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ABSTRACT

A com prehensive experim en tal study was ca rried  out to  investiga te  je t-  

boundary in te rac tio n  of blocked th ree-d im ensional tu rbu len t a ir je ts  discharging 

o ffse t from and para lle l to  a  solid boundary. The study was undertaken  to  

estab lish  th e  general flow and therm al c h a ra c te ris tic s  associated  with this 

configuration . A tten tio n  was focused on su rface  pressure d istribu tion , je t  

tra je c to ry  and velocity  and te m p era tu re  d istribu tions. T hree o u tle ts  o f asp ec t 

ra tio , 0.1, 0.25 and 0.44, as well as th e  tw o-dim ensional case (e = 0) w ere 

investig a ted  a t  o ffse t d istances ranging from  0 (wall je t) to  oo (free  je t). The 

discharge Reynolds num ber ranged from  26,000 to  55,000. Flow visualization , 

em ploying smoke and oil/lam pblack  techniques, was used to  determ ine gross je t 

spread behavior as well as the  re a tta c h m e n t location .

Mapping of su rface  pressure revealed  a  com plex tw o-dim ensional p a tte rn  

of sub-am bient and above am bien t pressure d istribu tion . Com parisons betw een 

three-d im ensional and tw o-dim ensional je ts  showed sim ilarities as well as 

sign ifican t d ifferences. S im ilarities a t  asym pto tic  conditions associa ted  w ith the  

d ischarge asp ec t ra tio  e  and o ffse t d istance  h w ere exam ined. For e h « l ,  th e  

behavior of three-d im ensional je ts  was found to  approach th a t of tw o- 

dim ensional slo t je ts . The influence of th e  o ffse t su rface  on flow and therm al 

ch a ra c te ris tic s  increased  as h was decreased . Maximum velocity  and 

te m p era tu re  decays w ere shown to  be sim ilar to  those of free  je ts  in upstream  

regions and to  approach wall je t  decay fu rth e r dow nstream .
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I. INTRODUCTION

1. Background

The study of tu rbu len t je ts  has long been of in te re s t because of its  

ex tensive use in engineering applications. G enerally, je ts  have applications in 

film  cooling, com bustion, sew age disposal, fluid and h ea t dissipation from  power 

genera tion , tu rb o -je t th ru st reverser and th e  d irec tiona l nozzle contro lling  the 

la te ra l th ru s t of the  STOL a irc ra f t,  e tc . G rea te r in te re s t in hea ted  tu rbu len t 

je ts  has recen tly  developed due to  increased  concern over th erm al pollution from 

power plants.

T hree types of jet-boundary  in te rac tio n  problem s are  commonly encoun­

te red : (i) wall je t ,  in which th e  fluid is discharged a t  the  boundary, (ii) impinging 

je t ,  where th e  discharge is aim ed tow ards the  boundary, and (iii) o ffse t je t, in 

which th e  fluid is discharged a t  some d istance from  the  boundary and eventualy  

a tta c h e s  to  i t  due to  the  la te ra l pressure fo rces. C learly , th e  wall and free  je ts  

may be considered as lim iting cases of the  o ffse t je t  (Figure 1).

Two basic configurations a re  associa ted  w ith th e  discharge planes (Figure

2). In one a rrangem en t, known as a "blocked je t,"  the  fluid is discharged through 

an o u tle t in a  p la te  norm al to  the  su rface . The presence of such a p la te  prevents 

axial en tra in m en t of secondary flow a t  the d ischarge plane. In ano ther 

a rrangem en t, known as "v en tila ted  je t,"  no v e rtica l p la te  is p laced  a t  the 

discharge o u tle t and consequently  axial en tra in m en t of secondary flow takes 

p lace.

The case  of a  h ea ted  subm erged je t  in th e  v icinity  of a solid boundary is of 

special in te re s t because of its  app lication  to  the rm al discharges from  power
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plants near th e  bottom  of rivers and lakes. The subsequent in te rac tio n  with the 

solid su rface  may significantly  a l te r  plum e behavior. F urtherm ore , pressure and 

shearing fo rces by the  floor-bound je t  give rise to  scouring and bed erosion 

resu lting  in s tru c tu ra l problem s a t the  discharge area .

Jet-boundary  in te rac tio n  occurs when a discharge o u tle t is located  in the 

v icin ity  of a solid boundary. As the je t discharges from  th e  o u tle t the 

surrouncing fluid is en tra ined  due to  th e  tu rbu len t mixing and the  s ta t ic  pressure 

on the wall becom es less than th a t of the  surrounding field . As a consequence 

the  je t  curves tow ards the  solid boundary and eventually  a tta c h e s  to  i t  (Figure

3).

The following th ree  regions, which apply in the  tw o-dim ensional model, 

also appear in the  three-d im ensional o ffse t je t  case; (i) th e  p re -a ttach m en t 

region, which is the  region prior to  th e  je t  a tta c h m e n t with the  solid wall and 

w here pressures a re  generally  low er than  hydrosta tic  levels, (ii) the  im pingem ent 

region, loca ted  p ast the  je t  a ttach m en t, and (iii) the  wall je t  type region, which 

is th e  zone where the je t  undergoes tu rbu len t diffusion analogous to  th a t of a 

wall je t  (Figure k).

