvature (Reference 21) implies that 
the jet-to-free-stream mixing process is asymmetric about the 
local jet axis. This makes analytical treatment particularly 
complex tl 
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It is apparent from the results of many investigations 
(References 22 through 33) that theoretical analyses detailing 
the physical flow field behavior for a free jet with crosswind 
effects are generally unsuitable for application as simple 
prediction tools. In this respect the work of Braun and 
McAllister (Reference 34) is considered noteworthy although 
their analysis does not specifically account for either compres- 
sibility or temperature effects. 

In many of the published analytical studies (for example, 
References 22 through 27) empirical, or semi-empirical, dis- 
tributed sink and vorticity representations of the jet were 
utilised to calculate the aerodynamic interference velocities 
and loadings on a wing or flat surface representative of 
certain V/STOL configurations in transition flight. However, 
these jet models offer no useful mathematical description of the 
flow field other than an expression for the jet centerline 
path. Other analytical predictions for the jet path have also 
been developed and are reported in References 28 through 32. 

Early analyses (References 11, 32) explained the jet path 
curvature by a free-stream dr'ag force acting along the jet, 
However, this requires the use of unrealistic drag coefficients 
to approximate the jet path. Recently, the use of mass-entrain- 
ment and.momentum-conservation techniques have proven more suc? 
cessful, as exemplified by Wooler (Reference 25) and Braun and 
McAllister (Reference 34) .  These solutions, however, do no't 
account for flow compressibility and jet temperature differential 
effects. Furthermore, these solutions do not offer a signif- 
icant advantage over empirical formulations within limited 
ranges of crosswind-to-jet velocity ratio (U,/Uj). 

The analysis of hot gas ingestion characteristics on 
'typical V/STOL aircraft configurations indicates that values of 
(Um/Uj)< 0,l and exhaust nozzle heights less than 10 nozzle 
diameters are of primary interest. While many empirical equations 
for the jet path have been developed, that due to Ivanov, as 
presented by Abramowich in Reference 11, is considered to be 
most representative for the above range of crosswind-to-jet 
velocity ratios. 

Ivanov's expression was based on experimental measurements 
for an isothermal jet. However, Abramowich (Referencell) reports 
that the dynamic pressure ratio (ec~/qj) used in place of 
(Um/uj 1, enables variations in the jet path due to a jet nozzle 
temperature ratio in the range 1 

(notably that in Reference 34) have khown that crosswinds 

(T&i / T a l  9= 3 .  

In conclusion, it should be mentioned that several analyses 
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promote an increase in the jet mass entrainment rate in addition 
to a cross-sectional deformation. This results in more rapid 
jet centerline decay and boundary growth functions compared 
to the behavior under static conditions. The increase in mass 
entrainment is indicated to be less than about 50% for 
(Um/Vj) 4 0.07. 

2.3.2 Reqion B- Ground Impinqement Flow 

M o s t  of the ana lyses  for the ground impingement reg ion  
are based on the assumption tha t  the j e t  i s  i n i t i a l l y  axisym- 
m e t r i c ,  uniform, p a r a l l e l ,  i n v i s c i d  and incompressible  a t  s o m e  
s p e c i f i e d  f i n i t e  h e i g h t  above the ground p lane  Theore t i ca l  
approaches h’ave been attempted by means of p o t e n t i a l  f l o w  and 
vor tex  r e p r e s e n t a t i o n  methods. 

A s e m i - e m p i r i c a l  approach s a t i s f y i n g  the cond i t ions  of 
a p o t e n t i a l  f l o w  s o l u t i o n  w a s  employed by Leclerc (Reference 
351, who found the free boundary shape by e l e c t r o l y t i c  analog 
techniques and then  numerical ly  computed the i n t e r n a l  j e t  flow 
f i e l d  us ing  r e l a x a t i o n  methods. T h i s  technique h a s  the d i s -  
advantage of be ing  too ted ious .  

The major t h e o r e t i c a l  t rea tments  which a r e  based on a po- 
t e n t i a l  f l o w  approach a r e  those  due t o  Schach, Shen, and 
Strand (References 3 6 ,  37, and 38 r e s p e c t i v e l y ) .  T h e  p r i n c i p a l  
disadvantage of these methods i s  the a s soc ia t ed  complexity i n  
ob ta in ing  p r a c t i c a l  s o l u t i o n s .  These ana lyses  dependent on 
s a t i s f y i n g  the shape of the boundary s t r eaml ine  of t h e  f l o w  
f i e l d ,  represented  as  a series of discrete p o i n t  s i n g u l a r i t i e s .  

method was suggested by Shen but not attempted. Strand, how- 
ever, ob ta ined  a much simpler simultaneous s o l u t i o n  of l i n e a r  
equat ions  by s a t i s f y i n g  only  the end cond i t ions  on the boundary 
s t reaml ine .  W i t h  the assumption of a uniform j e t  e x i t  v e l o c i t y  
p r o f i l e ,  a s a t i s f a c t o r y  agreement between theo ry  and experiment 
w a s  demonstrated for  nozzle  h e i g h t s  of between 1 and 4 nozzle  
diameters .  

. This results in a complex trial and e r r o r  solution. An iterative 

A second approach t o  an i n v i s c i d  t rea tment  of  the normally 
impinging j e t  i s  based on r ep lac ing  the j e t  boundary by a 
vo r t ex  sheet. 
Vidal (Reference 3 9 ) , i s  considered inadequate  because the 
phys ica l  f l a r e  of the j e t ,  as it n e a r s  the ground, i s  n o t  
p rope r ly  represented ,  This  problem was overcome by Brady and 

An e a r l y  s tudy made by Sowyrda,as repor ted  by 
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Ludwig (References 40, 41) who u t i l i z e d  t h e  j e t  f l a r e  boundary 
due t o  Schach (Reference 36) and obta ined  reasonable  agreement 
with experimental  d a t a .  An improved s o l u t i o n  w a s  developed i n  
subsequent s t u d i e s  (Reference 42) by us ing  an i t e r a t i v e  scheme 
t o  c a l c u l a t e  the je t  boundary. However, t h i s  method involved a 
very s l o w  convergence, s i n c e  it requi red  s o m e  seventy i t e r a t i o n s  
t o  o b t a i n  a s o l u t i o n  for one given j e t  height/diameter ra t io .  

A major de f i c i ency  i n  the aforementioned ana lyses  i s  t h a t  
they  depend on a uniform v e l o c i t y  p r o f i l e  i n  the v e r t i c a l  j e t  
p r i o r  t o  impingement. T h i s  assumption sugges ts  that  such methods 
are v a l i d  o n l y  for a narrow range of nozz le  height-to-diameter 
ra t ios  

Few i n v e s t i g a t i o n s  (References 43 through 46) have 
attempted ana lyses  for a non-uniform j e t  p r o f i l e ,  b u t  have re- 
t a ined  the b a s i c  assumptions of an i n v i s c i d  flow i n  o r d e r  t o  
make t h e  a n a l y s i s  tractable. I n  Reference 43 , ’Tani  and Komatsu 
p resen t  a polynomial series s o l u t i o n  t o  ‘the r a d i a l  v a r i a t i o n  of 
v e l o c i t y  a long the ground. However, t h i s  s o l u t i o n  i s  r e s t r i c t e d  
by i t s  dependence upon an  empir ica l  eva lua t ion  of a s i m i l a r  
polynomi,al expression f o r  the v e l o c i t y  on t h e  v e r t i c a l  j e t  
axis .  

By assuming a Gaussian normal curve v a r i a t i o n  for  the i n i t i a l  
j e t  v e l o c i t y  d i s t r i b u t i o n ,  Barnes and S u l l i v a n  (Reference 44) 
obtained a l i n e a r  series s o l u t i o n  t o  the f l o w .  A good agreement 
w i t h  experimental  d a t a  on both the free j e t  p r o f i l e  and r a d i a l  
ground p lane  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  i s  repor ted .  I n  

imated by t h e  simple Gaussian normal curve.  Th i s  i s  s i m i l a r  
t o  t h e  r e s u l t s  presented by Sch l i ch t ing  (Reference 45) .  

’ add i t ion ,  the s ta t ic  p res su re  d i s t r i b u t i o n  can be c l o s e l y  approx- 

An ‘examination of e x i s t i n g  ana lyses  shows t h a t  the s t a t i c  
p res su re  d i s t r i b u t i o n  along the ground i s  w e l l  r epresented  by 
i n v i s c i d  j e t  ana lyses  w i t h  both uniform and fully-developed 
p r o f i l e s .  H o w e v e r ,  i n  p r a c t i c e ,  the f l o w  i s  subject  t o  v iscous  
shear phenomena and i n v i s c i d  theory  cannot be expected t o  g ive  
an adequate p r e d i c t i o n  of the t o t a l  p re s su re  d i s t r i b u t i o n  towards 
t h e  o u t e r  boundary of the flow f i e l d .  Avai lab le  experimental  
d a t a  i n d i c a t e s  tha t  a p r a c t i c a l  e s t ima te  of the impinging be- 
havior  should be l i m i t e d  t o  v a r i a t i o n s  along the v e r t i c a l  j e t  
a x i s  and ad jacen t  t o  the ground plane.  Therefore  empir ica l  
methods are developed, where necessary,  t o  p r e d i c t  these p res su re  
and temperature v a r i a t i o n s .  
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One aspect of the flow near the ground i s  the presence of 
a boundary layer which originates near the ground stagnation 
point. T h i s  has been analysed by Brady and Ludwig (Reference 40) 
on the assumption tha t  the surface flow variation obtained from 
the i r  inviscid analysis i s  equivalent t o  the behavior a t  the 
outer edge of the boundary layer. Good estimates of the lam- 
inar  portion of the boundary layer were obtained by using the 
method due t o  S m i t h  (Reference 4 7 ) .  However, it was found tha t  
two-dimensional s t a b i l i t y  c r i t e r i a  (Reference 39) fa i led t o  
predict the t ransi t ion point t o  a turbulent boundary layer 
flow. This was at t r ibuted t o  the turbulent mixing process i n  
the main j e t  flow. 

The ef fec t  of crosswinds on flow character is t ics  within 
the ground impingement region have been represented by a number 
of analytical  approaches such as  perturbation and superposition 
methods. However, the method u t i l i z ing  a concept of an equiv- 
a lent  oblique j e t  appears t o  be most representative of the 
actual flow conditions. Known theoretical  investigations of 
an obliquely impinging je t  are presented i n  References 48 
through 50, a l l  of which consider the uniform inviscid j e t .  

I n  Reference 48 a simplified momentum balance approach for 
a s t a t i c  inclined j e t  (no crosswinds) yielded a solution for the 
radial  mass flow distribution. However, no experimental 
verification was obtained. 

Strand (Reference 49) has demonstrated a successful 
extension of h i s  previous potential  flow analysis for a ver t ica l  

perturbation theory. The solution, however, depends upon a 
systematic i t e ra t ive  approach. More recently, U n i t t  (Reference 
50) re-interpreted Strand's solution as  representing the case 
of a l i gh t  crosswind on a normally impinging j e t ,  but no 
experimental verification i s  available. 

' j e t  (Reference 38) t o  small inclinations ("loo) by u s i n g  

I t  should be noted tha t  the above analyses do not s t r i c t l y  
represent true physical conditons for  the case of wind-induced 
oblique impingement. The effects  of jet-free-stream mixing 
are expected t o  resu l t  i n  a non-uniform j e t  velocity component 
due t o  the crosswind, 
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2.3.3 Reqion C- Radial Wall J e t  Flow 

A s  noted ear l ie r  i n  section 2.1,  the wall j e t  i s  character- 
ised by two interdependent flow s t ra ta ;  a boundary layer flow 
adjacent t o  the ground where viscous shearing s t resses  pre- 
dominate, and an outer layer where f ree  turbulent mixing w i t h  
the ambient f lu id  occurs. While the outer layer tends t o  s2read 
and decay i n  a manner similar t o  tha t  of the free  j e t ,  there i s  
a growth of the boundary layer due t o  both entrainment of the 
outer layer flow and a momentum loss associated w i t h  the viscous 
shearing forces a t  the surface. 

The c lass ic  analytical  treatment of the incompressible 

Glauert shows tha t  there are  appreci'able variations i n  the 
turbulent radial  wall j e t  is presented by Glauert i n  Reference 
51. 
wall iek velocity prof i le ,  boundary growth ra te  and peak decay 
character is t ics  which are dependent on the local Reynolds 
number ( R w ) .  These character is t ics  are summarised i n  Figure 4. 
I n  practice,  however, local wall j e t  Reynolds numbers assoc- 
iated w i t h  the full-scale hot gas flow are large ( of the order 
of 10 1 and therefore it i s  reasonable t o  assume aff ine prof i les  
and unique growth and decay ra tes  w i t h i n  the l i m i t s  of experi- 
mental error .  

6 

Based on a comparison between GLauert 's  p r o f i l e s ,  t h e  
Gaussian normal dis t r ibut ion curve and the available t e s t  data 
it appears tha t  l a t t e r  representation i s  more accurate, especially 
i n  the outer regions of the wall j e t  flow. Therefore, the 

. Gaussian representations have been employed i n  the current 
analysis. 

Severa l  o t h e r  t h e o r e t i c a l  t rea tments  of r a d i a l  w a l l  jet  
flows are available, as noted i n  the extensive bibliography due 
t o  Rajaratnam and Subramanya (Reference 5 2 ) .  Two of these, 
published i n  References 53 and 54, are  of special interesk t o  
the present analysis because they consider the wall j e t  flow 

Both theories employ simplified mathematical models of the flow 
f i e ld  and obtain resu l t s  which show tha t  the wall j e t  behavior 
i s  functionally dependent on both the radial  coordinate (R) and 
nozzle height (Hj),  Using appropriate empirical constants, the 
theoretical  resu l t s  are i n  a good agreement w i t h  available ex- 
perimental data presented i n  References 18, 20, 41, and 54 
through 57 ,  

I f i e ld  due t o  a ver t ica l  j e t  impinging normally t o  the ground. 
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Although the theories discussed above do not account for  
the e f fec ts  of a temperature d i f fe ren t ia l  i n  the wall j e t ,  em- 
p i r ica l  methods can be obtained on the basis of t e s t  data from 
References 18 and 56. 

I n  the case of a hot wall j e t  flow, natural buoyancy forces 
counteract the radial  momentum and shear flow a t  the ground. 
Near the origin of the wall j e t  buoyancy forces are normally 
secondary t o  momentum forces, However, since the local j e t  
momentum decays a t  about twice the ra te  of the d i f fe ren t ia l  
temperature, the strengths of these two forces w i l l  eventually 
reach similar magnitudes. A t  t h i s  point flow separation occurs. 

One of the foremost analyses of the wall j e t  separation 
phenomenon i s  reported by Abbott i n  Reference 56. Using a 
simplified representation of the rad ia l  wall j e t  flow due t o  a 
single ver t ica l  nozzle, Abbott developed an approximate relation- 
ship between the j e t  momentum and buoyancy forces. T h i s  leads 
t o  the formulation of a functional expression for the radius 
a t  which flow separation should occur. Experimental measure-. 
ments for  low nozzle stagnation pressure r a t io s  l e s s  than 
1.2 were shown t o  yield a reasonable ver i f icat ion of t h i s  func- 
t iona l  dependence, which i s  used i n  the present analysis. 

A n  analysis of crosswind ef fec ts  on the decay of radial  
wall j e t s  has received l i t t l e  theoretical  and experimental 
a t tent ion.  This type of flow i s  more complex than tha t  of a 
two-dimensional wall j e t  where the primary flow i s  along one 
axis only. While the l a t t e r  type of flow i s  reasonably well 
represented by theoretical  methods as  given i n  References 11, 
58, and 59, it i s  not certain whether such methods can be 
extended t o  the case of radial  flow since experimental data i s  
not available for  verification. 

Therefore, the radial  wall j e t  i n  the presence of cross- 
winds i s  treated i n  t h i s  analysis by making an analogy to  the 
wall j e t  flow which resu l t s  from the oblique impingement of 
an inclined j e t  exhausting under s t a t i c  conditions. Although 
th i s  representation has not been successfully analysed on a 
theoretical  basis, there is ,  however, suf f ic ien t  experimental 
data presented i n  References 5 5  and 60 which can be used to  
formulate a limited empirical model. This i s  detailed l a t e r  i n  
section 3 .  

The ef fec t  of adverse crosswinds on the separation of the 
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rad ia l  wail j e t  may be treated i n  a manner analogous t o  tha t  
of the hot gas buoyancy ef fec t  by re la t ing  the magnitude of the 
local ly  opposing momentum forces between the j e t  and a cross- 
wind. It is  shown by Abbott (Reference 55) tha t  the r a t i o  of 
the free-stream t o  wall-jet d i f fe ren t ia l  t o t a l  pressures can be 
used t o  correlate  the upstream separation c r i te r ion  for  a radial  
wall j e t  i n  a crosswind. This r a t i o  i s  found t o  be independent 
of j e t  temperature d i f fe ren t ia l  b u t  does nd;allow for  re la t ive  
s ize  of the f ree  stream boundary layer. Thus, as supported 
l a t e r  by unpublished measurements, the crasswind becomes less  
effective i n  l imiting the forward extend of the ground flow 
f i e ld  as the free stream boundary layer height increases. 

2.3.4 Region D- Recirculation and E2trs2xnent Flow 

-The flow behavior in the recirculation region is governed 
by considerations of h o t  gas buoyancy, mass entrainment, and 
tur3alent mixing. A unified theoretical treatment of this flow 
field is not available alt5oug'a separs t c  analysis of the buoy- 
ancy and entrainment effects 'may be made by application of the 
following methods. 

By neglecting mass entrainment effects it may be shown 
that when the radial wall jet separates from the ground and rises 
as an annular convective jet, the ratio of its thickness to 
circumference is sufficiently small ( order of 1/100 ) to 
justify consideration of it as a two-dimensional cohvective jet. 
Using this representation analyses reported in Reference 11 and 
45 show that the maximum convective velocity in the jet renains 
substantially invariant with axial distance and the thickness of 
the convective flow spreads at an included angle of about 2 5 O .  

differential are also derived. 
'Expressions for the decay and spread of the jet temperature 

_. 

If the convective flow due to hot gas buoyancy is omit- 
ted, then the steady state velocities in the recirculation 
region may be obtained from a potential flow approach with a 
distribution of sinks to represent the mass entrainment proper- 
ties of the engine intake and jet exhaust flow. 
method does not allow the temperature distribution to be obtained. 

However, .this 

One approximate method for formulating the combined recir- 
culation flow field consists of treating the convective jet by 
mass-entrainment and momentum-conservation techniaues similar to 
those used to determine the characteristics of a jet in a cross- 
wind as previously discussed in Section 2.3.1. This approach 
allows a prediction of the temperature distribution; however, due 
to the complexity of the flow field the resulting solution is. 
not a simple prediction tool, 
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The effect of crosswinds on the recirculation flow can be 
simply treated by a superposition technique, whereby the cross- 
winds are added vectorially to the entrained velocities. 

2.3.5 Region E- Intake Flow 

in the vicinity of an engine inlet are generally based on an 
application of potential flow theory. Since the flow is consid- 
ered inviscid, such treatments cannot be used to predict temp- 
erature distributions which include the effects of turbulent 
mixing. 

Theoretical treatments of the three-dimensional flow field 

Simplified potential flow solutions, derived from a point 
sink model with a hemispherical control surface to represent 
the inlet face, give an adequate description of the flow field 
only for distances greater than a couple of intake diameters from 
the center of the intake face. 

On the other hand, a mathematical model to account for the 
physical geometry of the intake and adjoining surfaces can be 
formulated by using source ant3 sink distributions. Such an 
analysis (e.g. Reference 61) is usually complex and requires the 
use of a large high-speed digital computer to obtain a solution. 
However,.as noted from References 62 and 63, further development 
of this complex method has enabled compressibility effects to be 
approximated and non-symmetrical inlet geometries to be analyzed. 
Thus, satisfactory predictions of the intake velocity distribu- 
tions can be obtained, both with and without uniform crosswind 
effects. 

The lack of any suitable theories f o r  predicting temperature 
distributions in the plane of the engine intakes indicates that 
'practical methods are limited by the availability of ewperimental 
measurements. Although the results of many experimental invest- 
igations are available (both large and small scale tests) it is 
found that the majority provide insufficient detail, Further- 
more, the noted differences between small and large-scale measure- 
ments remain the subject of intensive investigation and suggest 
that suitable correlating parameters have not been determined, 
Thus, the methods developed in section 3 are based on large- 
scale test data wherever possible. 

2.3.6 Region F- Interaction Flow 

When multiple free jets exhaust along parallel axes there 
is a mutual interaction between the flows entrained by each jet. 
This mutual interaction results in forces which attract each 
jet towards a. common axis and thus cause distortion of the jet 
profiles and curvature of the jet paths. In the absence of the 
ground plane the jets will eventually coalesce to form a single 
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equivalent! jet e 

A detailed theoretical treatment of such a flow field is 
limited by a lack of adequate knowledge on the turbulent trans- 
port properties in free shear flows, in addition to the geometric 
complexity of the problem. A simplified approach to the problem 
has been formulated by Alexander, et al. (Reference 64) who 
consider a straight forward superposition of the individual 
axisymmetric momentum distributions of each jet. A reasonable 
agreement between the analytical results and the experimental 
measurements was reported. 