2. O bjectives

The p resen t study deals with a de ta iled  experim ental investigation  of the 

ch a ra c te ris tic s  of flow and te m p era tu re  fields of s teady , incom pressible, 

blocked, three-d im ensional, tu rbu len t, a ir jet-boundary in te rac tio n . The je t  is 

discharged from  rec tangu lar ou tle ts  near a plane su rface  (Figure 3). The free  

s tream  velocity  is assum ed to  be zero . The su rface  pressure as well as the  mean 

velocity  and tem p era tu re  fields are  exam ined, tak ing  into consideration the
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general flow field s tru c tu re  and the  e ffe c ts  of o ffse t d is tance , discharge a sp ec t 

ra tio  and Reynolds num ber. In addition, the  experim en tal investigation includes 

flow visualization  — using sm oke and oil/lam pblack  techn iques — in order to 

provide an overall view  of the e n tire  flow field in this com plex three-d im ensional 

je t-boundary  in te rac tio n  problem .

Preattachment Impingement Wall Jet Region
Region Region

Figure 4. Schematic of two-dimensional blocked offset jet.



H. LITERATURE SURVEY

The problem  of three-dim ensional h ea ted  tu rb u len t o ffse t je ts  has not been 

previously investigated . The only published work on th e  corresponding case of 

iso therm al o ffse t je ts  appeared  in 1974. However the  lim iting cases of th ree - 

dim ensional wall and free  je ts , as well as o ther re la te d  configurations, have 

rece ived  m ore a tten tio n .

This chap ter p resen ts a review  of the various types of je t problem s, whose 

study leads to  a b e tte r  understanding of the  tu rbu len t rec tan g u la r o ffse t je t  

problem . The m echanism  of en tra in m en t and its  tw o basic hypotheses a re  also 

discussed.

I .  Three-D im ensional O ffse t J e ts

The only experim ental and th e o re tic a l study of the three-d im ensional je t 

flow in th e  vicin ity  of a solid boundary was p resen ted  by Sacks, John and M arks,* 

who exam ined th e  case of a long slender d ischarge. Their experim ental work 

showed th a t for such discharge configurations the  velocity  d istribu tion  in the 

near field  could be approxim ated by the  velocity  d istribu tion  of the  tw o- 

dim ensional free  je t.  They reported  th a t  th e  p re -a tta c h m e n t in te rac tio n  region 

betw een the  je t  and th e  boundary su rface  exhibits to ta lly  d iffe re n t c h a ra c te r­

is tics  than th a t of the tw o-dim ensional o ffse t je t.  For the  p resen t type of th ree - 

dim ensional geom etry  this region is dom inated by a s ign ifican t crossflow  from 

the  sides, in c o n tra s t to  th e  tw o-dim ensional case where a reverse  flow -vortex  is 

form ed. This en tra in m en t from  the  sides of the  je t  inhibits the  je t  from  bending 

tow ards the  boundary. Assuming th a t the crossflow  in th e  sides of th e  je t  due to



en tra in m en t is perpendicular to  the d irection  of th e  je t  flow, Sacks e t  al. w ere 

able to  model the influence cf the  horizontal boundary on the  je t. J e t  

d isp lacem ent was obtained from  a dynam ical equation  based on the  pressure 

d iffe ren ce  across the  je t.  Flow visualization  through the  use of smoke injection 

and co tto n  s tream ers  did not dem onstra te  th e  p resence of a rec ircu la tion  p a tte rn  

for the three-d im ensional o ffse t je t  even a t  th e  lim it of a very low aspect ra tio . 

T herefore , the  three-d im ensional o ffse t je t  flows discharging from  low aspect 

ra tio  channels and having negligible but fin ite  o ffse t d istance are  expected  to 

exhibit d iffe re n t behavior than the three-d im ensional wall je t  and the tw o- 

dim ensional o ffse t je t  flows.

2. Tw o-D im ensional O ffse t J e t  (Blocked)

Studies concerning flow c h a ra c te ris tic s  of tw o-dim ensional, incom press-

2 3ible, tu rbu len t o ffse t je ts  w ere ca rried  out by Sawyer, ' Bourque and 

Newman,^ Bourque^ and R ajaratnam  and Subram anya.^ These studies concen­

tra te d  on the p re -a ttach m en t region and a tte m p te d  to  p red ic t the recircu la tion  

pressure, the je t's  cu rvatu re  as it bends tow ards th e  ho rizon tal boundary, the 

p re -a ttach m en t length , th e  flow behavior and th e  en tra inm en t m echanism  of the 

curved p re -a tta c h e d  je t .  Simplifying assum ptions regarding the  flow w ere made

in order to  obtain  analy tica l expressions. The validity  of these resu lts  were

7 8questioned and model m odifications w ere m ade by Hoch and Jiji ’ to  provide a 

m ore com plete  description of the  tw o-dim ensional o ffse t jet-boundary in te r­

action  problem .

T hree d is tin c t regions ch a ra c te rize  the  tw o-dim ensional je t discharging 

para lle l to  and o ffse t from a solid boundary:^ 0 ) the  p re -a ttach e d  free  je t  region,



(ii) the im pingem ent region, and (iii) the  plane wall je t  region (F igure 4). In the 

f irs t region, reduced en tra in m en t below the  je t  resu lts  in a low pressure region 

betw een the je t  and the boundary causing the  je t  to  bend tow ards the  boundary 

and eventually  be a tta ch e d  to  it. In this region pressures a re  generally lower 

than hyd rosta tic  levels. As the  je t  approaches the boundary, pressure levels 

within the  je t  increase , causing the  je t  to  d ece le ra te , eventually  reaching a 

maximum value in th e  neighborhood of th e  re a ttach m en t location . By a ttach in g  

to  the boundary a rec ircu la tion  region is s e t up which is bounded by the  discharge 

plane, the solid boundary and th e  dividing or rea ttach in g  s tream lin e . Fluid 

en tra ined  by th e  je t  from  th e  rec ircu la tio n  region is re tu rned  to  it resulting in no 

net m ass exchange. The rec ircu la tio n  produces a w ell-m ixed region resu lting  in 

a  nearly  uniform cav ity  te m p era tu re . The fluid above th e  dividing s tream line  is 

a c c e le ra te d  along th e  boundary following je t  re a tta c h m e n t due to the je t's  

positive pressure. In the  second or im pingem ent region, the  pressure decreases, 

eventually  reaching hyd ro sta tic  levels, and the acce le ra tio n  ceases. In the third 

region the je t undergoes tu rbu len t diffusion analogous to th a t of a  classical wall 

je t.

2
Sawyer, using a con tro l volum e approach to g e th er with the constan t

radius of cu rva tu re  assum ption, obtained  a solution for the re a tta c h m e n t

location as a function of discharge o ffse t d istance  using a single value for the

spread p a ram e te r. He also found th a t the velocity  profiles of the  je t,  as it

curved tow ards th e  boundary, exh ib ited  no obvious asym m etry . In a la te r  study, 
3

Sawyer m odified the  e a rlie r  analysis to  include the  d iffe re n t en tra in m en t ra te  

e f fe c ts .  P ressu re  varia tions in th e  v icin ity  of re a tta c h m e n t w ere included in the 

conservation of the  ho rizon tal m om entum . With th e  use of th e  f irs t order mixing 

length m odel, th e  curved je t  velocity  profiles w ere found to  be nearly  sym­



m etrica l, no t d iffering  significantly  from  the ir free  je t  co u n te rp art. The spread 

ra te  and to ta l en tra in m en t w ere found to  be nearly  independent of the je t  

cu rv a tu re . The m odel predic ted  th e  re a tta c h m e n t location  to  occur close to  the  

maximum su rface  pressure position along th e  horizon tal boundary. This was in 

ag reem en t w ith experim ental observations.

In th e ir  th eo re tica l form ulation, Bourque and Newman^ assum ed: (a)

constan t d ischarge velocity , cav ity  p ressure and radius of cu rvatu re , (b) sim ilar 

velocity  d istribu tion  and en tra in m en t in the  p re -a ttach m en t region to  th a t of the 

free  je t,  (c) the  horizontal fo rces due to  shear s tress  a t  the boundary to  be 

negligible in com parison to  those due to  the  je t  m om entum  in the vicinity  of 

re a tta c h m e n t, and (d) en tra inm en t to  occur norm al to  the  flow. They observed 

experim entally  th a t the  rea ttach m en t location corresponds to  the position of 

maximum surface  pressure only when th e  angle a t  which th e  je t  approaches the 

horizontal boundary is close to  righ t angle. This occurs a t large o ffse t d istance 

to  discharge height ra tio s . For small ra tio s  it corresponded more closely to the 

position a t  which the  surface pressure changed sign. The su rface  pressure 

co e ffic ien t was found to  in itia lly  decrease  w ith axial d istance, then rapidly 

increase , becom ing positive im m ediately  preceding p re -a ttach m en t. The flow 

was found to  becom e independent of o ffse t ra tio  for values of 40 or larger.

In a  la te r  model, Bourque^ relaxed  th e  co n stan t radius of cu rvatu re  

re s tric tio n  by assuming a  sinusoidal shape for the  re a tta c h m e n t s tream line  and 

je t  cen te rlin e . The pressure d iffe rence  across the  je t  was considered to  increase 

uniform ly up to  the  location of re a tta c h m e n t, corresponding to  the  increasing 

cu rvatu re . This new model was found to  accu ra te ly  p red ic t the  rea ttach m en t 

location  for any o ffse t d istance when the  sam e co nstan t value for the spread



(I
p a ram e te r , as previously determ ined , was used.

R ajaratnam  and Subram anya^ w ere the  f irs t investigato rs who presen ted  a 

study on the various flow regions of the tu rbu len t tw o-dim ensional o ffse t je t. 

These w ere specified  as th e  free  je t  region, th e  im pingem ent zone and the  plane 

wall je t  region. This study exam ined the flow field for small o ffse t d istance to  

d ischarge height ra tio s  ( l < h < 6 ). Using dim ensional analysis, they showed th a t 

for large Reynolds num bers the  p re -a tta c h m e n t d istance to  discharge height 

ra tio  is solely a function of the  o ffse t ra tio . P ressure d istribution in the 

rec ircu la tio n  region and su rface  pressure along the  boundary confirm ed ea rlie r  

findings. They found the  re a tta c h m e n t location  to  coincide with the position a t  

which th e  maximum surface pressure occurred . They also observed th a t for 

sm all o ffse t ra tio s the  decay of maximum axial velocity  can be approxim ated by 

the classical wall je t ,  while for larger ra tio s  the decay is in itia lly  m ore rapid, as 

expec ted  for free -ty p e  behavior, followed by a sligh t recovery  in the  im pinge­

m ent region, and approaching plane wall je t  behavior fu rth e r dow nstream . They 

th e re fo re  considered the  re a tta c h e d  wall je t  velocity  field  to  be com posed of 

two parts : (i) the  c h a ra c te r is tic  decay region, which is dependent on the o ffse t 

ra tio , and (ii) th e  c lassical wall je t decay region in which all je ts  exhibit the 

sam e decay ra te .