In practice, however, the coalescence of multi-jet flow 
in the free-jet region will either be negligible o r  at least 
incomplete before ground impingement takes place. Under these 
conditions the principal flow interaction phenomenom will 
usually be confined to the ground plane where the opposing wall 
jet flows meet. This effect causes a well known "fountain" 
flow of hot exhaust gases which are forced upwards along a 
vertical plane between multiple impinging jets. Although a 
qualitative understanding of the flow mechanism within the 
fountain is available, there are no systematic theoretical 
analyses o r  practical solutions for determining the flow char- 
acteristics within this region. Therefore, in this analysis, 
empirical techniques are developed to determine the fountain 
flow characteristics with and without crosswind effects on the 
basis of experimental data presented in References 65 through 
67. 
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S E C T I O N  3 

FORMULATION O F  PRACTICAL ENGINEERING METHODS 

3 

This section presents the derivation and application of 
analytical procedures which are used to predict the hot gas flow 
velocity and temperature distributions in the vicinity of both 
single and multi-nozzle configurations. The effect of cross- 
winds are also included. 

investigation dictates the need for retaining both compressibility 
and high temperature effects within close downstream proximity 
to the engine exhaust nozzles. Further downstream in the hot 
gas recirculation cycle these effects become less predominant 
and are usually negligible. 
presented in many relevant flow investigations, and supplemented by 
a number of experimental observations, it-is convenient to re- 
present the hot gas flow field behavior in terms of total 
temperature and total/static pressure properties. Therefore, 
in the presentation of the following mathematical model, the 
flow field is described in terms of these parameters. 

A consideration of the range of physical parameters in this 

Based on the momentum theories 

It should also be noted that the total pressure and temp- 
erature parameters normally represent the basic experimental 
variable's in a gaseous flow and, therefore, direct comparisons 
can easily be.made between the experiment and theoretical 
results. Direct measurement techniques for velocity (e.g. hot 
wire anemometers) are not very popular primarily because of 
their relative complexity and delicacy. 

Where a value of the local flow velocity(u)'is required, 
this may be calculated from a knowledge of the locally-deter- 

assumed to be atmospheric), and total temperature (Tt) using 
standard gas flow relationships, thus: 
(a) For Isentropic Compressible Flow 

. mined values of total pressure (Pt), static pressure (f), (generally 

(u)" = 2 . L . G . G .  
Y-L 

(b) For Incompressible Flow 

Equation (1) yields a more- accurate value of velocity under 
a l l  conditions while equation (21, which is mathematically simpler, 
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is recommended f o r  low flow velocities when 

'consider a single nozzle and top inlet configuration 
first. The flow field velocity and temperature distributions 
together with the flow boundaries are treated by considering each 
flow region A through F in sequential order. The mathematical 
model is then extended to include the effect of crosswinds and 
multi-nozzle configurations. 

Following the common practice of the relevant technical . 
literature, non-dimensional flow parameters are used through- 
out the analysis where possible and are denoted by a bar sub- 
script. These bar values represent the fractions of local differential 
total pressure and total temperature, measured above ambient 
conditions,divided by the corresponding jet exit values, thus: 

(Pe/P) e 1.1.. 

In formulating the analytical methods it is convenient to 

- -  

or 

AT& = 

In- addition, co-ordinates of points within the flow field are 
generally expressed as distances normalized by the jet nozzle 
diameter, thus: R = R/Dj. R = H/Di 

jet pressure reference boundary is defined in terms of the dis- 
tance measured normal to the local flow axis or groundplane at 
which the value of the normalized total pressure differential is 
0.25. 
to the widely used definition of the jet boundary as being the 
'location at which the normalized velocity ratio is 0.5. 
purpose of analysis, a jet temperature reference boundary 
is also defined as the location where the normalized differential 
temperature ratio is 0.5. 

- 
Since there is no well defined physical jet boundary, a 

Under incompressible flow conditions this is analogous 

For the 

It should be noted that neither of these reference bound- 
aries represent a physical flow boundary; they-are introduced o n l y  
for the purpose of defining the mathematical model. Some invest- 
igations _ -  - - -  (e,g, __ Reference 68) define a physical boundary at 
the point wherF-fhe-local velocity (u)-is- 1% of tEie maximum 
value on the flow axis i.e. (us-= OeO~(~max), 

3 a 1 SINGLE NOZZLE CONFIGURATION 

Presented in this section are practical engineering methods 
for predicting hot gas characteristics in the vicinity of a 
single-nozzle jet in ground effect. The analysis is developed 
for each flow region as discussed in Section 2.2, utilizing the 
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jet flow parameters defined above. 

3.1.1 Region A- Free Jet Flow 

within a free jet region can be expressed in terms of the pressure 
and temperature conditions along the jet axis and reference flow 
boundaries (rp) and (rt). 

c 

The local total pressure and total temperature conditions 

The analysis is ofasemi-empirical nature and strongly 
relies upon the experimental data of References 7, 9, 17, 18 and 
20. The analysis is based on the assumption that the static 
pressure throughout the free jet region is equivalent to the 
ambient static value, This  assumption, which is made because of 
the difficulty and uncertainty of obtaining accurate measure- 
ments of the mean static-pressure value in a turbulent flow, 
is verified by the extensive measurements of Reference 17 
and is found to be within acceptable limits of accuracy. . 

Examining the relevant test data it is noted that the deca 
of differential total pressure (&ee) and total temperature (AT-, P 
along the jet axis can be uniquely expressed as functions of 
the two axial correlation pa<ameters($)and (52) respectively. 
Thus, using the nomenclature of Figure 5 these parameters are: 

For.tota1 pressure decay 

For total- temperature decay 

All flow parameters appearing in equations ( 3 )  and (4) are 
defined in the list of symbols. 

nozzle geometry and jet swirl. For a rrsharp" nozzle such as 
shown in Figure 6 (a), the value of(Kn) is unity. 
ponding value for a rrblunt?r nozzle, as shown in Figure 6 (b) i s  
about 0.95 on the basis of test data of Reference 18. 
The nozzle configuration s,hown in Figure 6 (b) corresponds to a 
jet engine embedded in a large fuselage or a fan-in-a-wing 
configuration, 

The num&rical constant (Kn) accounts f o r  variations in 

The corres- 
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The effect  of an i n i t i a l  jet  swi r1 , a s  would be produced by 
a j e t  engine o p e r a t i n g a t  an off-design cond i t ion ,  i s  t o  i n t e n s i f y  
t h e  t u rbu len t  je t  mixing process  and t h e r e f o r e  t h e  va lue  of Kn 
w i l l  be reduced below K, = 0.95. However, t h e  l ack  of e x p l i c i t  
tes t  d a t a  on j e t  s w i r l  p rec ludes  an accu ra t e  quant i - t ive assessment 
of t h i s  effect .  

3.1.1.1 P o t e n t i a l  Core Region 

The p o t e n t i a l  co re  of t h e  j e t ,  shown i n  F igure  2 ,  Region.&, 
i s  def ined  as t h e  reg ion  w h e r e  f low cond i t ions  a r e  uniform and 
s i m i l a r  t o  thorse at t h e  nozzle  e x i t .  

p re s su re  decay i s  obtained from t h e  c o r r e l a t i o n  parameter (si) 
given by equat ion  ( 3 )  and t h e  tes t  d a t a  of Reference 41, thus :  

The non-dimensional co re  l eng th  &c>, based on t h e  t o t a l  

A l s o ,  t h e  non-dimensional cor'e r a d i u s  (7~) can be expressed a s  
- 

( 6 )  % = 0-?4S - 0.174 (Ti) 
S u b s t i t u t i n g  equat ion  ( 3 )  i n t o  equat ion  ( 6 )  t h e r e  follows: 

F i n a l l y ,  t h e  mean d i f f e r e n t i a l  ___ . - t o t a l  __ p r e s s u r e  _ -  _ _  and t o t a l  
temperature w i t h i n  t h i s  r eg ion ,  given by 0 e r SG rC, are 
obtained as - -  - .  ~ 

(-9 1 art = mt, = ATq 

The v e l o c i t y  . in t h i s  r eg ion  is' by- d e f i n i t i o n  uniform and can-be  
c a l c u l a t e d  us ing  equa t ions .  (l)$ (81, and (91, 

3.1.1.2 Annular Mixing Region 

This  reg ion ,as  shown i n  Figure 2 ,  Region 2 ,  encompasses t h e  
p o t e n t i a l  core r eg ion  and i s  c h a r a c t e r i s e d  by t u r b u l e n t  mixing 
wi th  t h e  surrounding a i r .  

The flow cond i t ions  along t h e  j e t  a x i s  f o r  t h i s  region a r e  
t h e  same as t hose  for t h e  p o t e n t i a l  c o r e  r eg ion  and are given 
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by t h e  va1,ues e x i s t i n g  a t  t h e  nozzle  e2i.t. By d e f i n i t i o n  t h e s e  a re :  

and 
(10) 

Because of t u rbu len t  mixing of t h e  f lows,  t h e r e  e x i s t s  a 
r a d i a l  decay of t o t a l  p re s su re  and temperature i n  t h i s  reg ion .  
A number of r e l a t i v e l y  simple mathematical  approximations t o  
desc r ibe  t h e s e  r a d i a l  p re s su re  and temperature p r o f i l e s  have 
been developed, mostly from e m p i r i c a l  s t u d i e s .  One of t h e  more 
commonly used methods i s  t h a t  employing t h e  Gaussian normal 
curve d i s t r i b u t i o n ,  which, because it i s  mathematically simple and 
amenable t o  i n t e g r a l  techniques,has  been s e l e c t e d  for t h e  p re sen t  
a n a l y s i s .  Furthermore,  t h e  experimental  d a t a  from a wide range 
of i n v e s t i g a t i o n s  such a s  those repor ted  i n  References 9 and 57  
c l e a r l y  show t h a t  t h e  p re s su re  and temperature p r o f i l e s  i n  t h e  
mixing r eg ion  of a free j e t  a r e  e s s e n t i a l l y  independent of 
downstream l o c a t i o n ,  compress ib i l i t y  and temperature e f f e c t s  up 
t o  sonic  condi t ions .  

Thus t h e  t o t a l  p r e s s u r e  -and temperature d i s t r i b u t i o n s  wi th in  
t h i s  r eg ion ,  given by e z- g rB, can be expressed a s :  

and 

where (TB) i s  a l i m i t i n g  va lue  of t h e  j e t  boundary up t o  which  
t h e  Gaussian a n a l y t i c a l  r e p r e s e n t a t i o n  i s  considered t o  be 
v a l i d .  This  va lue  i s  of t h e  order  of t w i c e  t h e  j e t  p re s su re  
r e fe rence  boundary r a d i u s  (G 1, i .ee (T$& 2 .(rP) . 

The j e t  p r e s s u r e  r e fe rence  boundary and t h e  j e t  temp- 
e r a t u r e  r e fe rence  boundary (Tt) appearing i n  equat ion (11) and 
f 1 2 )  r e s p e c t i v e l y  are der ived  using momentum techniques i n  
Appendix A. T h e s e  parameters can be un i  u e l y  def ined i n  ter6s 
of t h e  a x i a l  c o r r e l a t i o n  functions&$)and&d s i m i l a r  t o  those used 
i n  desc r ib ing  t h e  j e t  c e n t e r l i n e  decay c h a r a c t e r i s t i c s .  

boundary (rp i s  given by: 
The a x i a l  c o r r e l a t i o n  function($)for t h e  j e t  p re s su re  r e fe rence  
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and (5+)? for the temperature reference boundary ('GI is given by: 

For the Annular Mixing Region, satisfactory analytical 
expressions for both pressure and temperature reference bound- 
aries are obtained by substituting the appropriate correlation 

by Reference 38. 
reference boundary (r ) is given by: 

- functions (?@and (s.> into the empirical boundary equation developed 
Thus the equation for thenormalized pressure 

--. P 
- 

= 1.057 i- 0.0285. (33) (15.) 

or by substituting equation (13) into equation (15),(q) becomes: 

Similarly, the normalized temperature reference boundary (Tt) 
can be expressed as: 

or by substituting equation (14) into equation (17) (7$) becomes; 

The above relationships are applicable to a wide range of 
nozzle temperature and pressure ratios and yield good agreement 
.with the available test data for values of the respective auial 
correlation function between 1 and 5, For the values of @3) 
and(S4)between 0 and 1, ?.e. immediately downstream of the 
nozzle, the jet boundaries can be assumed to be parallel and 
therefore can be approximated by: 

@ - -  c g =  l.0 (19) 
3.1.1.3 Transition Region 

The transition region,as defined in Figure 2, Region 3, 
pertains to the flow field between the potential core and the 
characteristic decay regions. The length of this region (based 
on..total pressure decay charactedstics) is approximately 1.25 
times that of the potent2al core <%) .  

The flow in this region is completeby permeated by the 
turbulent mixing process, However, a stabilized shear flow 
decay pattern has not yet been fully developed. 
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For this reason the decay of total pressure and temperature 
along the jet axis can not be simply represented by the expo- 
nential decay functions which will be developed later for the 
characteristic decay region (Region 4). Although other math- 
ematical formulations are possible the complexities of such 
effort are considered unwarranted for the present application, 
Therefore, the centerline decay characteristics and the jet ref- 
erence boundaries in the transition region are herein obtained by 
fairing a curve to the.appropriate test data between the poten- 
tial core and the characteristic decay regions. 
w i l l  be discussed in more detail later in the text (See Section 
3.1.1.5). 

These results 

The radial distributions of total pressure and temp- 
erature within the transition region can be adequately represented 
by the Gaussian normal curve in terms of the centerline. 
decay characteristics and the jet reference boundaries obtained 
from the experimental data as described above. The analysis is 
identical to that developed for the characteristic decay region 
presented below. 

3.1.1.4 Characteristic Decay’ Region 

This flow region, as defined in Figure 2, Region 4,extends 
from the, transition region described above to the ground im- 
pingement region. A s  mentioned previously the flow in this 
region is completely mixed and it exhibits the decay Characteristics 
of a fully developed shear flow, Therefore, it can be simply 
represented by exponential decay functions along the jet 
axis and Gaussian normal distribution functions along thg 
jet radius. 

Thus, utilizing the appropriate test data, the following 
semi-empirical relationships are developed for the decay of the 
normalized peak differential total pressure ( A i & )  and total 
temperature ( A T ,  along the jet centerline: 

Experimental data from References 7, 9, 13, and 70 indicate 
that the temperature decay exponent (kl) varies wi-th nozzle exit 
Mach number, as noted by Warren in Reference 7, and canbe summar- 
ized by the following approximate variation; 
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1.0 --pll. 1.4 -1.15 I 1.8 --+ 2.0 - 1-40 

In the absence of a more complete experimental substantiation 
a linear interpolation of b over the range 
is taken, thus 

1.4- 4 (pt-j/pa)< 1.8 

kl 

The radial 
erature can now 
characteristics 

and - 
Art 

distributions of total pressure and total temp- 
be expressed in terms of the centerline decay 
and the jet reference boundaries as follows: 

It should be noted that equations (23) and (24) are equally 
well applicable to the transition region described in Section 
3.1.1 as well as the characteristic decay region provided that 
appropriate values are substituted for the centerline decay 
characteristics and the jet reference boundaries (rp) and (rt). 

The analytical relationships for the jet reference boundaries 
applicable to the characteristic decay region are derived, using 
momentum techniques, in the appendix. The jet pressure reference 
boundary (rp) is derived in terms of the axial correlation par- 
ameter&)by considering a conservation of jet axial momentum. A 
similar treatment of the temperature reference boundary (r,) is 
not possible because of a lack of detailed knowledge on the 
interchange of thermal and turbulent energy. Thus in this case 
empirical techniques were used. 

The final equations for the pressure and temperature refam? 
boundaries are as follows: 

Substituting equations (13) and (14) into equations (25)  and 
(26) respectively there results: 



3.1.1.5 Graphical Solution for Flow Characteristics in Region A 
(No Crosswinds) 

The analytical relationships developed in the previous sub- 
sections have been evaluated and are presented graphically in 
Figures 7 through 11. These figures can be directly used to 
predict the flow characteristics of the entire Region A. 

Specifically, Figure 7 presents the plot of the decay of 
the maximum total pressure(nPt,) jet axis as a function 
of the axial correlation This figure was ob- 
tained by utilizing for the potential 
core and the Characteristic decay region, respectively, and by 
fairing the appropriate experimental data points for the trans- 
ition region. 

Similarly, the decay of the maximum total temperature (ATc) 
along the jet axis for the entire flow field of Region A is 
plotted in Figure 8 as a function of the axial correlation par- 
ameter ("2). This figure was obtained using equations (10) and ( 2 1 ) .  

Also the variations of jet pressure reference boundary 
(rp) and the temperature reference boundary (rt) are presented 
in Figures 9 and 10, respectively, as functions of their 
corresponding axial correlation parameters &3) and (Y+) . These 
figures were obtained using equations (15), (17), and (19) for 
the potential core region and equations (25)  and (26)  for the 
characteristic decay region. The corresponding values for the 

data. 
'transition region were faired in using appropriate experimental 

Finally, Figure 11 shows the variation of the normalized 

This 
total pressure and total temperature profiles as a function of 
radial distance for the entire mixing zone of Region A .  
figure was obtained using a set of equations (111, (23) ,  and 
equations (12) and (241,  respectively. 

Thus, the flow characteristics of the entire Region A can 
be uniquely determined using either analytical expressions 
developed in Section 3.1.1 or the graphical solutions presented 
in this sub-section. 

The above methods give a satisfactory account of compress- 
ibility effects for (ftj/f'a) 6 2 and temperature effects for 2 & 

&/5)h3, An extension of these methods to moderately expanded 
sonic jets, (?ej/'&) > 2, is not practical because substantial 
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and non-uniform departures from subsonic flow behavior are evi- 
denced by the available experimental data. 

3.1.1.6 Effect of Crosswinds 

When a free jet exhausts normal to a steady crosswind and 
is not appreciably affected by ground effect, it undergoes a 
cross sectional deformation as it is deflected downwind by the 
action of the turbulent mixing between the jet and crosswind. 

;An analysis of crosswind effects on typical jet config- 
urations shows that the hot gas reingestion is only likely to be 
significant when jet path deflections (from the vertical) are 
less than about 15'. 
tion-of the jet path is generally much smaller and it is there- 
fore valid to make the assumption that the length of the jet 
centerline path is nearly equal to the nozzle height. This 
enables the jet flow behavior to be descrtbed by the following 
methods. 

Under most practical conditions the deflec- 

A knowledge of the free-jet path prior to ground impinge- 
ment is necessary in order to. determine the ground flow and sub- 
sequent behavior. The jet path is normally defined by the line 
of local maximum dynamic pressure and as evidenced by experimental 
measurements it is essentially tangential tothe local mean flow 
vector. The empirical expression for the jet path developed by 
Ivanov (Reference 11) is considered to be most appropriate because 
of the range of freestream-to-jet dynamic pressure ratios consid- 
ered $.e. (0.003 S (ym/q / j ) .L  0.29). Using the nomenclature of 
Figure 12 Ivanov's expression is used in a modified form 
as follows: 

The crosswind ratio CLI) is defined in terms of the ratio of 
differential total pressures as 

The results obtained by Shandorov, as discussed in Reference 11, 
indicate that use of the parameter@) gives a satisfactqapprox- 
imation for jet temperature variations in the range of 1 L &j/%) 

e 3. 

Differentiation of equation (29) leads to an expression for 
the jet path inclination, thus: 
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Several  ana lyses  (notably t h a t  i n  Reference 34) show t h a t ,  
i n  a d d i t i o n  t o  j e t  p r o f i l e  d i s t o r t i o n ,  crosswinds promote an 
i n c r e a s e  i n  t h e  jet  m a s s  entrainment ra te  which r e s u l t s  i n  more 
r a p i d  decay and growth func t ions .  For s i m p l i c i t y  these  consid- 
e r a t i o n s  are d is regarded  and i t  i s  assumed t h a t  t h e  effect  of 
a crosswind i s  t o  d i s t o r t  t h e  j e t  c e n t e r l i n e  pa th  only.  There- 
f o r e ,  t h e  flow ana lyses  developed f o r  a s t r a i g h t  j e t  i n  t h e  
p rev ious  s e c t i o n s  are d i r e c t l y  app l i cab le  t o  t h e  wind-dis tor ted 
j e t ’ p r o v i d e d  t h a t  i n  t h i s  case t h e  flow cond i t ions  a r e  appropri-  
a t e l y  re ferenced  t o  t h e  curved j e t  c e n t e r l i n e .  I n  o t h e r  words, 
a l l  pres su re ,  v e l o c i t y  and temperature p r o f i l e s  computed us ing  
t h e  s t r a i g h t  j e t  (no crosswinds) a n a l y s i s  a r e  taken t o  be normal 
t o  t h e  l o c a l  i n c l i n a t i o n  of  t he  curved j e t  c e n t e r l i n e .  

3.1.2 Region B Ground Impingement Flow 

The ground impingement reg ion ,  as def ined  i n  Figure 1, 
Region B ,  ex tends  from t h e  free j e t  region t o  t h e  ground plane 
and i s  bounded l a t e r a l l y  by t h e  w a l l  j e t  flow, 

A review of t h e  p e r t i n e n t  t e c h n i c a l  l i t e r a t u r e  i n d i c a t e s  
t h a t  t he  f low i n  t h i s  reg ion  5s amenable t o  a t reatment  of i n -  
compressible i n v i s c i d  f l o w  ana lyses  s ince  t h e  i n t e n s i t y  of t h e  
t u r b u l e n t  mixing between t h e  j e t  and f rees t ream i s  g r e a t l y  
reduced. 

The a n a l y t i c a l  methods a r e  developed f o r  j e t  nozzle  h e i g h t s  
of no less than  one j e t  diameter ;  i .e. (2j )kl .  This l i m i t a t i o n  
is imposed t o  exclude cond i t ions  where apprec iab le  d i s t o r t i o n  
of t h e  nozzle  e x i t  f low d i s t r i b u t i o n  can occur a s  i nd ica t ed  by 
experimental  r e s u l t s  obtained f o r  t h e  normal impingement of 
incompressible j e t s  (Reference 41). 

I n  analyzing t h e  jet-ground impingement c h a r a c t e r i s t i c s  i t  
i s  important t o  recognize t h a t  t h e  s c a l e  o f  t h e  flow f i e l d  must 
be r e l a t e d  t o  t h e  l o c a l  j e t  diameter  and f low p r o f i l e  p r o p e r t i e s  
c l o s e  t o  t h e  r eg ion  of apprec iab le  impingement in f luence , .  Since 
t h e  in f luence  of t h e  ground on t h e  impinging j e t  is most 
important a t  h e i g h t s  of less than  approximately one l o c a l  j e t  
diameter  it appears  p l a u s i b l e  t h a t  a reasonable  c o r r e l a t i o n  of 
t h e  f l o w  f i e l d  behavior  i n  t h e  impingement zone can be obtained . 

by r e f e r e n c e  t o  t h e  p r o p e r t i e s  exh ib i t ed  by a free je t  a t  t h e  
equ iva len t  ground plane p o s i t i o n ,  

The methods developed below can be used f o r  p r e d i c t i n g  
temperature and v e l o c i t y  d i s t r i b u t i o n s ,  ground s t agna t ion  con- 
d i t i o n s ,  and ground p lane  ( r a d i a l )  v e l o c i t y  and temperature 
v a r i a t i o n s ,  
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3.1.2.1 Pressure  D i s t r i b u t i o n s  

Although complex t h e o r i e s  a r e  a v a i l a b l e  f o r  p r e d i c t i n g  
t h e  f low f i e l d  w i t h i n  t h e  ground impingement reg ion .  i t  i s  more 
expedient t o  u t i l i z e  t h e  non-dimensional t o t a l  p r e s s u r e  contours  
der ived  by Barnes and Su l l ivan  (Reference 44) f o r  an i n v i s c i d  
j e t .  

This  da t a  i s  presented  i n  Figure 13  w h i c h  shows t h e  v a r i a -  
t i o n  of t h e  l o c a l  d i f f e r e n t i a l  t o t a l  p re s su re  w i t h i n  t h e  ground 
impingement r eg ion  (excluding t h e  ground p lane)  a s  a f r a c t i o n  o f  
t h e  t o t a l  d i f f e r e n t i a l  p r e s s u r e  ( A r ? t , )  along t h e  j e t  a x i s .  T h i s  
va lue  of (Aft,) can be obtained d i r e c t l y  f r o m  t h e  f r e e  je t  ana l -  
y s i s  by us ing  t h e  r e s u l t s  of Figure 7 eva lua ted  a t  an appropr i a t e  
va lue  of t h e  a x i a l  c o r r e l a t i o n  parameter(3L)corresponding t o  an 
equiva len t  j e t  a x i a l  d i s t ance .  Using t h e  nomenclature of  Fig- 
ure 1 4 ,  t h i s  a x i a l  d i s t a n c e  i s  given by: 

- 
S =  

Furthermore,  as ind ica t ed  by t h e  t es t  d a t a  of References 
1 7 ,  18, 20 ,  and 41, t h e  ground s t a g n a t i o n  p res su re  can 
be  c l o s e l y  approximated by t h e  va lue  occurr ing  on t h e  cen te r -  
l i n e  of a f ree  jet  a t  an equiva len t  downstream l o c a t i o n  corre- 
sponding t o  t h e  ground s t agna t ion  p o i n t .  A s  shown i n  Figure 1 4 ,  
t h i s  ground s t agna t ion  po in t  i s  loca ted  a t  t h e  i n t e r s e c t i o n  of  
t h e  v e r t i c a l  jet  a x i s  and t h e  ground p lane  and i s  t h e r e f o r e  
given by: 

3- = q  (33) 

For-smal l  values of nozz le  h e i g h t ,  f o r  which t h e  equiva len t  
a x i a l  c o r r e l a t i o n  parameter (%1)<11 

. p r e s s u r e  ( A f t X )  can be obtained from Figure 7 ,  us ing  equat ions  
( 3 )  and (331, 
(SI) 
mensional va lue  of (Apt,) i s  obtained.  by s u b s t i t u t i n g  equat ion 
(33)  i n t o  equat ion (201, t h u s :  

t h e  ground s t agna t ion  

For large va lues  of nozz le  he igh t  given by 
11 t h e  fo l lowing  a n a l y t i c a l  r e l a t i o n s h i p  f o r  t h e  d i n  

A s  t h e  f low i n  t h e  ground impingement r eg ion  i s  dece le ra t ed  
towards t h e  ground t h e r e  e x i s t s  an apprec i ab le  r ise  i n  the  s t a t i c  
pressure .  T h e  r ise  i n  t h e  s t a t i c  p r e s s u r e  d i f f e r e n t i a l  (APc ) 
over t h e  ambient va lue ,  a long t h e  j e t  c e n t e r l i n e  can be approx- 
imated by t h e  Gaussian normal curve a s  follows: 
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where the dimensional value of the ground stagnation total 
pressure (Aft3) is obtained from equation (34) or Figure 7, 
whichever is applicable. 

Figure 15 presents a comparison between the results obtained 
using equation (35) and the test data of Reference 41, 
Although this data is limited to incompressible isothermal flow 
it is considered that substantial deviation from this condition 
will not occur in this flow region. Thus, equation (35) or 
Figure 15 can be used to determine the static pressure variation 
along the jet centerline. These values can then be substituted 
in equation (11, instead of the ambient pressure values, to ob- 
tain velocity distributions within the ground impingement 
region. 
(1) can be determined from the following sub-section. 

The total temperature variation required in equation 

3.1.2.2 Total Temperature Distribution 

The total temperature distribution (AY+) within the ground 
impingement region can be closely approximated using the free 
jet analysis presented in sub-sections 3.1.1.4 and 3.1.1.5, 

For small values of nozile height& corresponding to &,z) 
the total temperature distributions (AT') within this region 
can be obtained from Figures 8, 10, and 11, using equations 
(42, (14,) and (32). Also, the ground stagnation temperature 
(Art, ) can be,obtained from Figure 8 using equations (4) and 
(33). 
mended for values of ( G )  located in the equivalent free jet 
potential core or transition region. 

analytical relationship is obtained for the total temperature 

, 

This graphical solution for (ATt) and ( A i t a  ) is recom- 

For nozzle heights corresponding to (92) h 11, the following 

. distribution (AT+), using equations (21) and (24), thus: 

where (&)and &--are given by equations (221, and (281, respectively. 

Also, the ground stagnation temperature @t--), for 62) 
can be obtained by substituting (gj) for(5)in equation (21), 
thus: 

b ATt3 - == [ (2,,*86 . (27*5 6 ] 
L 

6.3.  c g  (37) 
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3.1.2.3 Flow Conditions Along t h e  Ground Plane 

Close t o  t h e  ground p lane ,  t h e  t o t a l  p re s su re  and tempera- 

A t  a ground r a d i u s  of about 0.4 (Ds) 
ture i n i t i a l l y  remain almost cons tan t  w i t h  i n c r e a s i n g  r a d i u s  
from t h e  s t agna t ion  po in t  ( i . e .  t h e  p o i n t  of i n t e r s e c t i o n  of 
j e t  a x i s  with t h e  ground),  
where (I+) i s  t h e  diameter  of t h e  equiva len t  free j e t  boundary 
a t  t h e  ground p lane ,  t h e  t o t a l  p re s su re  commences a measurable 
decay which i n d i c a t e s  a reappearance of t h e  t u r b u l e n t  miring 
process  i n  t h e  flow. This r e p r e s e n t s  a t r a n s i t i o n  zone of  
t h e  ground impingement reg ion  and l e a d s  t o  a f u l l y  developed 
r a d i a l  w a l l  j e t  flow a t  a r a d i u s  of about 2 0. 
ground plane i n  t h e  impingement r eg ion  f o r  kj) 3 4  can be r ep re -  
sented by t h e  fol lowing equat ions:  

The v a r i a t i o n  of maximum t o t a l  p r e s s u r  (APr i )  along t h e  

F0.r 6.4 < < 2.0 

a P+kj n ftcJ 
(39) 

( . l .f6 - 0- 4 

where (Apt,), t h e  ground s t agna t ion  p r e s s u r e 9 i s  obtained us ing  t h e  
g raph ica l  s o l u t i o n  of sub-sec t ion  3.1.1.5 o r  equat ion (34 ) ,  
whichever i s  app l i cab le .  

There i s  no tes t  d a t a  t o  v e r i f y  t h e  a p p l i c a b i l i t y  of 
equat ion  (38) and (39) t o  small  j e t  h e i g h t s ,  
Reference 41 sugges ts  a t r end  towards a r educ t ion  o f  t h e  t r a n s -  
i t i o n  zone f o r  small  j e t  h e i g h t s .  However, based on t h e  co r -  

. r e l a t i o n  of equat ions  (38) and (39)  w i t h  t h e  a v a i l a b l e  t e s t  da t a  
obtained from References 18,  20 and 43, a s  shown i n  Figure 1 6 ,  
i t  appears  t h a t  t h e  a n a l y t i c a l  r e p r e s e n t a t i o n s  should be adequate 
f o r  p r e d i c t i n g  t h e  ground p lane  peak t o t a l  p r e s s u r e  f o r  a wide 
range of p r a c t i c a l  j e t  he igh t s .  

&)e 4- , although 

The s t a t i c  p re s su re  along t h e  ground decays r a p i d l y  w i t h .  
r a d i u s  from t h e  s t agna t ion  po in t  and reaches t h e  atmospheric 
value i n  t h e  f u l l y  developed w a l l  j e t  reg ion .  For t h e  case  of 
ver t ica l  impingement, t h e  close correspondence of t h e  f u l l y  
developed jet  p r o f i l e  t o  t h e  Gaussian curve suggests t h a t  t h e  
impingement theory  of Barnes and Su l l ivan  (Reference 44) may 
be u t i l i z e d .  Although t h e i r  exac t  a n a l y s i s  of t h e  decay of 
s t a t i c  p re s su re  along t h e  ground r a d i a l  s u r f a c e  l e a d s  t o  a com- 
p l e x  s o l u t i o n ,  it w a s ,  shown t h a t  t h i s  decay can be adequately 
approximated by t h e  Gaussian p r o f i l e  whose i n t e g r a t e d  su r face  
loading equals  t h e  j e t  v e r t i c a l  momentum. 

Using t h i s  r e s u l t  f o r  t h e  p re sen t  s tudy ,  t h e  su r f ace  s t a t i c  
p re s su re  d i s t r i b u t i o n s  can be expressed a s  follows: 
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Figure 17 presents a correlation of the analytical results 
obtained by equation (40) with the test data of Reference 17 
for jet heights 

If normal impingement occurs at jet heights where the ' 

FiIj >Sc . 
potential core region intersects the ground plane, appreciable 
deviations from the ground static pressure distributions of 
fully developed jets are found. This is shown in Figure 18 
which summarizes the data of Reference 41 at a = 1, 2, and 
4 for an isothermal incompressible jet, and compares the results 
with Equation (40). In the absence of more complete experimental 
data a simple linear interpolation of the data of Figure 18 is 
recommended to determine the decay characteristics at intermed- 
iate nozzle heights. 

There is no adequate data on radial variation of ground 
plane total temperature. Therefore, the transition zone effects 
are omitted from the analytical model and the peak total temp- 
erature is assumed to be constant and equal to ground stag- 
nation total temperature. Thus: 

c_ 

A7W - - "G-3 

where (b7t~)i.s obtained from the graphical solution of sub- 
section 3.1.1.5 or equation ( 3 7 )  whichever is applicable. 

of the wall jet region. 
Equation (41) is considered applicable up to the beginning 

3.1.2.4 Effect of Crosswinds 

Under the influence of ambient crosswinds the deflection of 
the jet leads to the occurence of an oblique ground impingement 
as shown in Figure 19. The angle of impingement (63) may be 
approximated by the value occurring at the equivalent ground 
plane position in a free jet and is obtained directly from 
equation 31 by substituting (nj) for (&)thus: 

63 c cot -z [ 3. @)"&. (q2] (42) 

The analysis for pressure and temperature distributions within 
this region as affected by crosswinds is the same as that 
developed for a free jet in Section 3.1,1,6, 

When oblique impingement occurs, the flow Eield in region B 
is asymmetric. There are no known experimental measurements ' 

that may be used to describe the oblique impingement flow field 
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Figure 19.- .Coordinate System to Describe the Ground Flow Field 
for a Single Jet With Crosswind Effects, 
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for a j e t  d e f l e c t e d  by crosswinds,  However, by making an an- 
aLogy t o  t h e  ca se  of  an i n c l i n e d  j e t  exhaust ing under s t a t i c  
cond i t ions ,  i t  i s  found from t h e  d a t a  repor ted  i n  Reference 68 
t h a t  t h e  l o c a t i o n  of t h e  ground p lane  s t agna t ion  poin t  i s  d i s -  
placed upwind of t h e  i n t e r s e c t i o n  of t h e  j e t  pa th  a x i s .  For 
t h e  small  range of impingement angles  considered 75O.L-(Bg)c"L 900 
i n  t h e  p re sen t  a n a l y s i s ,  t h i s  displacement remains small  and i s  
t h e r e f o r e  neglected.  

Other measurements repor ted  i n  Reference 60 show t h a t  t h e  
va lue  of t h e  s t agna t ion  p o i n t  p re s su re  i s  e s s e n t i a l l y  cons t an t  
for t h e  s a m e  range of impingement angles .  Therefore t h e  stag- 
na t ion  p o i n t  p re s su re  i s  obtained by t h e  methods given f o r  
v e r t i c a l  (axisymmetric) impingement. 
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3.1.3 Region C- The Wall Jet Flow 

The wall jet region, as shown in Figure 1, Region C, 
represents the r a d i a l  ground flow extending from the ground 
impingement region to the flow separation and flow recircula- 
tion region. 

Prediction methods developed for the radial wall jet 
region are based on the theoretical treatments reviewed in 
Section 2 with certain empirical modifications introduced in 
this section. The calculative methods given below consider 
the peak decay characteristics of total pressure and temp- 
erature, jet profiles, and reference flow boundaries in a 
similar manner to the treatment presented for other flow 
regions. 

An important feature of the methods presented herein to 
describe the wall jet behavior is that only the jet nozzle 
flow parameters, nozzle height and ground impingement angle 
are required. Details of the flow characteristics in Regions 
A and B are not essential except in locating the position of 
fully established wall jet flow. 

The static pressure throughout the wall jet region is 
assumed constant and equal to the ambient static value. 
Although this assumption is not strictly valid the analysis 
presented in Reference 69 indicates that the errors involved 
are negligible. 

3.1.3.1 Total Pressure Distribution 

The decay of peak differential total pressure resulting 
from a vertically impinging jet may be derived,from the simple 

References 53 and 5Qfor isothermal incompressible jets, By 
rewriting this expression in non-dimensional form, allowing 
f o r  a variation of the nozzle discharge coefficient (CD ) on 
the basis of Abbott's investigation (Reference 55)  and 
accounting for compressibility effects on the basis of obser- 
vations made in References 56 and 7 0 ,  the following relation- 

.power expression given by the analytical investigations of 

ship is obtained: ,' 

Substituting appropriate empirical v lues for K2. and k~ the 
effects of jet height variation 1 ~ ? & ) L 3 6  are found to be in 
good agreement with experimental data of both Reference41 and 
56, A s  noted by A b b o t t  i n  Reference 5 6 ,  the va lues  of ( A p t w )  
given  by equat ion  (43) are independent of temperature  effects,  
T h i s  is f u r t h e r  s u b s t a n t i a t e d  by the  t e s t  d a t a  f r o m  References 
18 and 20 for  the temperature  range Z (Gj/&) 4 3 .  
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-. A detailed review of available radial wall jet test data 
presented’in References 18, 20, 41, and 54  through 57 was made 
to determine the most appropriate empirical values of &and kp 
This information is summarized in Table I and is used to develop 
the following relationship for the decay behavior of the total 
differential pressure in the wall jet: 

The above equation is plotted in Figure 20 to show a comparison 
of the analytical results with large and small scale V/STOL model 
data obtained from References 71 and 6 5 ,  respectively. 

Extensive measurements obtained in References 17 and 60 
indicate that the normalized total-pressure profiles in the 
wall jet region are essentially independent of nozzle height 

(r.j/Ta) 
Furthermore, the pressure profile appears to be independent 
of whether the jet impinges obliquely or not. Figure 21 shows 
the mean experimental profile resulting from these measurements. 
The profile can be closely approximated by Glauert’s theoret- 
ical curve for Rw = 13,000 (Reference 6 0 )  except in the outer 
region, (h/hp)>l,where the recirculation flow field is approached, 
Glauert’s profile is, however, defined by a complex expression 
which may be replaced by a simpler empirical representation 
utilizing separate expressions for the inner boundary layer 
(1/7th velocity power law) and outer free mixing zone (Gaussian 
profile). Thus the total differential pressure at any point 
within the wall jet can be expressed as follows: 

, nozzle pressure ratio (P+j/Pa) , nozzle temperature ratio 
7 radial coordinate (z), and Reynolds number (Rw). 

where the peak total pressure (A?+,) close to the wall is given 
by equation (44). The height of the pressure reference bound- 
ary ( h p )  is given by the point on the outer profile where 
@&/AI$,)= 0.25 and can be obtained from the following analysis, 

Expressions for the growth of the wall jet pressure bound- 
ary (A;) have been derived in the analyses of References 53 and 
54 for isothermal incompressible jets and are presented in the 
following form: 

54 



c c 

-r n 
I_ 

a) 
0 

0 
cn 0 0 0 0 3  

cn cn 3 \o rl rl N r l  

cr) u) rl 

rl 0 rl u) cv \o I I I M cn * cv 0 * 0 

* 0 o m  co rl 
N rl 

0 0 0 0 

* 

0 

0 0 3 \o 
M M - 3  N M co 
I I I I I I m I 

m m r-l 00 rl N 

co 
cn 
0 

co 
cn 
0 

0 

-% co 
cn 
0 

9 
rl 
rl 
W 
0 

0 

cn 
0 

0 
I I 

0 0 cn 0 

I I I 
I I 0 0 

cv u) 
8-4 cr) 

I I I 
r-l A .  

cr) co 
rl rl 

I I 
rl rl 

0 0 0 0 0 8 

M rl rl I4 cv rl. cv cr) 

co 
0 v) 0 o m  

e 8 I I 0 0 * 
N rl ri rl c u r l  

m 
cr) cv .m 

@-J cr) cv I I * 0 

rl rl rl rl r l w  
rl 

M cn w 0 co w 
rl 0 rl rl 0 rl 

rl rl rl rl rl rl 

rl h M cn \o 
CY N cv 3 4- 

rl rl rl rl rl 

0 * * 0 a * 1 ’ 1  

m * 0 e m I I I 

55 



c, 
0 

3 

0,oa 

0.06 

Q,04 

2 4 6 8 10 20 40 60 
_ _  - .  

Radial Co-ordinate R - 1 . - __ . __ 

Figure 20,- Comparison Between Developed W a l l  Jet Peak 
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Experiment a1 Mean P r o f i l e  
from References 1 7  and 60 ,  

------- Theory Due t o  Glauer t ,  

- - Eqilations 45 sad. 46. 

Reference 51 (Rw = 13 000). 

h/hp = 0.17 - .  _. 
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- - .  