An observation based on the experim en tal d a ta  of R ajaratnam  and
c 9

Subram anya appears in th e  paper by D ag g e tt. He observed th a t when the

values of axial velocity  w ere ad justed  by shifting  the axis to  a su itab le  mean

v irtu a l origin, the re su ltan t se lf-s im ilar ax ia l velocity  profiles w ere found to

ag ree  w ith classical free  je t  theory . This ju stified  the  use of free  je t profiles for

th e  axial velocity  com ponent tan g en t to  the  curved je t  cen te rlin e  in the  pre­



a tta c h m e n t region.

Hoch and Jiji^  p resen ted  an in teg ra l form ulation  of the  tw o-dim ensional 

je t-boundary  in te rac tio n  problem , which includes the  e f fe c t  of free  stream  

m otion and o ffse t p aram ete r, and deals with the  near and fa r fields of the je t. 

The je t  en tra in m en t assum ption has been m odified for the  o ffse t je t .  In addition, 

the  c lassical je t- in te g ra l solution has been extended so as to  account for 

varia tions of pressure in both the  p re -a tta c h m e n t and im pingem ent regions. 

They assum ed a  sinusoidal varia tion  for the  radius of cu rv a tu re  and free  je t 

velocity  d istribu tion  in the  p re -a tta c h m e n t region. The je t spread and maximum 

cen te rlin e  velocity  decay w ere taken  to  be d iffe re n t from  th a t of the  free  je t.

A typ ical photograph of th e  flow p a tte rn  in th e  rec ircu la tio n  region, using 

sm oke in jection , showing th e  position of th e  dividing s tream lin e  confirm s their 

assum ption th a t the  maximum su rface  pressure occurs a t  the end of the p re­

a tta c h m e n t region. For low free  s tream  to  je t  discharge velocity  ra tio s , the  

maximum axial velocity  decay for the p re -a tta c h m e n t and im pingem ent regions 

was approxim ately  th a t of a  je t  with zero  free  stream  ra tio , although for larger 

ra tio s  th e  ve loc ity  decays w ere displaced successively upw ards. The analy tica l 

ve loc ity  d istribu tion  d iffered  sign ifican tly  from  th a t  of the tw o-dim ensional free  

je t .  The p resence of a free  s tream  flow was seen to  delay the  re a tta c h m e n t and 

to  decrease  the  maximum su rface  pressure for a given o ffse t d istance.

A th e o re tic a l and experim en tal investigation  of the  te m p era tu re  field  of a 

h ea ted  tw o-dim ensional, non-buoyant, tu rb u len t je t  discharging paralle l to  and
9

o ffse t from  an ad iab a tic  boundary was p resen ted  by Hoch and Jiji. The model 

was based on an in teg ra l form ulation of the basic conservation  laws and takes



in to  consideration the e ffe c ts  of free  s tream  m otion and je t  o ffse t d istance. 

They assum ed G aussian velocity  profiles in the  p re -a tta c h m e n t and free  je t  

regions, a  1/7 power law in the velocity  boundary layer, an asym m etrical 

Gaussian te m p era tu re  profile in the  p re -a ttach m en t region and a  G aussian-type 

te m p era tu re  profile , which sa tisfies  th e  ad iabatic  wall boundary condition, in the 

im pingem ent and wall je t  regions. The v e rtica l tem p era tu re  and velocity  

halfw idths w ere observed to  grow linearly  following re a ttach m en t. The uni­

form ity  of tem p era tu re  in the rec ircu la tio n  region was su b stan tia ted  experi­

m entally . F ree  s tream  velocity  was found to  have a minor e f fe c t  on the  

maximum axial tem p era tu re  decay. V ariations in the  o ffse t ra tio  w ere found to 

have noticeable  influence on the maximum axial te m p era tu re  decay in the p re­

a tta c h m e n t region, dim inishing progressively dow nstream .

Param esw aran  and Alpay*® obta ined  experim en tal da ta  on flow c h a ra c te r­

is tics  of tw o-dim ensional o ffse t je ts  and com pared them  with those of a plane 

wall je t.  The re a ttach m en t location  and th e  c e n te r  of the vo rtex  in the cavity  

w ere determ ined  experim entally  and corresponding laws w ere fo rm ulated . The 

vortex  cen te r d istance to  the  re a tta c h m e n t d is tance ra tio  rem ained nearly 

con stan t. The re a tta c h m e n t d istance to  th e  o ffse t d istance  ra tio  appeared to 

approach an asym pto tic  value. The maximum velocity  decay followed the sam e 

type of exponential law as in th e  case of plane wall je ts . The shear stress 

d istribu tion  on the  horizontal boundary exhib ited  som e sim ilarity  in shape beyond 

re a tta c h m e n t. The peak value of shear s tress  found to  be decreased  as the 

o ffse t ra tio  was increased .

An experim ental study of a rad ial tu rb u len t je t  a ttach in g  to  an o ffse t disc 

p la te  appears in Tanaka and Tanaka.** The e ffe c ts  of d iam ete r, height of the



nozzle and o ffse t d istance on th e  flow p a tte rn  w ere investigated . An oil-film  

flow visualization  technique was applied. The flow c h a ra c te ris tic s  in the 

rec ircu la tio n  region w ere found to  be governed solely by th e  o ffse t ra tio  and to  

have a d iffe re n t tendency as the  o ffse t ra tio  reaches the  value of 6. The pre­

a tta c h m e n t d istance of the  rad ia l o ffse t je t  was found larger than th a t of plane 

o ffse t je t.

12
Kumada, Mabucki and Oyakawa studied  the velocity  field  and heat 

tra n s fe r  c h a ra c te r is tic s  of plane tu rbu len t o ffse t je ts  using analogy to mass 

tra n s fe r . The re a tta c h m e n t d istance, the  averaged  s ta tic  pressure in the cavity  

and th e  v irtua l origin of th e  re a tta c h e d  wall je t  show a d iffe re n t tendency as the 

o ffse t ra tio  reaches the value of 6.5. M oreover, th e  velocity  profiles and the 

local su rface  fric tion  co e ffic ien t confirm ed th e  wall je t flow field ch a ra c te ris tic s  

dow nstream  of re a ttach m en t. They also obtained rela tions for the  maximum 

Sherwood num ber, the  averaged  Sherwood num ber in the cavity  and the local 

Sherwood num ber of the  re a tta c h e d  wall je t.

3. Two-Dimensional Ventilated Jets

The flow ch a ra c te ris tic s  of a tw o-dim ensional, v en tila ted , tu rbu len t je t 

d ischarge para lle l to  and a t  some height above a solid boundary w ere presented  

by Murai e t  a l . ,13 M ars te rs ,U  E l-T ah er15 and Shibl and S haalan .16 The "ven ti­

la ted" je t  is ch a ra c te rized  by the  ex istence  of a gap betw een the  je t and the 

boundary, and a  secondary flow  is en tra ined  through the gap, preventing the 

form ation  of a  closed rec ircu la tion  region (see F igure 2). The je t  in itially  

behaves as a free  je t  bu t even tually  bends and a tta c h e s  to th e  su rface . The 

ce n tra l s tream lin e  is observed to  bend a t  some d istance past a tta c h m e n t, though



th e  cu rv a tu re  is no t due to  a  "Coanda" e f fe c t  below the  je t,  as in the  case of a 

blocked o ffse t je t .  Mass en tra in m en t below the je t is analogous to  th a t observed 

in free  je t  flow.

f 3
Based on the  location  of the cen tra l s tream line , Murai e t al. observed 

th ree  d istinc t regions following free  je t  im pingem ent: (i) th e  in itia l region where 

th e  cen tra l s tream line , or velocity  boundary, rem ains constan t, (ii) the  tran sien t 

region in which the thickness decreases and (iii) the wall je t  region where the 

c en tra l s tream lin e  continues to  approach the  boundary and eventually  rises 

fu rth e r dow nstream . For sm all o ffse t ra tio s , the  maximum ax ial velocity  decay 

is about th a t p red ic ted  for th e  tw o-dim ensional wall je t, while for o ffse t ra tios 

g rea te r  than 0.5 th e  decay is m ore rapid, equal to  th a t of the  free  je t  until the 

end of th e  tran s ien t region. H owever, th e  ra te  decreases dow nstream  and 

eventually  approaches th a t of the trad itio n a l wall je t. Their num erical solution 

p red ic ted  th a t th e  location of maximum axial velocity  was significantly  de­

creased  w ith increasing diffusiv ity , so th a t the wail shear s tress  was seen to  be 

th e  governing fac to r in the bending of the  cen tra l s tream line  tow ards the  

boundary. F u rtherm ore , the  g re a te r  the  d iffusiv ity , the  wider the  spread was. 

When a su itab le  wall shear s tre ss  co rrec tion  fa c to r  was em ployed, reasonable 

ag reem en t betw een th e  ana ly tica l solution and experim en tal resu lts  for the  je t 

spread, boundary layer grow th and velocity  decay was observed.

In the experim en tal study by M arste rs ,1^ th e  wall boundary layer growth 

found to  be typ ical of the behavior of unven tila ted  wall je ts  and the location of 

maximum surface  pressure was d irec tly  proportional to  th e  o ffse t d istance. It 

was concluded th a t th e  mixing e ffe c t of th e  prim ary je t  resu lts  in a tran sfe r of 

m om entum  to  the  secondary stream  and hence this device o pera tes  as an e jec to r



or th ru s t augm entor. The overall th ru s t augm entation  is reduced by the wall 

shear s tress .