Non-Dimensional Height Reference h/hp 

Figure 21.- Root D i f f e r e n t i a l  T o t a l  Pressure  
P r o f i l e s  f o r  The W a l l  Jet  Region 
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Good agreement w i t h  t h e  tes t  d a t a  of References 2 0 ,  41,  
This  va lue  i s  s i g n i f -  and 54 i s  obtained by t ak ing  k9*= 0.9. 

i c a n t l y  lower than  t h e  t h e o r e t i c a l  va lue  of 1 .01  given by 
Glauert .  Although experimental  d a t a  from d i f f e r e n t  sources  
i n d i c a t e  apprec iab le  v a r i a t i o n  of t h e  cons t an t  G, t h e  va lue  of 
0.098 (rounded o f f  t o  0.1) given i n  Reference 54 i s  used. 
Equation (47) can then be expressed as :  

Figure 22 shows t h a t  t h i s  equat ion  r e s u l t s  i n  f a i r  agreement 
wi th  l a r g e  and small-scale d a t a  of References 71 ,  65 r e s p e c t i v e l y ,  

Thus t h e  t o t a l  d i f f e r e n t i a l  p re s su re  (A!?$'> a t  any p o i n t  
w i th in  t h e  wa l l  j e t  can be uniquely determined us ing  equat ions  
(441, (451, o r  (461, and (48) .  

h;l = O.l.(~)"*1. (48) 

3.1.3.2 T o t a l  Temperature D i s t r i b u t i o n  

I n  t h e  absence of s a t i s f a c t o r y  t h e o r i e s ,  t h e  t o t a l  temp- 
e r a t u r e  c h a r a c t e r i s t i c s  ( A T t )  a r e  der ived  empi r i ca l ly  from t h e  
d a t a  presented  i n  References 18, 55, 56, and 7 1 .  From t h e  
preceeding ana lyses  f o r  Regions A and C ,  it i s  reasonable  t o  
expect t h e  decay of t o t a l  temperature d i f f e r e n t i a l  t o  be func- 
t i o n a l l y  dependent on nozzle  he ight  <&' >, pres su re  r a t i o  
( P + . / P a ) ,  and hea t  d i scharge  c o e f f i c i e n t  ( C H I .  I n  a d d i t i o n ,  
t h e  h e a t ' s i n k  p r o p e r t i e s  of t h e  ground may be important ;  how- 
e v e r ,  t h e r e  i s  i n s u f f i c i e n t  d a t a  on such e f f e c t s .  

The  model t es t  d a t a  of Reference 55., which a r e  used a s  
t h e  b a s i s  f o r  p r e d i c t i n g  t h e  peak t o t a l  p re s su re  decay i n  
Region C ,  suggest  t h e  fol lowing s i m p l i f i e d  fo rm of t h e  peak 
t o t a l  temperature decay 

where t h e  decay c o n s t a n t ,  K.+, i s  approximately 0.7 and t h e  ex- 
ponent,  kq, has t h e  va lue  0.725. However, model and f u l l - s c a l e  
d a t a  of References 18 and 7 1 ,  r e s p e c t i v e l y ,  i n d i c a t e  t h a t  both 
K4and k+shouLd be u n i t y .  Since t h e  l a t t e r  tests w e r e  made a t  
more-representat ive nozzle  p re s su re  r a t i o s  ( 1 . 7  6 (P+j/Pa) 4 2.0 
than  those  of EZeferences 55 and 56 ((/?*;/fa) 1.2 ) t h e  
fol lowing express ion  f o r  t h e  decay of peak t o t a l  temperature 
wi th in  t h e  w a l l  jet  i s  recommended: 

Figure 23  p r e s e n t s  a good c o r r e l a t i o n  of t h e  r e s u l t s  obtained 
from equat ion  (50) wi th  t h e  test data of References 18,  65, and 71, 

Unlike t h e  p re s su re  p r o f i l e  t h e  t o t a l  temperature p r o f i l e  
of a w a l l  j e t  does not  possess  t h e  c h a r a c t e r i s t i c  boundary 
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layer shape. Although few detailed measurements of total 
temperature profiles have been made the available data indicates 
that the variation of differential total temperature may be 
reasonably well approximated by a Gaussian curvec This repre- 
sentation has been employed by Abbott in theoretical studies 
(Reference 56). - .__ . 

Heat transfer between the wall jet and the ground will, 
of course, cause departures from the Gaussian shape. The heat 
transfer will depend on the temperature differential between 
the ground and the wall jet flow, and also on the thermal 
properties of the ground., 

Thus, the total differential temperature distribution 
within the wall jet can be represented by the following re- 
lati onship: 

- 1.386 (h/h$ - 
e - - (3 

where (h t )  is the height of the temperature reference boundary 
given by the condition that (A%/.A7h) = 0.5 and is determined 
from the following analysis: 

Following the analysis of Reference 55, variakion of the 
total temperature reference boundary ( h i )  may be obtained by 
assuming that'it is related to the total pressure reference 
boundary ( h i )  by a factor varying between 1 and 1.4. 
utilizing equation (48) there results: 

Thus 

(51) 

This relationship together with the experimental data of Re- 
'ference 71 is plotted in Figure 24 which shows a reasonable 
correlation between the -analytical and experimental results. 

wall jet region can be uniquely determined using equations (50), 
(51) and (52). 

Thus the total temperature (A%) of any point within the 

Finally, as in the case of other flow regions discussed . 
previously, the local velocity distribution at any point within 
the wall jet region can now be established through equation 
(1) knowing th,e values of (Pt) and (Tt) determined in sub-section 
3.1.3 and assuming P = Pa. 

3.1.3.3 Ground Flow Separation Radius 

Under static conditions the presence of a local jet temp- 
erature differential (above ambient) promotes natural buoyancy 
forces which counteract the radial momentum forces. When the 
two forces approach the same order of magnitude, the wall jet 
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flow separates and rises from the ground. 
close to the impingement point, the wall jet momentum forces 
are much larger than those due to buoyancy. However, since 
local jet momentum decays at nominally twice the rate of the 
temperature differential (AT&,,) a point is soon reached where 
the buoyancy forces approach the magnitude of the radial mo- 
mentum forces. 

Normally,' in regions 

Based on the experimental data obtained by Abbott (Re- 
ference 56) for (P+j/Pa )<1.2 and 
expression for the ground separation distance ( R S )  is ob- 
tained: 

(Xj/%) < 2.7 'the following 

- 
This expression is based on a simplified theoretical represen- 
tation of the jet decay behavior discussed previously. By use 
of the incompressible Bernoulli's equation the above relation- 
ship can be represented as: 

Abbott's analysis shows tha t  a c r i te r ion  for buoyant flow 
separation (no crosswinds) corresponds t o  a constant r a t io  
(approximately 0.17)  of the buoyancy pressure d i f fe ren t ia l  t o  
the peak to t a l  pressure d i f fe ren t ia l  ( APts ) a t  the point of 
separation. This value can be obtained from equation (44) by 
substi tuting the value of ( R , )  for(R), thus:  

'Similarly, the peak d i f fe ren t ia l  t o t a l  temperature (AT&) 
a t  t h i s  same point can be obtained from equation ( 5 0 ) ,  thus: 

where, &,) i n  both of the above expressions i s  given by equation 
(54) * 

3.1.3.3 Effect of Crosswinds 

Crosswinds a f fec t  not only the t o t a l  pressure and temper- 
ature distributions.within the wall j e t  region but also the 
ground separation radius. 

The variation of peak t o t a l  pressure ( A & , )  as  influenced 
by crosswinds can be direct ly  obtained from equation (43) by 
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appropriately adjusting the empirical decay constants K2and k2, 
These constants are derived from the test data of Reference 55 
and are presented in Figure 25 as a function of the local jet 
turning angle (S+)  e . .  - _ -  ~. 

This angle is obtained from basic geometric consid- 
in terns of the ground impingement angle (8d),as 

Thus: 

J 

erations 
given by equation (421, and the azimuth position (f). 

The peak total temperature ( A T t w )  can now be expressed 
in terms of the local jet turning angle (et) as follows: 

Thus, having established the effect of crosswinds on the 
peak values of total pressure- (Apt,)  and temperature (A=,,) , 
analyses of sub-sections 3.1.3.1 and 3.1.3.2 may be utilized 
to determine total pressure and total temperature distributions 
at any point within the wall jet region. 

Also, the ground surface wind generally has a large effect 
on ground flow separation radius (&). Specifically, it is found 
that the wall jet flow which propagates against the crosswind 
separates earlier than the flow in the downwind direction. 

Physical considerations indicate that the flow separation 
would be expected to occur when the momentum of the wall jet 
.approaches that of the crosswind. This 2 s  borne out by the 
experimental work of Abbott in Reference 55. Abbott conducted 
moving-model tests for a single engine in static ambient con- 
ditions and at small nozzle heights ((%) -= 6 ). Since cross- 
winds are defined relative to the model then these test con- 
ditions are representative of a stationary model in the presence 
of a uniform crosswind. Measurements of the upwind ground flow 
separation radius indicate that the flow separation was 
within 2 10% of the value given by 

This criterion applied for the model test conditions of rela- 
tive crosswind ratio (0.01 p 0 . 0 8 ) ,  nozzle pressure 
ratio ( (P+ j  / Pa -= 1.2) ,  and nozzle temperature ratio 
( ( T ~ / x  ) -= 2.11, and was found to be in a good agreement 
with limited full-scale test data. 
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Later experiments were conducted by blowing air past a 
stationary model in a wind tunnel. These tests covered the 
same range of relative crosswind ratios as the moving- 
model experiments. It was found that the separation criterion 
f o r  (4Cm) could n o t  be expressed a s  a simple l i n e a r  func t ion  
of y. This is attributed to the presence of a bound- 
ary ayer in the wind tunnel tests. Based on the reported 
data an approximate criterion for the ground flow separation 
is obtained as: 

The above equation correlates with the experimental data 
within about 2 10% for crosswind ratios within the range 
0.02 6 ( p )  0.10 e 
3.1.4 Region D- Far Field Recirculation Flow 

This region2as shown in Figure 1, Region D, pertains to t he  
flow outside the regions discussed previously; and is con- 
t a ined  w i t h i n  t he  h o t  gas cloud boundaries with t h e  except ion 
of t he  engine i n t a k e  flow. 

envelope'which represents the limit of significant temperature 
differential above the surrounding ambient value. 
there are few direct experimental measurements which are rele- 
vant to this investigation, it is possible to obtaiJl a repre- 
sentative temperature envelope froa experimental smoke injec- 
tion studies since there is a general similarity between the 
dissipation processes for excess temperature and smoke density 
in a turbulent flow. In such studies, the smoke generating 

nozzle exhaust or into the radial ground flow. 

Analytical approaches to a treatment of the flow 
within the boundaries of the recirculation and entrainment 
regions are discussed in the theoretical review of Section 2.5. 
Based on this discussion, it is clear that neither quantita- 
tive experimental data nor comprehensive analytical methods 
are available for reliable predictions of both mean veloci%y 
(or total pressure) and temperature distributions within this 
region. 

The boundary of the recirculation region is defined by the 

Although 

.device is usually introduced either directly into the ;et 

A limited analysis for the flow characteristics with- 
in this region is postulated by neglecting the entrainment effect 
of the engine intake and exhaust flow. 
concept of a "thintf annular convective jet which originates 
a t  a p o i n t  where t h e  

T h i s  ana lys i s  u t i l i z e s  the 
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w a l l  j e t  s e p a r a t e s  from t h e  ground. By us ing  t h e  f low prop- 
er t ies  o f ' t h e  w a l l  j e t  a t  s epa ra t ion  t o  de f ine  t h e  i n i t i a l  
cond i t ions  f o r  t h e  convective j e t ,  a s  shown i n  Figure 2 6 ,  t h e  
two-dimensional a n a l y s i s  repor ted  i n  Reference 11 i s  used a s  
t h e  b a s i s  for ob ta in ing  approximate v e r t i c a l  decay cha rac t e r -  
i s t ics .  Following t h e  methods of Reference 11 it i s  conven- 
i e n t  t o  t r e a t  t h e  flow c h a r a c t e r i s t i c s  i n  Region D i n  t e r m s  
of l o c a l  v e l o c i t i e s ( i n s t e a d  of t o t a l  p re s su red  and l o c a l  t o t a l  
temperatures.  This  a n a l y s i s  i s  presented  below. 

3.1.4.1 Veloc i ty  Di s t r ibu t ions  

The a n a l y s i s  given i n  Reference 11 f o r  a two-dimensional 
convect ive j e t  i n d i c a t e s  t h a t  t h e r e  i s  only a small v a r i a t i o n  
of l o c a l  peak v e l o c i t y  with inc reas ing  he ight .  For p r a c t i c a l  
he igh t s  considered i n  t h i s  a n a l y s i s ,  t h i s  v e l o c i t y  is. 
assumed t o  be independent of he igh t  and t h e r e f o r e  can be expressed 
by t h e  fol lowing r e l a t i o n s h i p :  

Following t h e  a n a l y s i s  of Reference 11, t h e  l a t e r a l  d i s t r i -  
bu t ion  of l o c a l  v e r t i c a l  v e l o c i t y  (u) w i t h  t h e  coord ina te  (b) 
measured'along t h e  r a d i a l  v e c t o r  (R)  i s  given by: 

The  boundary (bg) of t h e  j e t  r e p r e s e n t s  a f i n i t e .  l i m i t  t o  t h e  
l a t e r a l  e x t e n t  of t h e  annular  convect ive flow. Thus t h e  o u t e r  
l i m i t  o f  t h e  r e c i r c u l a t i o n  reg ion  can be  expressed a s :  

RS f bh 
Since t h e  r i s i n g  j e t  i s  con ica l  then  (bk) can be def ined by: 

T h e  va lue  of (Ho),which i s  def ined  a s  t h e  coord ina te  of t h e  
v i r t u a l  o r i g i n  of t h e  convective j e t  measured below t h e  ground 
( s e e  Figure 26 ) , i s  obtained by matching t h e  known decay charac- 
t e r i s t ics  of t h e  l o c a l  peak temperature w i t h  t h e w a l l  j e t v a l u e  
a t  t h e  sepa ra t ion  p o i n t ,  thus:  

bh = 0.22 . ( H  + Ho) (64) 

where(4z5) i s  obtained from equat ion (56) and Uh i s  given by 
equat ion (61). 

67 



68 



Although no specific methods can be readily obtained for 
calculating flow velocities outside the convective jet boundary 
and between the wall jet and free jet regions these velocities, 
as shown in Reference 68, are generally very small, within the 
range of 0 to 5 ft/sec, The flow field in this region is char- 
acterised by turbulent mixing and stationary eddies for which 
there are no usable theoretical methods or experimental data 
available at-the present time, . 

3.1.4.2 Total Temperature Distributions 

dimensional convective jet the variation of local peak total 
temperature (ATtj, ) at any height (H) can be obtained as a 
function of the corresponding local peak velocity (Uh), thus2 

From the analysis presented in Reference 11 for a two- 

2 
q f l  c I 0.021 . (Uh) '1 

(H -f- Ho) hj/@- I 

2 
4 h  c I 0.021 . (Uh) '1 

(H -f- Ho) 

.. 
hj/@- I 

( 6 6 )  

where (uh) and (Ho) are obtained from equations (61) and ( 6 5 )  
respectively. 

The lateral distribution of local total temperature (AT) 
is then given by: 

As discussed previously, there are no theoretical methods 
or experimental data to predict the temperature .distribution 
within the recirculation region bounded by the convective jet 
flow, wall jet flow, and the free jet flow, In view of this 
fact, it is herein postulated that the temperatures within this 
closely bounded region will not erceed the ma-;mum peak temp- 
eratures at the same height within the Convective jet region. 
Therefore, equation (67) can be employed within reasonable 
limits. This postulation appears to be v a l i d  from the 
point of view that if the air mass entrainment was considered 
in the convective jet analysis, the jet would curve toward the 
intake. Thus, the temperature at any p o i n t  under cons ide ra t ion  
would be more affected by the recirculatory flow from the con- 
vective jet. 

3.1.4.3 Recirculation Flow Boundaries 

Under zero wind conditions, the radial limit of the recir- 
culation boundary can be approximated by equation (631, 
envelope is equ iva len t  to 'the section of a-cone whose, 
radius increases with height, A vertical boundary (Hb) to the 
convective flow is chosen by the condition that: 

This 
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Thus, for a typical jet where(A%$) = 1000°F, the temperature 
at the boundary of the recirculating flow is no more than 
1°F above ambient. 

With crosswinds, the maximum vertical boundary (Hb)  of 
hot gas cloud can be obtained from the experimental data ob- 
tained by Abbott in Reference 5 5 .  

Abbott has analyzed photographic 'records of the 
smoke boundary as affected by crosswinds. 
his data the height of the flow boundary at a location where it 
intersects the jet centerline can be approximated by the 
following expression: 

In accordance with 

Hb = (69) 

where (Rb) is the upwind radial-flow boundary given by 
equation ( 6 3 ) .  

3.1.5 Region E- Engine Intake Flow 

This region, as shown in Figure 1,Region E, pertains to 
flow conditions at and in close proximity to the engine 
intake. 

The intakes of V/STOL lift engines act as sinks which draw 
in the surrounding air from all directions. Simple analyses 
show that the inlet sink strength is small compared to the en- 
.trainment properties of the exhaust flow, Thus the entrained 
inlet flow is drawn only from a localised region within a few 
diameters of the inlet face. 

The inlet sink effect causes a rapid acceleration of the 
entrained air mass as it approaches the inlet plane, with a 
consequent streamtube contradtion and with a reduced intensity 
of the turbulent mixing process. Thus relatively hot gases in 
the surrounding recirculation region can be induced into the 
inlet plane without much dissipation taking place. 

A s  indicated by some of the experimental measurements, 
inlet flow characteristics ewhibit a random time dependency, w i t h  
strong temperature fluctuation typical of those due to 
large scale turbulence. This makes the evaluation of time- 
average behavior very difficult as evidenced by poor test re- 
peatability in some cases. Furthermore, substantial differences 
in the measurements of intake temperature rise (ITR) have . 
been recorded by various investigators for tests of similar con- 
figurations under similar flow conditions but at different 
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geometric s c a l e  e 

The ques t ion  o f  model s c a l i n g  effects  i s  p r e s e n t l y  t h e  
subject of an i n t e n s i v e  i n v e s t i g a t i o n  t o  determine v a l i d  co r -  
r e l a t i o n  parameters (References 72, 73 and 741, To formulate  
an e f f e c t i v e  mathematical  model f o r  t h e  h o t  gas  i n g e s t i o n  flow 
it  i s  necessary  t o  achieve geometric,  kinematic ,  and dynamic 
s i m i l a r i t y ,  It i s ,  however, n o t  p r a c t i c a l  t o  achieve s i m i l a r i t y  
of both i n e r t i a l - t o - v i s c o u s  and i n e r t i a l - t o - g r a v i t a t i o n a l  
f o r c e s  a t  d i f f e r e n t  geometric scale. Thus i t  i s  gene ra l ly  
assumed t h a t  one f o r c e  r a t i o  i s  dominant and t h e  o t h e r  can be  
neglected.  The d i scuss ion  i n  Reference 73 i n d i c a t e s  t h a t  l i m i t e d  
success  w i t h  each s c a l i n g  technique h a s  been obtained from 
independent s t u d i e s  a l though c o r r e c t  s c a l i n g  methods a r e  no t  
y e t  s u f f i c i e n t l y  w e l l  def ined.  

I n  a d d i t i o n  t o  t h e  s c a l i n g  problems t h e r e  i s  a s t rong  
dependency of i n t a k e  f l o w  c h a r a c t e r i s t i c s  on airframe/intake con- 
f i g u r a t i o n .  There are t w o  p r i n c i p a l  t ypes  of engine i n l e t  
i n s t a l l a t i o n s ,  each of which e x h i b i t s  marked d i f f e r e n c e s  i n  
i n g e s t i o n  behavior ,  These a r e  t h e  t o p - i n l e t  and t h e  s i d e - i n l e t  
conf igu ra t ions ,  as shown i n  F igure  27. The f i r s t  type  p e r t a i n s  
t o  ver t ical ly-mounted engines  having i n l e t s  f l u s h  wi th  the  upper 
su r face  of t h e  i n s t a l l a t i o n  ( e i t h e r  pod o r  f u s e l a g e ) ,  while  t h e  
second c o n f i g u r a t i o n  i s  t y p i f i e d  by a p a i r  of scoop i n t a k e s  on 
t h e  fuse l age  sides u s u a l l y  w e l l  forward of t h e  exhaust nozz les ,  
as appropr i a t e  t o  a h o r i z o n t a l  engine layout .  

Due t o  t h e  complexity of t h e  in t ake  flow behavior  a s  d i s -  
cussed above and i n  view of i n s u f f i c i e n t  experimental  d a t a  
t h e r e  a r e  no comprehensive a n a l y t i c a l  methods f o r  r e l i a b l e  pre-  
d i c t i o n  of t h e  f low c h a r a c t e r i s t i c s  w i t h i n  t h i s  reg ion .  Hence, 

. r e s o r t  must be made t o  semi-empirical  o r  t o t a l l y  empir ica l  solu-  
t i o n s  t o  o b t a i n  p re s su re ,  v e l o c i t y  and temperature d i s t r i b u t i o n s  
wi th in  t h e  engine in t akes .  These  methods a r e  presented  below. 