The e f fe c t  of wall cu rv a tu re  on the  mean velocity  field , as well as the 

turbu lence ch a ra c te ris tic s  of v en tila ted  wall je ts  w ere investigated  by El- 

T a h e r ^  and by Shibl and S h a a la n .^  The following conclusions w ere drawn from 

these studies: (i) the en tra in m en t ra te  through the gap increases and the

re a tta c h m e n t location moves closer to  th e  o u tle t as the wall cu rvatu re  in­

creases, (ii) the wall cu rva tu re  has a negligible e f fe c t  on the flow field in the 

positive and negative pressure g rad ien t zones, (iii) the sim ilarity  of mean 

velocity  p rofiles in the  ou ter layer of the constan t pressure zone is not a ffec ted  

by th e  wall cu rvatu re , w hereas the  s im ilarity  curve in th e  inner layer appears to 

change slightly  with increasing cu rv a tu re , and (iv) the increase in \iv ^ due to  

wall cu rv a tu re  is much la rger than the  corresponding increase  in

An experim en tal study of the  h e a t tran sfe r  c h a ra c te ris tic s  of a v en tila ted  

je t  a ttach in g  to  a plane wall and its  com parison with the  case of a "blocked" 

o ffse t je t  was p resen ted  by M arsters, Howkins and K o rts c h a k .^  Exam inations 

of the  wall tem p era tu re  excess or fluid tem p era tu re  distribu tion  ind icated  th a t 

the  e ffec tiv en ess  of a v en tila ted  je t  is decreased  as th e  gap is increased. Also, 

th e  te m p era tu re  excess in the  blocked je t  is generally  g re a te r  than th a t of 

v en tila ted  flow.

4. Backward Facing Steps

H eat tra n s fe r  and fluid dynam ic m easurem ents behind a backw ard-facing
19

step  w ere p resen ted  by Vogel, Eaton and Adam s. The h ea t tran sfe r coeffic ien t



was seen to  follow the  gross fea tu res  of the  flow, showing the secondary 

rec ircu la tio n  vortex  and a tta in in g  its  maximum value a t  th e  rea ttach m en t 

location . The d ifferences betw een the h ea t tran sfe r behavior and the  m ean skin 

fric tio n  w ere seen to  be th e  resu lt of the sublayer influence which tended to 

dom inate h e a t tran sfe r behavior. This influence was explained by the fluctuating  

skin fric tio n  which closely followed the behavior of the  S tanton num ber.

5. Three-Dimensional Free Jets

T here ex ists  an abundance of experim ental and th e o re tic a l studies in the 

l i te ra tu re  concerning the  three-dim ensional free  je t  in which the  mean fiow field 

c h a ra c te ris tic s , th e  overall turbulence s tru c tu re  and various a lte rn a tiv e  m ech­

anics describing th e  observed behavior are  discussed.

19Sforza, S te iger and T ren taco ste  w ere am ong the  f irs t investigato rs who 

carried  ou t experim en tal and th e o re tic a l studies concerning tu rbu len t th ree - 

dim ensional free  je ts . They observed th a t the  fiow field of a je t  issuing from  a 

rec tangu lar slo t is ch a rac te rized  by th ree  d is tin c t regions: (i) the  po ten tia l co re 

region, (ii) th e  c h a ra c te r is tic  decay region, and (iii) the  ax isym m etric  decay 

region. An im plic it fin ite  d ifference analysis, which depicts th e  m ean s tream - 

wise flow w ith reasonable accuracy , was p resen ted . E xperim ental flow field 

c h a ra c te ris tic s  w ere also included.

20The experim ental work by T ren taco ste  and Sforza on rec tangu lar free  

je ts  provided considerable inform ation regard ing  flow field  ch a ra c te ris tic s . They 

included many detailed  rem arks about axis velocity  decays, th e  th ree  flow 

regions, velocity  profile sim ilarity , approach to  ax isym m etry , mass en tra inm en t,



18.

m om entum  conservation  and velocity  irreg u la ritie s . Mass en tra in m en t was found 

to  be dependent on Reynolds num ber when it  exceeded  the value of 2,5 x 10^. 

The cen te rlin e  velocity  decay in the  c h a ra c te r is tic  decay region was reported  to  

be inversely proportional to  the  axial coord ina te  raised to  a power. Values of 

th is power w ere given for many o u tle ts  with d iffe re n t asp ec t ra tio s .

21 22
Quinn, Pollard  and M arsters ' m easured mean velocities and turbulence 

q u an tities  using ho t-w ire  anem om etry  in the tw o ce n tra l planes of a free  je t of 

a ir  issuing in to  s till a ir surroundings. The m ean axial velocity  decay along the 

je t  cen te rlin e  was found to  consist of four regions: (i) a po ten tia l co re  region, 

(ii) a typ ical decay region, (iii) a transition  region, and (iv) a final decay region. 

The m ean axial velocity  profiles in the  plane of the  o u tle t m ajor axis were 

c h a ra c te rized  by o ff-c e n te r  peaks within the  typical decay region. The 

tu rbu lence k ine tic  energy and shear s tre ss  p rofiles did not show any signs of self- 

p reservation  within th e  exam ined range, x<  100.

A g re a t deal of in form ation  concerning th e  physical s tru c tu re  of the 

fiow field  was con tained  in th e  experim en tal work by M arsters and 

F o th e r in g h a m ^  w here su rface  and contour p lots w ere p resen ted . The mean 

velocity  contour plots w ere shown the grow ths of th e  je t  and th e  corresponding 

halfw id ths, as well as th e  "ro ta tio n  of the  m ajor axis." This phenomenon is the 

sh ift of th e  axis containing the  la rger halfw idth  from the spanwise to  the 

v e rtic a l d irec tion  and corresponds to  th e  location  w here the  halfw idth  crossover 

is seen to  occur. They found th a t tw o length scales — v e rtica l and spanwise — 

w ere necessary  for scaling th e  fiow field to  enable c e rta in  ch a ra c te ris tic s  to  

m an ifest them selves, which w ere not ap p aren t when a single length  scale was 

used.



In addition, the presence of off-axis velocity  peaks in the  spanwise 

d irec tion  was found to  c h a ra c te rize  low asp ec t ra tio  rec tangu lar je ts . Even­

tually  the  shearing stresses diffuse th e  v o rtic ity , and se lf-sim ilar Gaussian 

profiles w ere ensued. A c h a ra c te ris tic  fea tu re  of the saddling was th a t it 

occurred  in th e  d irection  containing the  m ajor axis. T heir proposed explanation 

of the  saddling phenomenon was th a t it is the  resu lt of the rolling up of vortex  

shee ts  shed from  th e  edge of the  three-d im ensional o u tle t.

2 (i
T ren taco s te  and Sforza have observed these  velocity  irreg u larities  in the 

flow fields of th ree-d im ensional free  je ts , wall je ts  and wakes ex iting  from short 

though sm oothly converging orifices, but did not find this fea tu re  p resen t in the 

flow fields from  ax isym m etric  and square discharges and from wakes having 

ecc en tr ic ity  near unity.

25M arsters has p resen ted  an hypothesis to  accoun t for th e  spanwise 

velocity  irreg u la ritie s  observed in free  tu rbu len t shear flows discharging from 

rec tan g u la r o u tle ts . The proposed m echanism  was based on a cen tra lly  located  

high pressure region which could drive secondary flows th a t could move high 

velocity  fluid from  the  ce n tra l one to  th e  ou te r ends of the  fiow field. The 

presence of strong  v o rtic ity  in te rac tio n s  and im portan t secondary flow e ffe c ts  

w ere considered responsible for the  form ation  of saddle-based profiles and 

unequal spanw ise and v e rtica l spreading ra te s . Also, it has been observed th a t 

th e  peaks appear to  m erge a t  the  sam e region th a t transition  from c h a ra c te ris tic  

decay gives way to  ax isym m etric  decay, and th a t in tense turbulence ac tiv ity  was 

p resen t a t  th e  ends of the je t.



In the  num erical model for three-d im ensional, tu rbu len t, free  je ts  form u-

26la ted  by McGuirk and Rodi, th e  in troduction  of secondary m otions in the  plane 

of th e  je t  cross-section  was necessary  in order to  describe th e  inversion of m ajor 

and minor axes of the  je t. A vena co n tra c ta  e f fe c t was ev iden t and the 

halfw idths in the direction  of the  long axis w ere ac tua lly  decreased  in itially  

w hereas th e  m inor axis halfw idth grew; fu rth er dow nstream  they w ere seen to 

cross over (m ajor axis ro ta tion ) a f te r  which they both continued to  grow, but a t  

slightly  d iffe re n t ra te s , tending to  approach each o ther as th e  je t  tended to  

ax isym m etry . M easurem ents w ere shown th a t th e  d isp lacem ent of the maximum 

velocity  some way from  th e  cen te r-p lan e  (spanwise axial velocity  irregu larities) 

was much m ore pronounced for the je t  out of a sharp-edged o u tle t. The p resen t 

tu rbu lence model was incapable of pred ic ting  these experim entally  observed 

irreg u la rities . Two possible causes w ere m entioned here: (i) th e  axial pressure 

g rad ien t which was ignored may not be negligible where th e re  is s ign ifican t 

la te ra l m otion, and th is may a c t to  acc e le ra te  or d ece le ra te  some regions of the  

flow re la tiv e  to  o thers , and (ii) th e  ex istence of o ther secondary flows super­

im posed upon those due to  the discharge conditions, which may a c t  to  convect 

high m om entum  fluid from  the cen tra l portions of the je t  ou t tow ards the  edges 

and thus c re a te  th e  saddle-shape.

The presence of th e  halfw idth crossover and th e  spanw ise axial velocity  

irreg u la rities  have been explained by Sforza to  be the  re su lt of a system  of 

closed vortex  rings produced by th e  o rifice  edge. Experim entally , a system  of 

closed vortex  rings was found to produce an axial com ponent of v o rtic ity  in the 

d irec tion  of je t  flow thus generating a  secondary m otion along a cross-sec tion  

norm al to  th e  flow. The vortex  sheets genera ted  a t  th e  d ischarge continuously 

roll up to  form  a system  of closed vortex  rings. The influence of th is large scale



system  on the  overall je t  s tru c tu re  m ust be accu ra te ly  accounted  for when 

modeling th e  three-dim ensional flow fields.

The m ean fiow field and tu rbu len t in tensities  of a irje ts , issuing from

rectangu lar slo ts having d iffe re n t geom etries and asp ec t ra tio s  w ere m easured

27using hot-w ire  anem om eters by S feir. Turbulence m easurem ents w ere found 

to  be consisten t w ith the  m ean flow and showed a sim ilar departu re  from the 

behavior of a tw o-dim ensional je t.  The turbulence in tensity  along the  cen terline  

did no t rem ain co n stan t for any appreciab le  length, and stayed  well below 

in tensity  levels usually m easured in tw o-dim ensional je ts .