3.1.5.1 I n t a k e  P res su re  and Veloc i ty  D i s t r i b u t i o n s  

I n  reviewing t h e  e x i s t i n g  a n a l y t i c a l  approaches (Sec t ion  2 )  
it w a s  found t h a t  methods t o  c a l c u l a t e  t h e  pressure  and v e l o c i t y  
d i s t r i b u t i o n s  f o r  a r b i t r a r y  i n l e t / a i r f r a m e  conf igu ra t ions  were 
complex and l i m i t e d  t o  s i m p l i f i e d  r ep resen ta t ions .  While a 
t r i a l - a n d - e r r o r  method such as given by Reference 6 1  r e p r e s e n t s  
a u s e f u l  des ign  t o o l  f o r  i n t a k e s  opera t ing  under both s t a t i c  
and crosswind c o n d i t i o n s ,  it does no t  a l low a r a p i d  and accu ra t e  
assessment of t h e  flow behavior  f o r  any given in t ake  geometry.  
Since t h e  des ign  of  e f f i c i e n t  i n t a k e s  (minimum v e l o c i t y  d i s -  
t o r t i o n  and no f l o w  sepa ra t ion )  i s  i n  i t s e l f  an a r t ,  i t  i s  con- 
s ide red  t o  be o u t s i d e  t h e  scope of ho t  gas  i n g e s t i o n  s t u d i e s .  
Therefore ,  methods presented  below a r e  r e s t r i c t e d  t o  an 
approximate e s t i m a t e  o f  mean t o t a l  p r e s s u r e  and v e l o c i t y  v a l u e s  
on t h e  assumption of an i d e a l  i n t ake  e f f i c i e n c y ,  
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By neglecting effects due to the intake boundary layer 
and flow separation the total pressure ( I t i  ) in the intake ref- 
erence plane is essentially constant and equivalent to the free- 
stream total pressure ( Ptc0 >, thus: 

where (A&,) r e p r e s e n t s  the t o t a l  p r e s s u r e  head of any cross- 
wind ve loc i ty .  
abso lu t e  p r e s s u r e  ( P a )  it can be neglec ted .  
Given the total engine- inlet cross-section-area < A i  the mean 
inlet static pressure ( P i )  is derived by equating the engine 
inlet and exhaust flows (neglecting fuel addition) and can be 
expressed to first order by: 

Since  t h i s  Value is s m a l l  i n  comparison w i t h  t h e  
. -  

where the value.:of ( pti ) i s  obtained from e-quation (70). 
The r a t i o  (&/pi } i n  equation' ( 7 1 )  is h i t i a l l y  assumed t o  be . 

un i ty ,  t hen  the s o l u t i o n  for ( p i )  i s  obta ined  through an 
i t e r a t i v e  c a l c u l a t i o n  procedure.  

The mean idealised inlet velocity (Ui) is now obtained 
from equation (11, where the mean inlet total temperature ( X i )  
is given by: 

where mean ITR is obtained from sub-section 3,1,5,2 given below. 

3.1.5.2 Intake Temperature Distributions 

For a single engine configuration without crosswinds, the 
mean inlet temperature rise (ITR) sensed at the intake plane is 
generally small with a relatively flat distribution. This 
ITR is considered to be due to recirculation of the separated 
ground flow which rises upwards under buoyancy forces and is 
induced into the intake by the entrainment process. Since the 
ground flow separation point is normally well outside the air- 
craft planform limits the effects of airframe/engine geometry 
in this case are normally minimal, 

Because of this relatively simple mathematical model of 
the recirculating flow, the mean ITR can be estimated from 
equation ( 6 6 ) ,  knowing the ground flow separation radius (Rs) 
from equation (54), 
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For typdca l  l ift engine parameters <Bj = 1 f t . ,  P t ; / P a  = 1 . 8 ,  
%/% 
u s i n g  t h e s e  equat ions ,  A wide s e l e c t i o n  of  experimental  d a t a  
f o r  both large- and smal l - sca le  tests (References 71,  and 75 
through 78) show t h a t  measured mean ITR i s  i n  f a i r  agreement 
wi th  t h e  p r e d i c t i o n s  of equat ion  (661, These test d a t a  a l s o  
confirm an i n s e n s i t i v i t y  of t h e  measured I T R  t o  a i r c r a f t  con- 
f i g u r a t i o n  and nozz le  he igh t  v a r i a t i o n s ,  as expected on t h e  
b a s i s  of t h e  f l o w  model, 

= 1200 F)  a mean I T R  of t h e  o r d e r  of 8'F i s  p r e d i c t e d  

Large scale experimental  d a t a  i n  Refe rence71  show t h a t  
in s t an taneous  I T R  d i s t r i b u t i o n s  exhibi t  random f l u c t u a t i o n s  
w i t h  peak va lues  approaching t w i c e  the mean I T R  l e v e l .  

I n  the presence  of crosswinds,  the forward e x t e n t  of the 
r e c i r c u l a t i o n  r e g i o n  i s  reduced. A consequent decrease  i n  
the mean-path l e n g t h  of the r e c i r c u l a t i n g  exhaus t  f l o w  d i r e c t l y  
upstream of the nozz le  leads t o  an inc reased  I T R  w i t h  a d i s -  
t r i b u t i o n a l  b ias  towards the'upwind side.  T h i s  t r end  i s  some- 
what modified by a decreas ing  r e c i r c u l a t i o n  boundary h e i g h t  
above the i n l e t ,  which i m p l i e s  a height l i m i t  f o r  the h o t  gas  
i n g e s t i o n  t h a t  i s  l a r g e l y  dependent on the r e l a t i v e  crosswind 
speed. The  p o s s i b i l i t y  of r e c i r c u l a t i n g  f l o w  being t rapped 
under the wing i s  a l so  recognized t o  have an  effect  on I T R .  

The above cons ide ra t ions  of crosswind effects  prec lude  
development of a r e l i ab le  mathematical model and therefore 
large scale t e s t  d a t a  f r o m  References 79 and 80 are h e r e i n  

, u t i l i z e d  t o  show t y p i c a l  v a r i a t i o n s  of I T R  for a s i n g l e  nozzle/ 
i n l e t  con f igu ra t ion .  These data ,  which are  considered repre- 
s e n t a t i v e  fo r  a wide range  of s i n g l e  nozz le  top-intakes,  are  
presented  i n  Figure 28, for t h e  t y p i c a l  a i r c r a f t  t o p - i n l e t  con- 
f i g u r a t i o n  shown i n  F igure  29, - -  

S i d e - i n l e t  c o n f i g u r a t i o n s  are characterized by forward- 
fac ing  i n t a k e s  u s u a l l y  l o c a t e d  w e l l  ahead of both the wing 
and the engine nozz les .  T h i s  l o c a t i o n  i s  u s u a l l y  d i c t a t e d  by 

t o  locate the i n l e t s  w e l l  away f r o m  the r e c i r c u l a t o r y  f l o w  
p a t t e r n s  generated by  wing/fuselage c o n f i g u r a t i o n s  and/or mul t i -  
nozzle  arrangements.  

, a h o r i z o n t a l  engine mounting, I n  a d d i t i o n ,  it i s  desirable 

S i d e - i n l e t  conf igu ra t ions  are ,  however, s u s c e p t i b l e  t o  an  
entrainment  of the local groundflow under s t a t i c  ambient 
cond i t ions .  T h i s  i s  a t t r i b u t e d  t o  the s i n k  e f f ec t  of the i n l e t  

74 



*=900 q=oo *=450 . 

- *bT --f, Hi& wing 
-Q Low wing 

-- 

- 
0 20 0 20 

ITR,  0 F akr;:;:; 
0- 20 40 . 60 

' ft/sec, 
- 

( a )  Ef fec t  of Wing Location. 

0 * 20 40 60 

' ua, 9 ft/sec. 
. -  

(b) E f f e c t  of Wing 

I 0 20 

Size.  

. .  . . .  . .  
yr=90"- , 

0 20 

L *,= 450 .- _ _  - 
* =  900 *=o" H j  

ITR,  OF -* 5.00 
- - b Q 1.17 

--a 3.00 40 

0 20 40 60- ~ 20 0 20 
f t /s ec-i- ' 

(C) E f f e c t  of Nozzle Height. 
Figure 28,- Variation of Average I n l e t  A i r  Temperature R i s e  

-with Windspeed f o r  t h e  _ - -  Single-Nozzle-Confij&rat-ion -~ _ _ _ _ -  _-__ 

of-T-i2uTe 29 with-Top I n l e t s .  

75 



~ . . .. . . . - .. . . . . - . . . . . - .. . 

bo 
F: 

9 r l  

5 

--I- 

I 

m 
CY 

76 



flow when the i n l e t s  are i n  close proximity t o  the ground and 
i s  expected t o  diminish w i t h  i n c r e a s i n g  i n l e t  he igh t .  T h e  
v a r i a t i o n  of  mean I T R  w i t h  h e i g h t  f o r  a l a r g e  scale modd (Ref- 
rences  79, 80) of a s i n g l e  nozzle  conf igu ra t ion  such  as  shown 
i n  Figure 2 3  is  n o t  very pronounced as  compared t o  multi-engine 
nozzle conf igu ra t ions  which w i l l  be d iscussed  la te r .  T h i s  sens- 
i t i v i t y  of I T R  t o  h e i g h t  for no crosswinds can be depic ted  f r o m  
Figure 30 
15OF as 

which shows the mean I T R  v a r i e s  f r o m  35OF t o  about  
nozzle h e i g h t  ( $ i n c r e a s e s  f r o m  1 .17  t o  5 .O.  

I n  the presence of  ambient drosswinds,si .de inlets are 
prone t o  h ighe r  I T R  as  compared t o  t h a t  a t  s t a t i c  cond i t ions  
(See Figure 30 ) and apprec iab ly  h i g h e r  than for  the t o p - i n l e t  
conf igu ra t ions  a s  presented i n  F igu re  2 8 .  T h i s  i s  caused by an 
ear l ier  sepa ra t ion  of t h e  ground f l o w  as a f f e c t e d  by crosswinds 
and a direct ' ,blow-back of  t h e  r e l a t i v e l y  hot  gases  i n t o  the side 
i n l e t s  before t h e  f l o w  r e c i r c u l a t i o n  boundary re t reats  t o  a p o i n t  
below or a f t  of the i n l e t  plane.  Therefore ,  I T R  f o r  s ide  i n l e t  
u s u a l l y  reaches a maximum value a t  s o m e  in te rmedia te  wind speed 
and then  reduces w i t h  f u r t h e r  i n c r e a s e s  i n  wind v e l o c i t y .  The 
maximum value of I T R  for a t y p i c a l  s i d e  i n l e t  s i n g l e  nozzle  con- 
f i g u r a t i o n  ope ra t ing  a t  a nozzle  h e i g h t  of about 1 . 1 7  i s  approx- 
imate ly  160°F for a wind speed o f  about 40 f t / s e c .  

Although it i s  recognised tha t  the v a r i a t i o n  i h  I T R  f o r  
gene ra l i s ed  side i n l e t  conf igu ra t ions  w i l l  be somewhat a f f e c t e d  
by airframe/wlng/nozzle geometry, the t r e n d s  exh ib i t ed  by 
Figure 30 can be used for f i r s t  o rde r  e s t ima tes .  These t e s t  

. d a t a  are presented i n s t e a d  of a n l y t i c a l  methods which are ex- 
tremely complex t o  develop a t  the p r e s e n t  t i m e .  

3.1.6 Reqion F- Fountain Flow 

T h i s  f l o w  region,  a s  def ined i n  Figure 1 Region F i s  assoc- 
i a t e d  only  w i t h  multi-nozzle conf igu ra t ions .  The methods f o r  
p r e d i c t i n g  t h e  f l o w  c h a r a c t e r i s t i c s  i n  this region are presented  
i n  t h e  next  s e c t i o n  dea l ing  w i t h  multi-nozzle conf igu ra t ions .  
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3 a 2 MULTI-NOZZLE CONFIGURATIONS 

This section presents the formulation of engineering methods 
to predict the flow field velocity and temperature distributions 
for various engine arrangements having either 2 nozzles in line 
or 4 nozzles in rectangular configuration. It is assumed that 
the geometry and exhaust flow conditions for each nozzle are iden- 
tical since this can, under certain circumstances, have a critical 
influence on the flow field behavior. 

An important distinction must first be made between two 
basic classes of multi-nozzle configurations, These are defined 
as being of either the "closed1' or "open" type. Examples of 
the "closed" type are represented by closely-spaced in-line or 
clustered nozzle arrangements in which the individual nozzle 
exhaust flow fields partially (or even totally) coalesce before 
the ground impingement. The subsequent f>ow field characteristics 
are then generally related to those exhibited by the single jet 
arrangement and as such they can be analytically treated using 
the methods developed in Section 3.1. 

The rcopenl' type nozzle c'onf iguration corresponds to a 
significantly larger spacing between the exhaust nozzles whereby 
the individual jets do not-merge prior to ground impingement. 
In this case there exists -a mutual flow interference between in- 
dividual ground jets. 
action between two or more opposing wall jet flows which give 
rise to a well known"fountain" flow phenomenon. Th? "fountain" 
flow is created by a strong flow of relatively undiluted engine 
exhaust gases which surge upwards between the nozzles in 
the immediate vicinity of the aircraft structure as shown sche- 
matically in Figure 31. It is widely recognized that this is a 
more serious problem than that due to the far-field recirculation 
.behavior of either the single nozzle or llclosed*l multi-nozzle 
configurations. 

Of particular importance is the flow inter- 

. -  -- - _ _  
As noted in the theoretical review (Section 2.31, approximate 

methods exist for predicting the engine spacing at which the 
fountain effect should occur. However, no comprehensive methods 
are presently available for predicting velocity and temp- 
erature distributions in the fountain when it does occur. * In 
the following analysis of fountain behavior approximate methods 
based on the available experimental evidence are given for 
fountain velocities and temperatures. 

. Approximate criteria that establish the presence of a 
measurable fountain effect of two-jet and rectangular (square) 
four-jet nozzle configurations are obtained from model test 
results reported in References 65, 66 and 78. A s  noted by 
Skifstad (Reference 67) the data of Reference 66 
show that the fraction of the jet momentum occurring in the 

79  



Plane . S  of Flow Field Symmetry - - Fountain F1 .ow 

Figure 31,- Schematic Representation of the Interaction Flow 
f o r  a h-NOZZle Configuration- No Crosswinds. 
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fountain can be related to the nozzle height-to-separation ratio. 
Figure 32 summarizes the approrimate threshold boundaries of the 
fountain existence in terms of the normalised maximum separation 
distance and nozzle height for a two-nozzle configuration and 
also for four nozzles in a square arrangement. For the four 
nozzle configuration, the maximum nozzle separation distance is 
that between a diagonally opposite pair. 
two-nozzle configuration is also in reasonable agreement with 
the test data of References 65 and 78. 

The boundary for the 

It is observed from Figure 32 that to avoid the fountain 
effect for a given nozzle height and diameter, the spacing for 
square arrangement of four nozzles is about 2/3 of that required 
for two nozzles. In the general case of rectangular arrangements 
of four nozzles it is expected that the fountain threshold bound- 
ary would lie between the limits of the square and the two nozzle 
arrangements. However, direct experimental validation of this 
effect is not available at the present time. 

The analytical methods for flow characteristics of multi- 
nozzle configurations are herein presented in a similar manner to 
those developed for a single nozzle configuration discussed in 
Section 3.1. Only the methods for the flow regions which are 
affected by multi-jet configurations are discussed in detail. 
Other flow regions are treated by a single jet analysis and 
therefore the methods of Section 3.1 can be directly applied. 

3.2.1 General Considerations of Multi-Jet Flow Field 

A s  pointed out in Section 2 a detailed analysis of the 
flow field in vicinity of multi-nozzle configurations is gen- 
erally precluded by a lack of adequate theoretical and experi- 
mental data. 

An approximate method, suggested by Alexander (Reference 64) 
yields reasonable results for multiple parallel circular jets for 
which the interaction effects are relatively small. This method 
consists of superposition of the local momentum crossection profiles 
for each individual jet at any given downstream coordinate, 
By making the approximationthat flow distributions of momentum 
and differential total pressure are similar, the differential 
total pressure profiles downstream of a multi-nozzle configuration 
are obtained by a simple linear addition of the individual profiles 
f o r  each nozzle. The latter profiles are obtained from the free 
jet single-nozzle analysis presented in Section 3.1.1, 

For parallel multi-jets which coalesce at some downstream 
distance, the resulting flow approximates that of an equivalent 
single nozzle jet with the same total momentum. This behavior 
is confirmed by the results of various experimental investigations 
such as those presented in References 18, 20, and 81. It is . 
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therefore possible to obtain an approximation for the flow field 
.'far downstream in terms of a single jet with an effective diameter 

defined as the diameter of the circle whose area is equal 
o the total nozzle area of two or more nozzles, thus: 

Once the effective jet diameter (Djc) has been established 
the flow characteristics in the vicinity of coalesced multi-jets 
can be determined using the single jet analysis presented in 
Section 3.1. 

The flow characteristics in the ground impingement region 
(Region B )  are greatly affected by the nozzle separation-to- 
height ratio. When this ratio i s  large the flow from each nozzle 
will be confined to isolated ground impingement zones, which can 
be treated individually using the single jet analysis of Section 
3.1. On the other hand, when this ratio is small (say less than 
0.2), the jets will coalesce prior to ground impingement and 
again the single jet analysis can be employed utilizing the con- 
cept of an equivalent jet diameter given by equation (73). For 
intermediate nozzle separation-to-height ratios, when mutual flow 
interaction effects are large, there are no usable methods for 
predicting the flow characteristics within the ground impingement 
region of multi-jet configurations. 

The'flow field in the wall jet region of multi-nozzle con- 
figurations.is dependent on the particular flow conditions which 
exist in the ground impingement zone discussed above. 

In general, the flow characteristics within the wall jet 
(Region C), the recirculation flow (Region D) and engine intake 
.(Region E) away from the interaction plane (Region F) can be 
approximated using the isolated, or the equivalent single jet 
analysis whichever is applicable. 

The methods for determining flow characteristics within the 
interaction plane (Region F) for multi-nozzle jet configurations 
are presented below. 
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3.2;2 Region F- Interaction Plane Flow 

The flow mechanism of mutually opposing wall jets is analog- 
ous to a reverse of the ground impingement flow. In this case, 
however, the flow is confined to a relatively thin vertical wall 
known as the interaction plane instead of the ground plane. 

be represented as a continuation of the radial ground flow 
deflected along the vertical plane at the same angle as if the 
interaction plane was flat or entirely removed. This flow 
mechanism is described in detail in Reference 68 and is schemat- 
ically represented in Figure 33. 

Conceptually, the flow at any point within this region can 

To facilitate analytical treatment, the flow within the 
interaction plane as shown in Figure 33 can be sub-divided 
into three distinct sub-regions. 

(a) Ground flow of the interaction plane, where the 
flow is predominantly horizontal and parallel to the ground. 

(b)  Radial flow, where the flow is in a radial direction 
within the vertical plane,, 

flow is predominantly vertical and perpendicular to the ground. 
(c). Fountain flow of the interaction plane, where the 

Practical engineering methods for predicting flow charac- 
teristics within these sub-regions are presented below. 

3.2.2.1 Ground Flow 

This sub-section presents analytical methods for predicting 
'flow characteristics along the ground in the interaction plane. 

3.2.2.1.1 Pressure and Temperature Distributions 

The static pressure ( A P w  ) along the ground within the 
interaction plane is obtained as a normal component of the total 
pressure assuming no cross-flow through the interaction plane. 
Thus using the nomenclature of Figure 33 there results: 

where'(l!&.,,) is given by equation 144). 
equation (74) are compared with the experimental data from 
Reference 65 as shown in Figure 34,  This figure indicates that 
the predicted values are in a good agreement with the test data 
except close to the stagnation point where they are consistently 
high. The differences are shown to be greatest for the smaller 

The results obtained from 
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nozzle separation-to-height ratios. 

Although the flow in the interaction plane within small 
lateral distances of the stagnation point (the fountain effect) 
is predominantly vertical, at greater lateral distances, exper- 
imental observations suggest a more rapid change in the flow 
kector from vertical to horizontal, than indicated by the mathe- 
matical modelb The experimental results of References 71 and 
78 show that the interaction flow away from the fountain ex- 
hibits characteristics similar to a wall jet and may be 
treated as such. The theoretical results obtained from the 
wall jet analysis (Section 3.1.3) are compared with the corre- 
sponding test data and are presented in Figures 35 and 36 which 
show the decay of peak total pressure and total temperature, 
respectively in the far-field interaction plane for 2-nozzle 
configurations. It can be noted from these figures that while 
peak total pressure values at any point are close to those 
predicted by considering an isolated wall- jet flow field 
(Equation 44) this is nottrue of the temperature decay. Based 
on the full scale data of Reference 71 the far-field interaction 
plane peak temperature differential is nearly twice that pre- 
dicted for the isolated wall.jet. 

Furthermore, experimental measurements reported in Ref- 
erences 71 and 78 indicate that the pressure reference bound- 
aries may also be computed using the isolated wall jet while 
the corresponding temperature boundaries are comparatively 
much larger. Therefore, appropriate empirical modifications of 
temperature relationships are recommended. However? the avail- 
able experimental data is intidequate to verify such modifica- 
tions at the present time. 

"3.2.2.1.2 Interaction Plane Flow Boundaries 

The methods for predicting the ground flow separation 
radius and the vertical boundary of the interaction plane a re  
the same as those developed for a single jet (Section 3.1.3). 
In this case, however the effective jet diameter ( P j e )  as 
given by equation (73) should be utilized where appropriate. 

Comparison of these prediction methods with the avail- 
able experimental data is limited to crosswind effects on* 
small scale models as given in References 72 and 73. Figure 
37 shows a correlation between the analytical and experimental 
results for a 2-nozzle configuration. A s  can be noted from 
this figure only a fair correlation is obtained,with large 
discrepancies evident for strong crosswind conditions. The 
predicted ground flow boundary generally represents an upper 
limit to the measured separation and the effect of a change in 
the ambient wind vector is within the scatter of experimental 
data, 
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Figure 38 shows a similar comparison for a 4-nozzle con- 
figuration where the crosswind ratio 
for variations in nozzle pressure ratio. This is similar to the 
correlation obtained by Ryan (Reference 73) using the correspond- 
ing dynamic pressure ratio. 
scatter in the experimental data and a small effect due to a 
change in the wind vector, 

has been used to allow 

Again there is a substantial 

An approximate method for predicting the height of the hot 
gas boundary of the interaction plane is based on the smoke 
cloud data of Abbott (Reference 551,  whose results indicate, 
approximately, that 

K S  
- 

c 

Hb - ( 7 4 )  

The above relationship is applicable to wind conditions 
along the interaction plane. For no crosswinds, since the 
separation radius is shown to be larger, the boundary height 
is expected to increase. 
vector is normal to the interaction plane the single jet . 

On the other hand, when the crosswind 

analysis can be utilized for this 

3.2.2.2 Radial Flow 

As mentioned previously, the 
action plane can be treated as if 
the same angle if the interaction 

purpose. 

radial flow within the inter- 
the ground flow continued at 
Dlane was removed. Thus the 

total pressure, total temperature,*and the corresponding local 
velocity at a point in the interaction plane at sohe distance 
away from the ground and the fountain flow can be considered 
to be the same as those within the wall jet of a single nozzle 
at the same total distance from the jet axis. 

3.2.2.3 H o t  G a s  Fountain F l o w  

The turbulent nature of the h o t  gas fountain renders a 
theoretical treatment of the flow in this region extremely 
difficult, 
knowledge of the entrainment behavior of the neighboring flows 
together with an account of hot gas buoyancy effects which-may 
be appreciable, 
.is.known to have been reported, 

A satisfactory solution would require a detailed 

No complete theoretical analysis of the subject 

Important  experimental  s t u d i e s  a i m e d  a t  an understanding 
of the hot  gas f o u n t a i n  phenomena have been l i m i t e d  t o  s m a l l  
scale i n v e s t i g a t i o n s  such as r e p o r t e d  i n  References 65, 66, 
and 78 .  However, even these do n o t  provide  s u f f i c i e n t  data t o  
s u b s t a n t i a t e  comprehensive q u a n t i t a t i v e  p r e d i c t i o n  methods. . 

I n  a d d i t i o n ,  the problem of r e l a t i n g  geometric scale changes i s  
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hampered by  a lack of knowledge on the r e l a t i v e  importance of 
buoyancy forces i n  the hot gas foun ta in .  

3.2.2.3-1 Ve loc i ty  and Temperature D i s t r i b u t i o n  

An i n d i c a t i o n  of the peak v e l o c i t y  and t o t a l  temperature  
i n  the f o u n t a i n  produced by  a pa i r  of i s o l a t e d  engines  (no 
fuse l age  or wings) i s  ob ta ined  f r o m  t h e  small-scale data  
r e p o r t e d  i n  Reference 65. F igu res  39 and 40 r e s p e c t i v e l y  
p r e s e n t  the peak v e l o c i t y  and tempera ture  a t  a h e i g h t  repre- 
s e n t a t i v e  of the engine i n l e t  for t o p - i n l e t  conf igu ra t ions .  
These f i g u r e s  s h o w  the effect  of v a r i a t i o n  of nozz le  height and 
nozz le  s e p a r a t i o n  d i s t a n c e  for the f l o w  c o n d i t i o n s  s p e c i f i e d  
by (pf+~*/&) = 1.8, (G-) = 500°F. The boundaries  of u n s t a b l e  and 
f u l l y  developed foun ta in  f l o w  are a l so  i n d i c a t e d .  Veloci t ies  
a t  other c o n d i t i o n s  can be approximated by use  of the fol lowing 
equat ion  

d 0.8 

T h i s  equa t ion  i s  obta ined  assuming tha t  the foun ta in  d i f f e r -  
e n t i a l  t.otal p r e s s u r e  i s  p r o p o r t i o n a l  t o  the j e t  t o t a l  p r e s s u r e  
(APQ.) and a lso tha t  the f o u n t a i n  d e n s i t y  i s  cons tan t .  The  
v a l i d i t y  of equat ion  75 i s  s u b s t a n t i a t e d  by the t e s t  d a t a  of 
Reference 65 e 

The  d i f f e r e n t i a l  t o t a l  temperature  shown i n  F igu re  40 is 
. p r e s e n t e d  i n  non- dimensional f o r m  s i n c e  it appears  t o  be pro- 
p o r t i o n a l  t o  the j e t  t o t a l  temperature  ( A 7 e j )  and reasonably  
independent of nozz le  p r e s s u r e  ra t io ,  (PtjlP, 1. Reference 65 
a lso i n d i c a t e s  that  the t h i c k n e s s  of the foun ta in  boundary 
d e f i n e d - b y  50”L.reduction of peak v e l o c i t y  i s  of the o r d e r  of 

. t h r e e  nozz le  diameters. 

A t  r e l a t i v e l y  l o w  h e i g h t s  (as  shown i n  F igu res )  39 and 40, 
ahd also a t  l o w  p r e s s u r e  r a t io  ((Ptj/Pa) = 1 . 2 )  the foun ta in  
exhibi ts  a random i n s t a b i l i t y  as it i s  d e f l e c t e d  toward e i ther  
engine, Additional departure f r o m  f l o w  symmetry i s  evidenced 

-by a cr i t ical .  sens i t iv i ty  t o  ckosswinds, s m a l l  assymmetries in 
nozzle inclination, and nozzle pressure r a t i o  imbalance, 
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Figure 39,- Map of Maximum Fountain V e l o c i t i e s  a t  the  In t ake  
Plane Versus Nozzle Height and Separa t ion  f o r  
%he Small Scale I s o l a t e d  2-Nozzle Configurat ion 
of Reference 65 e 
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3.2.3 Effect of the Interaction Plane Flow on Engine Intakes 

The methods for evaluating inlet velocity and temperature 
distribu€ions with no interaction plane effects are discussed 
and presented in Section 3.1.5 for a single nozzle configuration, 
These methods are considered to be generally applicable to 
multi-nozzle configurations, especially for the purpose of 
predicting inlet velocity or total pressure distributions, but 
have to be substantially modified to determine inlet temperature 
rise (ITR). Therefore, the discussion of these methods will not 
be duplicated, but only major differences and modifications of 
the methods as affected by the interaction flow and inlet air- 
frame configurations i s  presented in this section, 

3.2.3.1 Intake Pressure and Velocity Distributions 

The average values of intake pressure and velocity distri- 9 

butions for multi-nozzle configurations w'ith and without cross- 
winds can be obtained using engineering methods presented in 
sub-section 3.1.5.1. 

3.2.3.2 Intake TemDerature Distribution 

3,2.3,2',1 Top-Inlet Configurations 

For'multi-nozzle configurations which give rise to the hot 
gas fountain effect (sub-sectinn 3.2.2.31, the far-field re- 
circulation effect on ITR (described in sub-section 3.1.5.2) 
is less predominant than that of the near-field floh from the 
fountain. The magnitude and spacial distribution of ITR can be 
greatly affected by a particular placement of inlets with regard 
to airframe structure (fuselage, wings, etc.) which may deflect 
the hot fountain gases directly into the intakes. Furthermore, 
'the crosswinds may deflect the fountain especially if it is 
unstable, and can have a critical influence on ITR values. 

Although there are no systematic methods which can account 
for the effects discussed above, the maximum (time-average) 
value of ITR can be obtained from the fountain temperature 
characteristics presented in Figure 40. 

direct fountain flow path will result in an increased flow path 
length, and the additional turbulent mixing with cooler gases 
along the elongated path therefore should not- cause an 
increase of ITR values above the'maxima indicated by Figure 40, 

0 

-The presence of large obstructions (such as wings) in the 

Examining mean ITR measurements from small-scale tests 
(Reference 73) for a four-nozzle top inlet configuration similar 
to that shown in Figure 27, it is noted that a unique relationship 
may exist between the mean ITR (as a ratio to (ATtj)) and the 

. 
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crosswind ratio b). 
which presents a plot of non-dimensionalized ITR values versus 
crosswind ratios for wide variations in (T .), (Pt ./Pa), and (L(@). 
The boundaries shown in this figure enclose a majority of the 
test data including experimental scatter and are reasonably con- 
sistent with the published repeatability of ITR measurements. 
This method of presentation appears to be superior to the sep- 
arate correlations attempted by Ryan(Reference 73) using either the 
ratio ( U c o / U j  1,  or using a buoyancy parameter obtained from 
Abbott's analysis (Reference 55). 

Figure 41 also contains large scale data obtained 
from References 79 and 80. 
non-dimensional form of mean ITR versus crosswind ratio 
follows a similar trend as the small-scale dataof Reference 73 
there is a distinct - difference in magnitudesof ITR. The indicated 
increase in ITR for the large scale data is attributed t o  the 
scaling effects which,because o f  insufficiency of the latter type 
of data,can not be completely evaluated at the present time. 

scale models where the founta-in effect is present (References 
79, 8 0 )  show substanfial random variations. In general, there is 
a mean distributional bias which is attributed to the particular 
flow characteristics of the fountain. Figures 42 and 43 show 
typical .ITR time history variations for the large-scale four- 
nozzle top inlet configuration under both static and ambient 
crosswind conditions. 

This relationship is shown in Figure 41 

tJ 

Although-this - data, when plotted in the 

Experimental measurements of the ITR distribution on large 

The test data of References 79 and 80 is also utilized to 
illustrate the effect of airframe/ wing/ inlet geometry on ITR. 
This effect can be seen from Figures 44 and 45 vhich summarize 
typical variations in ITR as affected by nozzle height, using 
size and location with and without crosswinds for the four- 
nozzle top inlet configuration shown in Figure 27, 

Also, Figures 46 and 47 show similar geometric effects for 
a two-nozzle top inlet configuration based on the test data of 
Reference 81. 

3.2.3.2.2 Side-Inlet Configurations 

Detailed measurements of ITR for the large-scale side in- 
let models, (References 79, 80) show that severe temperature grad- 
ients can occur for all exhaust nozzle configurations. 
noted that ITR gradients are predominantly vertical with the 
highest temperature at, o r  close to, the lowest part of the intake 
duct. In addition, the mean ITR is sensitive to nozzle height 
f o r  a given configuration under static conditions while being 
'relatively independent of wing size and location. Under the 
influence of crosswinds (at? 4 0') ITR generally increases to a 
peak before being progressively reduced and eliminated altogether 

It is 
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at higher forward speeds. 

These characteristics suggest that side inlet configurations 
having the engine inlets well forward of the nozzles are suscept- 
ible to ingestion of the local groundflow passing underneath. 
An inspection of the experimental data of References 79 and 80 
indicates that the maximum local time-average ITR is experienced 
at the lowest nozzle heights and approaches the value of the peak 
temperature in the wall jet o r  interaction plane groundflow. 
However, the vertical ITR distribution was not found to have any 
direct relationship to the temperature profile of the local 
undistrubed groundflow. 

An the presence of ambient crosswinds originating along the 
azimuth the value of the crosswind ratio at which ITR is v =  0 

reduced to zero is in general agreement with that predicted by 
the analytical methods. This is the point where the forward 
extent of the hot gas recirculation boundary passes behind the 
intake plane. Due to the turbulent nature of the flow field, 
however, there is no clearly defined boundary although the exper- 
limental data show ingestion to be highly sporadic with rapidly 
lengthening time intervals during which no ingestion occurs, 

On the basis of small-scale tests on a four-nozzle side inlet 
configuration similar to that shown in Figure 27, the non-dimen- 
sional experimental data for ITR from Reference 73 can be uniquely 
presented as a function of the crosswind ratio for a wide range 
of nozzle conditions, This relationship, which is similar to 
that presented for top inlets is shown in Figure 48. 

Side-inlet configurations exhibit large and random fluctu- 
ations in the ITR distribution. This is accompanied by a general 
increase in mean ITR towards the edge nearest to the ground, as 
mentioned previously. Figures 49 and 50 present typical side- 
inlet ITR time histories, under static and crosswind conditions 
respectively, taken from Reference 80 for the large scale four- 
nozzle configuration shown in Figure 27. 

The effect of airframe/ wing/ inlet geometry with and with- 
out crosswinds for typical side-inlet configurations is shown in 
Figures 51 and 52. 

A s  in the case of top-inlets these data can be used to obtain 
qualitative trends of ITR as affected by geometry of typical full- 
scale V/STOL aircraft configurations. 
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SECTION 4 

DESIGN PROCEDURES 

The engineering methods developed in Section 3 are intended 
to serve as a guide in the preliminary design of single-, two-, 
and four-nozzle (rectangular arrangement) configurations of 
V/STOL aircraft powered by jet lift engines operating in close 
proximity to the ground. The design procedures are adequate to 
predict the principal time-average velocity and temperature 
distributions in the hot gas flow field due to circular engine 
nozzles which are aligned vertically and have identical flow 
characteristics, without swirl, The methods are considered 
applicable to the wide range of design parameters as follows: 

(I) Exhaust Nozzle Height @j)= 1 to 30 
(2) Nozzle Stagnation Pressure Ratio (Pt ?/Pa) ZG 2 
(3) Nozzle stagnation Temperature Ratio'@tj/Ta)C- 3.2 
(4) Crosswind Ratio (p)e 0.1 

The foliowing design procedures are-presented to illustrate 
application of the methods developed in the previous sections 
to practical engineering problems. These procedures pertain to 
-single . .  and multi-nozzle configurations w i t h  and without crosswind.s. 

4.1 SINGLE-NOZZLE CONFIGURATION (NO CROSSWINDS) 

Determine the following design parameters: . 
(a) Nozzle diameter (Dj) 
(b) Total pressure at the nozzle exit, 
(c) Total temperature at the nozzle exk:&'tj) 
(d) Jet mass discharge coefficient (CD) 
(e) Total heat discharge coefficient (CH) 
( 2 )  Ambient pressure (Pa) and temperature (Ta) 

The hot gas flow characteristics in the vicinity of a single- 
nozzle configuration operating in ground proximity can be deter- 
mined considering isolated f l o w  regions as discussed in Sections 
2 and 3 ,  Thus: 

4-1-1 Reeion A- Free Jet Flow 

(a) For selected values of the axial coordinate (S )  radial 
coordinate (r) and nozzle height (H.), calculate . J  

5 = S/Dj 

(78 )  
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(b)  Using t h e  nozzle  he ight  (fi-) from s t e p  ( a ) ,  determine 
a x i a l  l i m i t  of t h e  f r e e  je? flow: 

(Dmax = (Rj - 1) (79)  

(c) Obtain - t h e  l o c a l  t o t a l  p re s su re  ( P t )  a t  any po in t  
(3, r> i n  t h e  f r e e  je t  reg ion  a s  follows: 

(i) c a l c u l a t e  (SI) from: 

where Kn = 1 f o r  a sharp nozz le ,  o r  Kn = 0.95 f o r  a 
b l u n t  nozzle  (See Figure 6 . )  

( i t )  Ef(p,),r4.87, c a l c u l a t e  (yc) from: - 
- - 1  . == O-q4-5 - 5 * / 9 4  [YL) (-81) 

- ___ ____ and, - __ if(F)-g - (Fc), t h e  va lue  _ _  _ _  of ( P t )  ~. i s  given - - . __ by: . I -. 

Pf s Pq (82)  

(83)  

(iii) If (34s 4.87 and r 7 yc, c a l c u l a t e  (3,) from: 
53 = ($J".f' [3.". -. 5 

&n 
Then, e n t e r  Figure 9 and ob ta in  the  va lue  of (r c o r -  
responding t o  (S,)  and c a l c u l a t e  (Pt) from: ? 

( i v )  If(Yl)> 4.87 e n t e r  Figure 7 and o b t a i n  t h e  va lue  
of (Aptk corresponding t o  ( 3 ~ ) ,  c a l c u l a t e d  f r o m  
s t e p  (e) ( i )  

Also, e n t e r  F igure  9 and ob ta in  t h e  value of (Fp) 
corresponding t o  (!%J>, c a l c u l a t e d  from s t e p  ( c )  (iii)* 

(d) Obtain - t h e  l o c a l  t o t a l  temperature (Tt) a t  any po in t  
(s9 r) i n  t h e  f ree  je t  r eg ion  a s  follows: 
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, .(i) Calcu la t e  ('p2) from : 

Then, i f  F L  rc t h e  va lue  of ( T t )  i s  given b y :  

T t  = T t j  (87)  

If(!?& 4.87 and F>Fc,  c a l c u l a t e  ( 7 ~ )  from: (iii) 

Then e n t e r  Figure 10  and o b t a i n  t h e  va lue  of (rt) 
corresponding t o  (S+) and c a l c u l a t e  &) f rom ; 

( i v )  If(Ti)> 4.87, e n t e r  Figure 8 and o b t a i n  t h e  va lue  
of (Aycc. ) corresponding t o  (3'21, c a l c u l a t e d  from 
s t e p  (d )  (i). 

A l s o ,  e n t e r  Figure 10 and o b t a i n  t h e  va lue  of (Ft )  
corresponding t o  (5+), c a l c u l a t e d  from s t e p  ( d )  (iii). 

Then, c a l c u l a t e  (T t )  f rom:  - 0.64 3 (F/&)z 
(90) 

(e) Obtain t h e  l o c a l  v e l o c i t y  ( u )  a t  any p o i n t  (5, 
t h e  free j e t  region a s  follows: 

( i )  Assume t h e  s t a t i c - p r e s s u r e  (P) i s  cons tan t  and 
given by : 

P = Pa (91) 

(ii) I f  (P t /P ) I  1.1, c a l c u l a t e  t h e  j e t  v e l o c i t y  on 
the  b a s i s  of incompressible  flow assumptions from: 
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(iii) If @t/P)> 1.1 calculate the jet velocity on 
the basis of compressible flow assumptions using: 

where the values f o r  &)and (GI are the gas properties 
for the ambient air; i.e. approximately,(#)= 1.4 and 
(G)= 1716 ft, lb./ slug mol. OR. i 
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4.1.2 Region B- Ground Impingement Flow 

(a )  Ca lcu la t e  t h e  v e r t i c a l  l i m i t  (HImax of Region B a s  : 

(fhw Bj ( 9 4 )  

(b) Calcu la t e  t h e  r a d i a l  l i m i t  (R)max of Region B a s  follows: 

(i) U t i l i z e  t h e  procedures given under s e c t i o n  4.1.1 

(ii) Calcula te  t h e  ground impingement r e fe rence  diam- 

s t e p  ( c )  t o  o b t a i n  t h e  va lue  of (r 

eter  (Dg) from: 

for (5) = (Ej) P 

( i i . 2 )  F i n a l l y ,  c a l c u l a t e  

( c )  Ca lcu la t e  t h e  va lue  of t h e  ground s t agna t ion  p res su re  
(Pk3) a s  fo l lows :  . 

(i) Given t h e  nozzle  h e i g h t  ( H . )  and nozzle  diameter  ( D j ) ,  c a l c u l a t e :  J 

( i i )  U t i l i z e  t h e  procedures given i n  s e c t i o n  4.1.1 
( C ) t o  o b t a i n  (P t )  by p u t t i n g  : 

+ s =  Filj (98) 

( i i i )  Then, ob ta in :  

pts = pt (100 1 
(d) Calcu la t e  t h e  va lue  of t h e  ground s t agna t ion  temp- 

e r a t u r e  ( T t  ) a s  follows: 

(i) 
3 

Using t h e  value of (Ej)  from s t e p  ( a ) ( i ) ,  u t i l i z e  
t h e  procedures given i n  s e c t i o n  4.1.1 ( d  ) t o  ob ta in  
(q ) by p u t t i n g  : 

s =  (101) 
- 

(102) f p =  0 
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( e )  Ca lcu la t e  t h e  flow cond i t ions  i n  t h e  v e r t i c a l  region 
of t h e  impinging f low,  a s  shown by Figure  13, a s  
fol lows ) 

(i) Given t h e  l o c a l  h e i g h t  ( H I  and r a d i u s  ( R )  r e f e r -  
enced t o  t h e  ground s t a g n a t i o n  p o i n t ,  c a l c u l a t e ;  

- 
R = R/D;' (105) 

(ii) U t i l i z e  t h e  procedures given under s e c t i o n  4.1.1 
(c ) ,  (d)  t o  o b t a i n  ( P t )  and ( T t ?  by put t ing :  

, ( i i i )  Ca lcu la t e  t h e  l o c a l  s t a t i c  p re s su re  (P)  from: 

( i v )  F i n a l l y ,  c a l c u l a t e  t h e  l o c a l  v e l o c i t y  ( u )  f rom 
s t e p  ( e )  of s e c t i o n  4.1.1,  u s ing  t h e  va lues  of ( P t ) ,  
(P) and ( T t )  obtained above. 

( f )  Ca lcu la t e  t h e  flow cond i t ions  along t h e  ground p lane ,  
a s  shown i n  Figure 13, a s  fol lows:  

(i) Given t h e  va lue  of (Dg)from s t e p  (b )  (ii) above 
c a l c u l a t e  t h e  peak ground plane t o t a l  p r e s s u r e  
(Ptw) a s  follows: 

PtLJ 

For 0.4 

(109) 
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(ii) Calcu la t e  t h e  peak ground plane t o t a l  temperature 
(Ttw) f r o m :  

(iii) Calcula te  t h e  ground p lane  s t a t i c  p re s su re  
(I?,) a s  follows: 

For Ej 4 4,  e n t e r  F igure  18 and i n t e r p o l a t e  between 
t h e  curves t o  0btai.n (bPtd/Af+3 1 corresponding t o  t h e  
va lue  of (f?/Dt,). Then obtain:  

( i v )  F i n a l l y ,  c a l c u l a t e  t h e  peak ground p lane  v e l o c i t y  
( U w )  Erom s t e p  (e> of s e c t i o n  4.1.1 by us ing  t h e  va lues  
of (Ptw),  (Pw) and (Ttw) obtained above. 

121 



4.1.3 Region C- Radial Wall Jet 

(a) For selected values of the height coordinate ( H )  and 
radial coordinate (R)  referenced to the ground plane 
stagnation poi@, obtain the non-dimensional values 
(2) =H/Dj and (R)  = R / B j .  

(b) Compute the radial location at which the wall jet 

(114) 

where bg is obtained from step (b), section 4.1.2 

Obtain the radial location at which the wall jet ends. 
This is given by the non-dimensional radius ( R s )  at 
which the wall Jet will separate from the ground due 
to buoyancy, thus: 

(c) 

(d) Obtain the local total pressure (Pt) at any point 
(zff, E) within the radial wall jet region as follows. 

(i). Calculate the non-dimensional value of the peak 
total pressure ( A T u )  from: 

(ii) Determine (LD) from: 

(iii) Compute the height at which the peak total 
pressure occurs, thus : 

= 0.17 (/$) (118) 

(iv) Obtain the dimensional value of the peak total 
pressure from: 

where A&, is given in step (d) (i) above. (7 
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(v) 
. pressure (pt) from: 

If R ZS 0.17 (Ep) calculate the local total 

(e) Obtain the local total temperature (Tt) at any 
point (E, a) within the radial wall jet region as 
follows : - 
(i) Calculate (AGU) from: 

(if) Determine the local value of peak total temp- 
erature ( 7 2 ~ )  at any given value of (E> as that 
occuring at the ground surface, thus: 

Tz = -& + (ATh) - ($  -5) (123 

(f) Finally, calculate - the local velocity ( K )  at any 
point (H, R) within the radial wall jet region from 
step (e) of Section 4.1.1 

using the values of total pressure and temperature 
obtained in (d) and (e) above and assuming(€')= (Pa). 
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4.1.4 Region D- Recirculation Flow 

(a) For selected values of the height coordinate (H) and 
radial coordinate (E) referenced to the ground plane 
- stagnation poLnt, obtain the non-dimensional values 
H = H/Dj and R = R/Dj 

vective flow from: 
(b) Obtain the peak vertical velocity ( K h )  in the con- 

L ( ~  _=  [ 3 .  Dj- lm/G)- I 2 .c. (pfi/ti)- I. ~ ~ 2 1 "  

4 . Ks I (Xj/Z) (125) 
where E, is given in step (c) of Section 4.1.3 

Calculate the peak total temperature ( T t . , )  in the 
convective flow as follows: 

( c )  

(q+)-b.l (Ks)-f*o A T 5  = J -  (126) 

where(&)is given fn step (b) above. 

(ii) Calculate @To) from : 
I .% 

( d )  Obtain the limiting radial boundary ( R b )  of t h e  recir-  
culating gases using: 

R b  - - Rs f 0.22 (H + H,) (129) 

(e) Obtain the limiting height ( H b )  of the recirculating 
gases from the condition 'I 
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4-1-5 Region E- I n t a k e  Flow 

(a) Given t h e  i n l e t  he ight  ( H i )  above t h e  ground p lane ,  
t h e  mean i n l e t  t o t a l  temperature r i se  (ITR) can be  
es t imated  a s  f o l l o w s :  

( i f )  Then c a l c u l a t e  ( I T R )  mean f rom:  

(b) The i d e a l  mean i n l e t  v e l o c i t y  ( U ; )  i s  obtained as  
follows : 

(i) Given t h e  t o t a l  i n l e t  a r ea  ( A i ) ,  c a l c u l a t e  an 
i n i t i a l  value of t h e  i n l e t  mean s t a t i c  p re s su re  
(P i )  from: 

where t h e  r a t i o  (Pa(Pi) i s  i n i t i a l l y  taken t o  be 
u n i t y ,  and t h e  f i n a l  value ( P i )  is obtained through 
an i t e r a t i o n  procedure. 

. (ii) Now ob ta in  ( U i )  f rom s t e p  ( e )  of s e c t i o n  
4.1.1 by p u t t i n g  Pt = Pa, P = P i ,  and T, = Tti - - 
(T, + I T R )  

e 
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4.2 SINGLE-NOZZLE CONFIGURATION (WITH CROSSWINDS) 

Determine t h e  fol lowing design parameters i n  a d d i t i o n  t o  
those obtained i n  Sect ion 4.1: 

( a )  Crosswind v e l o c i t y  ( U, ) 
(b) Crosswind v e c t o r  ( f ' )  

Design procedures t o  ac,count f o r  crosswind effects  on t h e  
flow f i e l d  due t o  a s ingle-nozzle  conf igu ra t ion  a r e  based on t h e  
"no crosswindT* methods given i n  Sec t ion  4.1, w i t h  app ropr i a t e  
modi f ica t ion  a s  d e t a i l e d  below. Thus: 

4.2.1 Region A- Free Jet  Flow 

( a )  Calculate t h e  j e t  c e n t e r l i n e  pa th  as follows: 

(i) Compute (AP!, ) from: 

( i i )  Ca lcu la t e  t h e  crosswind r a t i o  (p) using:  

f i  = Jw- (135 1 

(iii) Determine t h e  coord ina tes  of t h e  j e t  c e n t e r l i n e  
from 

( i v )  Then c a l c u l a t e  t h e  j e t  c e n t e r l i n e  pa th  i n c l i n -  
a t i o n  (0,) using:  

(b) For s e l e c t e d  va lues  of t h e  jet  a x i a l  coord ina te  ( S I ,  
r a d i a l  coord ina te  ( r )  measured normal t o  t h e  l o c a l  j e t  
a x i s  and nozzle  he ight  ( H i )  t h e  l o c a l  flow cond i t ions  
are obtained by fol lowing t h e  procedures given under 
Sec t ion  4-1.1 us ing  t h e  s u b s t i t u t i o n :  

2c = S (138) 
A l l  flow p r o f i l e s  t h u s  obtained must be r e f e r r e d  t o  t h e  

curved j e t  c e n t e r l i n e  determined above, 
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4.2.2 Region B- Ground Impingement Flow 

t h e  methods de t a i l ed  i n  Section 4.1.2 are f u l l y  appl icable  pro- 
vided t h a t  a l l  flow p r o f i l e s  a re  re fer red  t o  the curved je t  center-  
l i n e  as obtained i n  Section 4.2.1. 

To account f o r  wind e f f e c t s  i n  the ground impingement region 

4.2.3 Region C- W a l l  Jet Flow 

I n  order  t o  determine t h e  e f f e c t  of crosswinds i n  the  wal l  
j e t  region the procedures de t a i l ed  i n  Section 4.1.3 a re  modified 
a s  follows: 

(a) Determine the  r a d i a l  loca t ion  a t  which the wal l  j e t  
begins (measured from the ground impingement point  of - t he  curved j e t ) ,  using equation (114). 

(b) Calculate  t he  downwind ground separat ion rad ius  (Rs )  using 
equation (115) . 

( c )  A l s o ,  compute the  upwind (minimum) separat ion rad ius  (& )  
using the cr i ter ion: .  

c- 

Apt, = ( Z j z  1 +  5-/" (139) 

where the  value of (& i s  obtained from Section 4.2.1, 
s t ep  (a> (ii) and (Af t ' , )  i s  determined below. 

- 
(d) Re-calculate the peak t o t a l  pressure ( A T b )  using Sec- 

t i o n  4.1.3, s t ep  (d ) ,  as f o l l o w s :  

(i> Compute the ground impingement angle (09) using: 
. 0% - cot -I ph)2*6 (140) 

(52) For a given azimuthal angle ($1 between the wal l  
j e t  vector  and t h e  upwind ax i s  determine the  ground 
turning angle (e+) from: 

-1 
8* = cog 

(iii) U s e  the  value of (e) i n  Figure 25 t o  f i n d  the  
values  of (.K2) and ( / q a ) ,  and thus ca l cu la t e  
from: 

( e )  Re-calculate the  peak t o t a l  temperature ( ATu) using 
Section 4.1,3, s t ep  (e ) ,  thus:  



where @ i s  obtained i n  s t e p  ( c ) ( i i )  above. 

4.2.4 Region D- Rec i r cu la t ion  Flow 

I n  t h e  presence of crosswinds a r e a l i s t i c  mathematical model 
f o r  t h e  r e c i r c u l a t i n g  f l o w  i s  n o t  a v a i l a b l e ,  al though a t  low 
crosswind speeds t h e  flow w i l l  approximate t h a t  given f o r  t h e  no- 
wind case i n  Sec t ion  4.1.4. 

With winds i t  i s ,  however, p o s s i b l e  t o  o b t a i n  e s s e n t i a l  hot  

( a )  

gas  boundary c h a r a c t e r i s t i c s  as fol lows:  

Obtain the  upwind r a d i a l  l i m i t  (Rb) of t h e  ho t  gases 
as t h e  value of t h e  w a l l  j e t  s epa ra t ion  r a d i u s  ( &  ) 

c g iven by the  methods i n  Sect ion 4.2.3 s t e p  (a ) .  

(b) Ca lcu la t e  t h e  approximate he ight  (Hb) of t h e  bound- 
a r y  a t  a p o i n t  d i r e c t l y  above t h e  engine nozz les  from 

4.2.5 Region E- I n t a k e  Flow 

( a )  For a t o p - i n l e t  conf igu ra t ion ,  a r e p r e s e n t a t i v e  mean 
i n l e t  temperature r ise  ( I T R )  can be es t imated  as  
fol lows : 

(i) Given (U,), e n t e r  Figure 28 and read  o f f  a t y p i c a l  
I T R  va lue  f o r  an appropr i a t e  conf igura t ion .  

( i i )  Ca lcu la t e  t h e  normalized va lue  of I T R  from 

S7R (145) 

(iii) F i n a l l y ,  c a l c u l a t e  t h e  co r rec t ed  va lue  of I T R  from: 

( b )  For a s i d e - i n l e t  conf igu ra t ion ,  a r e p r e s e n t a t i v e  mean 
I T R  can be es t imated  by r epea t ing  s t e p  ( a )  above us ing  
Figure  30 .  

Having obtained t h e  mean I T R  f r o m  e i t h e r  s t e p  ( a )  o r  
( b )  above, calculate t h e  mean i n l e t  v e l o c i t y  us ing  t h e  
procedure given by Sect ion 4.1.5 s t e p  ( b ) ,  

( c )  

4.3 MULTI-NOZZLE CONFIGURATION ( N O  CROSSWINDS) 

Determine the fol lowing design parameters i n  a d d i t i o n  t o  
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those  given i n  Sect ion 4.1. 

- ( a )  Longi tudinal  nozzle  sepa ra t ion  d i s t a n c e  ( X j )  

(b) L a t e r a l  nozzle  s e p a r a t i o n  d i s t a n c e  (>'j 

These dimensions are used t o  d e f i n e  both two-nozzle and 
four-nozzle ( r ec t angu la r )  conf igu ra t ions .  For  a two-nozzle 
conf igu ra t ion  e i t h e r  (Xj)or (8) w i l l  be zero.  

fol lows:  

4.3.1 Region A- Free Jet  Flow 

The hot  gas  flow c h a r a c t e r i s t i c s  can now be determined as  

( a )  U t i l i z e  t h e  des ign  procedures given f o r  t h e  s ing le -  
nozzle  conf igu ra t ion  i n  Sect ion 4.1.1 t o  c a l c u l a t e  
t h e  i s o l a t e d  v e r t i c a l  f low f i e l d s  under each nozzle.  
Since t h e  flow from two o r  more nozz le s  may coa lesce ,  
calculate t h e  combined f l o w  a s  fol lows:  

( 5 )  

(ii) I f  (31) 4.87, compute t h e  va lue  of from 

For a given vaXue of (S) ob ta in  t h e  va lue  of ( 3 ~ )  
from equat ion  (80).  

equat ion (81) and then determine t h e  e f f e c t i v e  bound- 
a r y  r a d i u s  (YB) of each je t  from 

. 
(147) 

where (7) is obtained as Eollows: 

(ii.5) For a given downstream location (S) c a l c u l a t e  
t h e  va lue  of (53) from equat ion (83), then  e n t e r  
Figure 9 and o b t a i n  t h e  corresponding value of ( 5 ) .  

I f  (%. )34 .87 ,  ob ta in  t h e  e f f e c t i v e  boundary r a d i u s  
( T j )  of each j e t  d i r e c t l y  from 

( i v )  

rs . 
(148) 

(VI Now determine, from geometr ical  cons ide ra t ions ,  
t h e  e x t e n t  of any j e t  Coalescence by t h e  over lap  a r e a  
of t h e  i s o l a t e d  flow boundaries  (Y,) f o r  each j e t ,  

( v i )  The combined t o t a l  p re s su re  (Pt) a t  'any p o i n t  
where (n )  j e t s - a r e  coa lesc ing  i s  obta ined  from 

(149) 
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where (P.,) a r e  t h e  va lues  obtained by t h e  i s o l a t e d  
je t  analyses .  

( v i i )  The corresponding va lue  of t h e  combined t o t a l  
temperature (q) can be est imated as a weighted average 
from : t 

4.3.2 Region B -  Ground Impingement Flow 

( a )  The ground impingement f l o w  behavior  f o r  both two- 
nozzle  and four-nozzle  ( r e c t a n g u l a r )  conf igu ra t ions  
can be evaluated by r e fe rence  t o  t h e  s ingle-nozzle  
procedures given i n  Sect ion 4.1.2 i f  c e r t a i n  geometric 
cond i t ions  a r e  s a t i s f i e d .  

(b) For a two-nozzle conf igu ra t ion ,  ob ta in  t h e  flow char -  
acter is t ics  as fol lows:  

( i )  From Figure 32 determine i f  t h e  hot gas  founta in  
* e f f e c t  i s  p resen t  f o r  t h e  given va lues  of 6 and 

e i t h e r  gj or (whichever i s  n o t  zero) .  

(ii) If t h e  foun ta in  i s  p resen t ,  t h e r e  a r e  two i s o -  
l a t e d  impingement regions.  These a r e  both t r e a t e d  by 
d i r e c t  r e fe rence  t o  t h e  procedures given i n ' S e c t i o n  
4.1.2. 

(iii) I f  t h e  nozzle  separa t ion- to-he ight  r a t i o  sat-  
i s f i e d  t h e  cond i t ion  t h a t  

J- s 0 . 2 .  i$ (151) 

then t h e  f low i n  r eg ion  A i s  assumed t o  have t o t a l l y  
coalesced p r i o r  t o  ground impingement. Now ob ta in  
t h e  impingement behavior  a s  t h a t  due t o  a s i n g l e  

equiva len t  j e t  whose diameter (Sje) i s  given by 

( c )  For a four-nozzle  ( r e c t a n g u l a r )  conf igu ra t ion ,  d e t e r -  
mine t h e  f l o w  behavior  as follows: 
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(t i)  A l s o  determine from Figure  32  i f  t h e  h o t  gas  
f o u n t a i n  e f f e c t  i s  p resen t  f o r  i s o l a t e d  j e t  p a i r s  whose 
sepa ra t ion  d i s t a n c e  i s  g iven  by e i t h e r  or G .  

(iii) If t h e  founta in  i s  p resen t  under a l l  cond i t ions  
i n d i c a t e d  above then  t h e r e  are f o u r  i s o l a t e d  impinge- 
ment r eg ions  which can be t r e a t e d  by d i r e c t  r e fe rence  
t o  t h e  procedures given i n  Sec t ion  4.1.2. 

( i v )  I f  e i t h e r  of t h e  j e t  p a i r s  s a t i s f y  t h e  cond i t ion  
t h a t  t h e i r  separa t ion- to-he ight  r a t i o  i s  6 0.2 ( e i t h e r  
(;i7;./% or ( % / %  ) >  t hen  there  a r e  only two impinge- 
ment r eg ions ,  which are' b o t h - t r e a t e d  by s u b s t i t u t i n g  
t h e  equiva len t  diameter  

(153) 

i n  t h e  procedures given i n  Sec t ion  4.1.2. 

(v) I f  both of t h e  j e t  p a i r s  s a t i s f y  t h e  cond i t ion  
t h a t  t h e i r  separatTon-to-height r a t i o  ( (  q/Tij ) and 
( % / @  1 i s  ."= 0.2) then  only one impingement r eg ion  
r e s u l t s .  This  i s  considered b s u b s t i t u t i n g  t h e  
equ iva len t  diameter (Dj'e) = 2 .  (3jy i n  t h e  procedures 
g iven  i n  Sec t ion  4.1.2.  

4.3.3 Region C- Wall Jet  Flow * 

The w a l l  j e t  flow extending r a d i a l l y  outwards from each 
ground.impingement reg ion  i s  t r e a t e d  by r e fe rence  t o  t h e  des ign  
procedures given i n  Sec t ion  4.1.3 for t h e  s ing le-nozz le  config-  
u ra t ion .  It  i s ,  however, necessary t o  s u b s t i t u t e  e i t h e r  t h e  
i s o l a t e d  or equiva len t  nozzle  diameter  as appropr i a t e  t o  t h e  
a n a l y s i s  of ground impingement c h a r a c t e r i s t i c s  given i n  Sec t ion  
4,3.2 above. 

It should be noted t h a t  t h e  w a l l  je ts  r e s u l t i n g  f r o m  two 
or more impingement r eg ions  w i l l  m e e t  a t  t h e  v e r t i c a l  i n t e r a c t i o n  
p l a n e ( s ) .  The design procedures f o r  determining t h e  flow char -  
a c t e r i s t i c s  i n  c l o s e  proximity o r  a t  t h e  i n t e r a c t i o n  p l anes  a r e  
given i n  Sec t ion  4.3.6. 

4.3 e 4 Region D- Rec i rcu la t ion  Flow 

The c h a r a c t e r i s t i c s  of t h e  f a r  f i e l d  r e c i r c u l a t i o n  flow a r e  
obtained by d i r e c t  r e fe rence  t o  t h e  methods given i n  Sec t ion  
4,1,3 f o r  t h e  s ing le-nozz le  conf igu ra t ion ,  Since t h e s e  cha rac t e r -  
i s t ics  depend on t h e  cond i t ions  i n  t h e  w a l l  j e t  a t  t h e  sepa ra t ion  
po in t  then it  i s  e s s e n t i a l  t o  u se  t h e  nozzle  diameter  appropr i a t e  
t o  t h e  a n a l y s i s  of ground impingement, a s  given i n  Sec t ion  4.3,2 
above 
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4.3.5 Region E- Intake Flow 

(a)  Determine the  mean i n l e t  t o t a l  temperature r i s e  ( I T R )  
f o r  t op - in l e t s  of multi-nozzle configurat ions a s  
Eollows : 

(i) From the methods given i n  Section 4.3.2 s t e p  (b ) ,  
determine i f  t he  hot gas fountain i s  present .  

(ii) If no fountain e x i s t s ,  use t h e  procedure given 
i n  Section 4.1.5 s tep  (a )  t o  ca l cu la t e  the value of 
ITR. 

(iii) I f  t h e  fountain i s  present ,  obtain a t y p i c a l  
I T R  value f r o m  in t e rpo la t ion  of appropriate  graphical  
da t a  presented i n  Figures 44 through 47 under Section 
3.2.3.2.1 f o r  large sca l e  models. 
f o r  a nominal nozzle temperature d i f f e r e n t i a l  of about 
llOOo R then ca l cu la t e  the normalized value of I T R  from: 

Since a l l  data  i s  

c 

and f i n a l l y  obtain t h e  corrected I T R  value from 

(154) 

(b) Determine the  mean i n l e t  t o t a l  temperature r ise  ( I T R )  
f o r  s ide - in l e t s  of multi-nozzle configurat ions as 
follows: 

(5) From the  methods given i n  Section 4.3.2 s t ep  (b) ,  
determine i f  the hot gas  fountain i s  present .  

( i f )  If no fountain e x i s t s ,  use Figure 30 t o  obtain- 
a t y p i c a l  I T R  value. Then ca l cu la t e  the value o f  ( I T R )  
from equation (154) and use t h i s  value t o  obtain the  
corrected I T R  value from equation (155), 

(iii) I f  t h e  fountain i s  present ,  obtain a typ ica l  
I T R  value from in t e rpo la t ion  between t h e  appropriate  
graphical  da t a  presented i n  Figures  51, 52 Section 
3 .2 ,3 ,2 ,2 ,  Then perform the  same ca lcu la t ion  pro- 
cedure as  i n  s t ep  ( a ) ( i i i )  above t o  obtain the corrected 
TTR value,  

(c) Having obtained t h e  mean I T R  from e i t h e r  s t ep  (a) o r  
(b )  above, ca l cu la t e  t h e  mean i n l e t  ve loc i ty  using 
the  design procedures given i n  Section 4.1.5 s tep  (b ) ,  
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4,3.6 Region F- I n t e r a c t i o n  Plane Flow 

Determine t h e  flow c h a r a c t e r i s t i c s  along t h e  ground 
i n  t h e  i n t e r a c t i o n  p lane  by us ing  t h e  design procedures 
presented  i n  Sec t ions  4.1.3 and 4.3.3, modified as 
fol lows:  

(i) Obtain t h e  peak t o t a l  p r e s s u r e  ( ftd) n e a r  t h e  
ground i n  t h e  i n t e r a c t i o n  plane as t h e  va lue  obtained 
by cons ider ing  e i t h e r  of t h e  mutual ly  impinging w a l l  
j e t s  as i s o l a t e d  jets,  

(ii) Calculate t h e  ground s t a t i c  p res su re  ( P u )  i n  t h e  
i n t e r a c t i o n  p lane  from 

where@)is  t h e  angle  between t h e  Local w a l l  jet,. f low 
and t h e  impingement p lane  as shown i n  Figure 33. 

(iii) On t h e  b a s i s  'of tes t  d a t a  presented  i n  Figure 36 
ob ta in  t h e  corresponding peak t o t a l  temperature ( A G d  
as t w i c e  t h e  va lue  of t h e  i s o l a t e d  w a l l  j e t  flow. 

t h e  ground i n  t h e  i n t e r a c t i o n  plane from t h e  methods 
given under Sect ion 4.1.1 s t e p  (e )  by us ing  t h e  values 
of ( P t W ) ,  ( Pc, and (7Zi-J obtained above, ' 

Determine r a d i a l  f l o w  c h a r a c t e r i s t i c s  w i t h i n  t h e  i n t e r -  
a c t i o n  plane as i f  t h e  f l o w  cont inued with t h e  i n t e r -  
a c t i o n  p lane  removed. Thus t h e  t o t a l  p r e s s u r e ,  t o t a l  
temperature  and v e l o c i t y  a t  a po in t  i n  t h i s  po r t ion  of 
t h e  i n t e r a c t i o n  plane i s  obtained by u t i l i z i n g  t h e  
des ign  procedures g iven  i n  Sec t ion  4.1.3 s t e p s  (d)  
through ( f ) .  

( i v )  F i n a l l y ,  c a l c u l a t e  t h e  peak v e l o c i t y  (U,> nea r  

Determine t h e  peak values of v e l o c i t y  and t o t a l  temper- 
a t u r e  i n  t h e  v e r t i c a l  foun ta in  between any one p a i r  of 
jets as f o l l o w s :  . 
(i) # Given t h e  values of nozzle  spacing ( e i t h e r  %or 
$1 and nozzle  h e i g h t  ( R j ) ?  e n t e r  Figure 39 and ob- 
t a i n  a value of  ( La$*>. . 

Then c a l c u l a t e  t h e  peak foun ta in  v e l o c i t y  ( U f > $  from : 



(ii> A l s o ,  e n t e r  Figure 40 and o b t a i n  a va lue  of 
(AT&) .  Then, calculate t h e  corresponding peak 
f o u n t a i n  temperature (%+) from 

. _  

-G+ z= r, + Ax5 - ( 5 j - G )  (158) 

4.4 MULTI-NOZZLE CONFIGURATION (WITH CROSSWINDS) 

Design parameters requi red  f o r  c a l c u l a t i o n  of t h e  hot  gas 
f low c h a r a c t e r i s t i c s  f o r  a mult i -nozzle  conf igu ra t ion  ope ra t ing  
i n  crosswinds are a l ready  def ined  i n  Sec t ions  4.1 through 4.3 
above. 

The effect of crosswinds on f low c h a r a c t e r i s t i c s  w i t h i n  
each flow reg ion  of mult i -nozzle  conf igu ra t ions  can be determined 
as fol lows:  

4-4.1 Region A- Free Jet  Flow 

The free j e t  flow behavior can be obtained d i r e c t l y  from 
t h e  methods given i n  Sec t ion  4.2.1 wi th  allowance f o r  coa lesc ing  
je ts  made on t h e  b a s i s  of methods given i n  Sec t ion  4.3.1. 

4.4-2 Region B- Ground ImDirieement Flow 

The ground impingement flow f i e l d  c h a r a c t e r i s t i c s ,  as a f f e c t e d  
by crosswinds can be d i r e c t l y  obtained from t h e  design procedures 
given i n  Sec t ion  4,3.2 f o r  a mult i -nozzle  conf igu ra t ion ,  provided 
t h a t  a l l  f low p r o f i l e s  are r e f e r r e d  t o  t h e  c e n t e r l i n e  of t h e  
curved j e t  def ined  by (&) given by equat ion (136) e 

4.4.3 Region C- Wall Jet Flow 

The effect  of crosswinds on t h e  flow c h a r a c t e r i s t i c s  w i th in  
t h e  w a l l  j e t  f low can be obtained by us ing  t h e  design procedures 
given i n  Sec t ion  4.2.3, I f  appropr i a t e ,  t h e  equiva len t  j e t  
diameter  (Die) can be obtained from Sect ion 4.3.3, 

4.4.4 Region D- Rec i rcu la t ion  Flow 

The e f f e c t  of crosswinds on t h e  f low c h a r a c t e r i s t i c s  i n  t h e  
r e c i r c u l a t i o n  reg ion  i s  obtained i n  a manner s i m i l a r  t o  t h a t  f o r  
a s ingle-nozz le  (Sec t ion  4.2.4) w i th  t h e  fol lowing modi f ica t ions :  

(a )  When t h e  crosswind v e l o c i t y  i s  no t  along an i n t e r a c t i o n  
p lane ,  use  t h e  design procedures given i n  Sec t ion  4,2.4. 

(b)  When t h e  crosswind v e l o c i t y  l i e s  along an i n t e r a c t i o n  
p lane ,  t h e  des ign  procedures given i n  Sect ion 4.2,4 
are followed wi th  t h e  except ion  t h a t  equat ion  (144) is 
r ep laced  by : 
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4.4.5 Region E- In t ake  Flow 

(a )  Determine t h e  mean i n l e t  t o t a l  temperature r i s e  ( I T R )  
for t o p - i n l e t s  of multi-nozzle conf igu ra t ions  as 
fo l lows  : 

(5) From t h e  methods given i n  Sec t ion  4.3.2 s t e p  (b) ,  
determine i f  t h e  hot gas  foun ta in  i s  present .  

(ii) If no foun ta in  e x i s t s ,  use t h e  design procedure 
given i n  Sect ion 4.2.5 s t e p  ( a >  t o  ob ta in  a t y p i c a l  
va lue  of ITR. 

( i f % >  If t h e  foun ta in  is presen t  determine a t y p i c a l  
va lue  of ITR from i n t e r p o l a t i o n  of g raph ica l  d a t a  

(F igures  44 and 45) given i n  Sec t ion  3.2.3.2.1,  i f  
appropr ia te .  Then using equat ions  (154) and (155) 
given i n  Sect ion 4.3.5 s t e p  ( a ) - ( i i i )  c a l c u l a t e  t h e  
c o r r e c t e d  value of ITR,  

(b) Determine t h e  mean i n l e t  t o t a l  temperature r i se  ( ITR)  
for s i d e - i n l e t s  of mult i -nozzle  conf igu ra t ions  as 
fol lows : 
I 

, (i) Repeat s t e p  (a )  (i) above 

(ii.1. If no foun ta in  e x i s t s ,  use Figure 30 t o  ob ta in  a 
t y p i c a l  ITR value. Then us ing  equat ions  (154) and (155) 
given i n  Sec t ion  4.3.5 s t e p  ( a )  (iii) c a l c u l a t e  t h e  
e o r r e c t a d  va lue  of ITR. 

(iii) I f  t h e  foun ta in  i s  p r e s e n t ,  ob ta in  a t y p i c a l  
estimate of I T R  from i n t e r p o l a t i o n - o f  t h e  g raph ica l  
d a t a  (F igures  5 1  o r  5 2 )  given i n  Sec t ion  3.2.3.2.2, 
if appropr ia te .  Then us ing  equat ions  (154) and (155) 
given i n  Sect ion 4.3.5 s t e p  (a)  (iii) c a l c u l a t e  t h e  
co r rec t ed  va lue  of ITR.  

(c )  Having obtained t h e  mean I T R  from e i t h e r  s t e p  ( B )  o r  
(b) above, c a l c u l a t e  t h e  mean i n l e t  v e l o c i t y  us ing  t h e  
des ign  procedures given by Sec t ion  4.1.5 s t e p  (b ) .  
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4.4.6 Region F- I n t e r a c t i o n  Plane Flow 

(a)  When t h e  crosswind v e c t o r  i s  along t h e  i n t e r a c t i o n  plane 
determine t h e  flow character is t ics  a s  fol lows:  

(2 )  Calculate t h e  upwind sepa ra t ion  r a d i u s  of t h e  flow 
along t h e  ground, measured f r o m  t h e  s t agna t ion  po in t  
w i t h i n  t h e  i n t e r a c t i o n  plane,  as t h e  va lue  of (Rs) 
obtained on t h e  b a s i s  of des ign  procedures given i n  
Sec t ion  4.2.3 s t e p  (b).  

(ii) Determine t h e  flow c h a r a c t e r i s t i c s  along the 
ground i n  t h e  i n t e r a c t i o n  plane by us ing  t h e  design 
procedures presented i n  Sec t ion  4.2.3 and 4.3.3 i n  a 
manner s i m i l a r  t o  t h a t  d e t a i l e d  i n  Sect ion 4.3.6. 

(3.2:) Determine t h e  r a d i a l  flow- c h a r a c t e r i s t i c s  by 
r e f e r e n c e  t o  t h e  procedures given i n  Sect ion 4.3.6 
s t e p  (b) by us ing  t h e  w a l l  j e t  c h a r a c t e r i s t i c s  ob- 
t a i n e d  from Sect ion  4.2.3 s t e p s  (c )  and (d) .  

by us ing  Sect ion 4.3.6 s t e p  (c).  

plane then  t h i s  plane w i l l  be d i s t o r t e d  by t h e  wind and 
w i l l  be d i sp laced  from a symmetrical p o s i t i o n  between 
t h e  nozz les .  The flow c h a r a c t e r i s t i c s  along t h e  i n t e r -  
a c t i o n  p lane  under t h i s  cond i t ion  i s  assumed t o  be inde- 
pendent of normal crosswinds and t h e r e f o r e  t h e  design 
procedures  given f o r  no crosswind cond i t ions  i n  Sec- 
t i o n  4.3.6 can be  u t i l i z e d .  

( i v )  Obtain t h e  fodn ta in  (ver t ica l )  flow c h a r a c t e r i s t i c s  

(b) ’ When t h e  crosswind v e c t o r  i s  normal t o  t h e  i n t e r a c t i o n  
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SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS 

1. P r a c t i c a l  engineer ing methods are presented f o r  pre-  
d i c t i n g  v e l o c i t y  and temperature d i s t r i b u t i o n s  i n  t h e  v i c i n i t y  
of j e t - l i f t  V/STOL a i r c r a f t  opera t ing  i n  ground proximity.  
Single- ,  two-  and r ec t angu la r  four-nozzle conf igu ra t ions  a r e  
t r e a t e d  by methods which account f o r  v a r i a t i o n s  i n  engine nozzle 
p re s su re  r a t i o ,  temperature,  diameter ,  he igh t  above t h e  ground 
p lane ,  and crosswinds,  however, adequate v e r i f i c a t i o n  of t h e s e  
methods i s  no t  p o s s i b l e  u n t i l  a d d i t i o n a l  test  d a t a  a r e  obtained. 

2. A review of a v a i l a b l e  t h e o r e t i c a l  s t u d i e s  r e v e a l s  t h a t ,  
i n  gene ra l ,  t h e o r e t i c a l  s o l u t i o n s  t o  d e s c r i b e  t u r b u l e n t  f low 
phenomena are no t  adequate t o  provide d e t a i l e d  d e s c r i p t i o n  of 
t h e  flow f i e l d  p e r t i n e n t  t o  ho t  gas inges t ion .  Furthermore, 
s a t i s f a c t o r y  s o l u t i o n s  f o r  l i m i t e d  elements of t h e  flow f i e l d  
u s u a l l y  r e q u i r e  t h e  use  of l a r g e  d i g i t a l  computers. 

3.  A l ack  of d e t a i l e d  experimental  knowledge on t h e  re- 
c i r c u l a t i n g  f l o w  away from t h e  ground prec ludes  t h e  formulat ion 
of adequate d e f i n i t i v e  methods f o r  p r e d i c t i n g  t h e  time-varying 
and s p a t i a l  temperature d i s t r i b u t i o n s  a c r o s s  t h e  engine i n l e t s .  
Mean va lues  of I T R  can be obtained on t h e  b a s i s  of l i m i t e d  t e s t  
da t a .  

4. H o t  gas inges t ion  behavior  f o r  two primary types  of 
engine i n t a k e  i n s t a l l a t i o n  i .e.  t o p  and s i d e  i n l e t  confj-gura- 
t i o n s  w a s  considered. 

The p r i n c i p a l  i nges t ion  c h a r a c t e r i s t i c s  f o r  each type of 
. i n l e t  con f igu ra t ion  i s  summarised a s  f o l l o w s  f o r  t y p i c a l  engine 
'exhaust  cond i t ions  ( ( P t j / P a > k  1.8, ( T t j )  -h 1200°F) 

For t o p  i n l e t s ,  i n  t h e  absence of  t h e  hot  gas foun ta in ,  
i n g e s t i o n  due t o  f a r - f i e l d  r e c i r c u l a t i o n  i s  comparatively mild 
(mean I T R  L: 20°F) and i s  not  s t rong ly  a f f e c t e d  by e i t h e r  wing 
geometry, nozzle  h e i g h t ,  o r  crosswinds w i t h i n  t h e  range of  a v a i l -  
a b l e  experimehtal  measurements, When t h e  foun ta in  effect  i s  
p resen t ,  a severe l e v e l  of  i n g e s t i o n  and i n l e t  temperature 
d i s t o r t i o n  may be experienced (mean I T R L :  15O0F) and i s  
s e n s i t i v e  t o  wing geometry, nozzle  he ight  and crosswinds, 

of i nges t ion  and temperature d i s t o r t i o n  observed (mean I T R  G 
200°F) w h i c h  i s  s e n s i t i v e  t o  nozzle  h e i g h t  and crosswind e f f e c t s .  
However, changes i n  wing and nozzle geometry do not  appear t o  
have a c r i t i c a l  e f f e c t  on peak i n g e s t i o n  l e v e l s ,  

Side i n l e t  conf igu ra t ions  a r e  prone t o  t h e  most  severe  l e v e l  
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5 .  For a given nozzle  and i n l e t  conf igu ra t ion ,  ho t  gas  
i n g e s t i o n  reaches  a peak a t  p a r t i c u l a r  v a l u e s  o f  nozzle  he ight  
and headwind v e l o c i t y .  The i n g e s t i o n  l e v e l  gene ra l ly  shows a 
progress ive  d e c l i n e  f o r  f u r t h e r  i n c r e a s e s  i n  e i t h e r  he ight  or 
v e l o c i t y  u n t i l  t h e  i n t a k e s  pass  ou t s ide  t h e  envelope of t h e  
r e c i r c u l a t i n g  gases. 

f i e l d  r e c i r c u l a t i o n  can be  a l l e v i a t e d  by u t i l i s i n g  t h e  a i r f rame 
geometry ( fuse l age  and wings) t o  e f f e c t  a blockage of t h e  d i r e c t  
f low pa th  between t h e  f o u n t a i n  e f f e c t  and t h e  engine i n t a k e ,  
It i s  important f o r  t h e  i n t a k e s  t o  be a s  w e l l  sh ie lded  a s  
p o s s i b l e  by l a r g e  su r face  a r e a s  such as wings. 

For s i d e - i n l e t  conf igu ra t ions ,  it i s  expected t h a t  i nges t ion  
can be a l l e v i a t e d  by p l ac ing  t h e  i n t a k e s  f u r t h e r  forward and a l s o  
h ighe r  above t h e  gound p lane ,  

6 ,  For t o p - i n l e t  conf igu ra t ions ,  i n g e s t i o n  due t o  near-  

7. The a n a l y t i c a l  methods developed i n  t h e  r e p o r t  can be 
used as a b a s i s  f o r  pre l iminary  des ign  opt imiza t ion  of a gene ra l  
V/STOL conf igura t ion .  However, it appears e s s e n t i a l  t h a t  
a d d i t i o n a l  l a r g e - s c a l e  tes t  d a t a  i s  r equ i r ed  i n  o rde r  t o  accur- 
a t e l y  determine t h e  hot  gas  i n g e s t i o n  c h a r a c t e r i s t i c s  t h a t  
may be encountered under a l l  p r a c t i c a l  ope ra t ing  cond i t ions ,  

8. ' I t  i s  s t rong ly  recommended t h a t  f u r t h e r  experimentzl  
r e sea rch  be conducted t o  provide more complete information on 
t h e  degree of c o r r e l a t i o n  of small s c a l e  and f u l l  scale t e s t s ,  
I n  p a r t i c u l a r  it i s  considered e s s e n t i a l  t h a t  t es t s  be conducted 
t o  determine t h e  form of s u i t a b l e  parameters t o  c o r r e l a t e  i n l e t  
temperature r i se  and t o  augment and modify i f  r equ i r ed  t h e  
engineer ing methods presented i n  t h i s  r e p o r t .  

9. A l s o ,  d e t a i l e d  experimental  s t u d i e s  should be  conducted 
t o  provide more s a t i s f a c t o r y  methods f o r  p r e d i c t i n g  t h e  growth 
and decay of t h e  v e l o c i t y  and temperature d i s t r i b u t i o n s  i n  t h e  
hot  gas foun ta in  between both two- and four-nozzle  ( r ec t angu la r )  
conf igura t ions .  I n  a d d i t i o n ,  t h e  th reshold  l i m i t s  t h a t  denote 
t h e  onset  of t h e  foun ta in  e f f e c t  should be redef ined  and extended 
f o r  more adequate coverage of four-nozzle  (rectangu1ar)confi.g- 
u r a t i o n s .  
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APPEND1 X 

DERIVATION OF THE FREE-JET REFERENCE FLOW BOUNDARIES 

This appendix summarizes the derivation of methods used to 
predict the pressure and temperature reference boundaries in the 
free-jet flow field (Region A )  for a single engine in a static 
ambient environment. 

An expression for the pressure reference boundary in the 
characteristic decay region may be obtained from the relationships 
developed for the jet profile and centerline decay behavior 
(equations (20) and (23)) by applying a momentum-integral analysis, 
with approximate allowance for compressibility effects, as follows. 

throughout the flow, the axial jet momentum M ( s )  at any down- 
stream reference location is given by 

For a free jet with the assumption of ambient static pressure 

..-- 

Substituting [T) =(T$$, (4/) = $-,&I2 equation (160) becomes 

In the characteristic decay region, velocities are generally 
sufficiently small to justify use of the incompressible Bernoulli 
relation given by: 

, Substituting equation (23) and (162) into equation (161) there 
follows: 

-At the nozzle exit the jet momentum cen be defined as 

By using the principle that axial momentum is conserved throughout 
the flow, equations (163)and(164) are combined to yield: 
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Rearranging equation (-165 yields: 

Substituting for from equation (20)  gives: 

The term in (C,) can be sensibly neglected since its exponent is 
small. 

Equation(166) is further simplified by using the substitution 

which is an approximation derived fyom compressible flow theory 
to represent compressibility effects at the nozzle e x i t .  Using 
equation (168) in equation (167) thus 

Comparison between equation (169) and experimental data 
from References 9 and 18 is presented in Figure 54. The good 
agreement suggests that the axial correlation function (33) 

, given by 

is also suitable for correlating the pressure 
reference boundary in the transition and annular mixing regions, 
where simple analytical representations could not be obtained. 
While it is necessary to fair in a curve for the transition region, 
the behavior in the annular mixing region can be adequately 
represented by substituting the axial correlation parameter (Y3) 
for (F) in the empirical equation derived by Ludwig and Brady 
(Reference 41) for an isothermal incompressible jet, thus: 

Figure 55 shows good agreement between equation (171)and test 
data from References 17, 18, and 20. 
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- __  _. ~ . 

Rela t ive ly  simple i n t e g r a l  techniques could not be  appl ied  
t o  p r e d i c t  t h e  j e t  temperature reference boundaries.  Therefore ,  
a r e s o r t  t o  empi r i ca l  methods was made, With t h e  assumption t h a t  
t h e  gene ra l  form of t h e  empir ica l  r e p r e s e n t a t i o n  is s i m i l a r  t o  
t h a t  for t h e  je t  pressure  boundary growth (Equation(169)) t h e  
test d a t a  of References 7 ,  9 ,  13, and 18 w e r e  used t o  develop 
t h e  fol lowing r e l a t i o n s h i p  

for t h e  character is t ic  decay region.  Data from References 9 and 
18 are compared w i t h  e q u a t i o n ( l 7 l ) i n  Figure 56. T h e  good 
agreement i n d i c a t e s  t h a t  t h e  c o r r e l a t i o n  func t ion  ( P . ) ,  given by 

5 -  0.43 0.25 
s, = (173 1 

is s u i t a b l e  f o r  c o r r e l a t i n g  the temperature re ference  boundary i n  
a l l  reg ions  of t h e  f ree  j e t .  -Whi le  a f a i r e d  curve must be used 
in t h e  t r a n s i t i o n  reg ion ,  Figure 57  shows t h a t  t h e  va lue  of ( 6 )  
i n  t h e  annular  mixing zone can be  represented  by s u b s t i t u t i n g  (Sf) 
for (Y3) i n  equat ion  (171) ,  thus:  - 
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