The m ean velocity  and tem p era tu re  profiles of h ea ted  three-dim ensional

28 29tu rb u len t free  je ts  have been investigated  by Sforza and S tasi and Sfeir. The 

geom etries em ployed in the  tw o studies w ere sign ificantly  d iffe ren t though the  

q u a lita tiv e  resu lts  w ere sim ilar. The velocity  and tem p era tu re  flow fields were 

found to  be divided in th ree  d is tin c t regions respectively  re fe rred  to  as the 

p o ten tia l core, th e  ch a ra c te ris tic  decay region and the  ax isym m etric  decay 

region. These regions w ere no t exac tly  the  sam e for te m p era tu re  as for 

velocity , th e  fo rm er being sh ifted  som ew hat upstream  of the la t te r .  M easure­

m ents shown in these  stud ies have ind icated  th a t th e  na tu re  of th e  discharge 

flow  conditions play a large ro le in the developm ent of the near field  je t 

c h a ra c te ris tic s . The the rm al halfw idths observed by Sforza w ere found to  be 

g re a te r  than  the  velocity  halfw idths. This is apparen tly  indicative of the  m ore 

rapid mixing of h ea t com pared to  mixing of m om entum . The phenom ena of 

ro ta tio n  of axes and therm al halfw idth cross-over w ere also observed for the 

h ea ted  free  je t .  Contours of constan t mass flux showed the sh ift in m ajor axis 

from  th e  spanwise to  v e rtica l d irec tions and th e  approach to  e llip tica l contour in 

the  ax isym m etric  decay zone.
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Jiji and Moghadam^® presen ted  analy tica l solutions and experim en tal d a ta  

for buoyant three-dim ensional tu rbu len t fre e  je ts  discharged horizontally  from 

rec tangu lar ou tle ts  into a qu iescent fluid. A tten tio n  was focused on th e  mean 

and therm al ch a ra c te ris tic s  of th e  je t, such as cen te rlin e  velocity  and tem p er­

a tu re  decays and je t  tra jec to rie s . The th e o re tic a l model was based on in teg ra l 

form ulation of th e  conservation laws using th e  en tra inm en t concep t for closure. 

Assumed velocity  and tem p era tu re  profiles, appropria te  to  the various regions of 

th e  je t,  w ere used to g enera te  se ts  of sim ultaneous ordinary d iffe ren tia l 

equations which w ere solved num erically . E xperim ental d a ta  using four aspec t 

ra tio s  w ere obtained  a t  various Froude num bers and were in reasonable ag ree­

m ent w ith the  th e o re tic a l solutions.

6. Three-Dimensional Wall Jets

The behavior of wall je ts  in the o u te r layer above th e  boundary layer is 

very sim ilar to  th a t of the corresponding free  je t  flow but generally  d iffe ren t 

m echanism s o pera te  in the  two flows because of th e  influence of th e  wall 

boundary. N evertheless, the  observation of th ree  d is tin c t regions for both the 

velocity  and tem p era tu re  decays, the  general na tu re  of the  halfw idth grow th, the 

appearance of spanwise velocity  irreg u la rities  in slender je ts  and th e  general 

s im ilarity  in behavior of velocity  and tem p era tu re  fields a re  com mon to  both 

free  and wall je t  flows of tu rbu len t incom pressible fluid discharging from 

m odera te  to  low asp ec t ra tio  channels. T here fo re , many of the ch a ra c te ris tic s  

and the  param eters  which a re  im p o rtan t in the  ch a rac te riza tio n  of wall bounded 

shear flows can be obtained by studying the  p roperties found for the  free  je t 

case.



Sforza^ * and Sforza and H e r b s t^  experim en tally  exam ined th e  fiow field 

ch a ra c te ris tic s  o f three-d im ensional wall je ts . They found th ree  regions, 

analogous to  th e  fiow field s tru c tu re  originally  observed in free  j e t s . T h e s e  

regions w ere distinguished by d iffe re n t ra te s  of decay of the  maximum velocity . 

The decay ra te  in th e  near fie ld  was found to  depend on the  asp ec t ra tio , 

w hereas fa r dow nstream  it  was the  sam e with th a t of a  radial wall je t. For low 

asp ec t ra tio s  decay ra te s  seem ed to  be sim ilar to  those corresponding to tw o- 

dim ensional wait je ts , although some spanw ise irreg u la ritie s  w ere ev iden t in the 

m easured velocity  profiles.

The e f fe c ts  of a curved and f la t  wall su rface  on th e  flow developm ent of 

an ax isym m etric  je t  exhausting in to  a  moving s tream  w ere investigated  by 

C atalano, M orton and H u m p h ris .^ ’ ^  The curved wall (flap) was found to  have 

a  very large e f f e c t  on both th e  m ean velocity  and the  tu rbu len t velocity  

com ponents of th e  fiow field. The p o ten tia l co re  region was found to  break up 

m ore rapidly for flow over a  flap . M easurem ents of the  velocity  in the  v e rtica l 

d irec tion  over the  su rface  of a  flap  ind ica ted  th a t  the  flow seem s to  be revolving 

or rolling up as it spreads out over the  curved wall.

A sign ifican t a lte ra tio n  in the large sca le  s tru c tu re  of tu rbu len t wall je ts

resu lts  from  a m odification of fiow field geom etry . Evidence of th is ex ists  in the

isocorrelation  contours of the  wall vs. flap  je t flows of M orton, C ata lano  and 

35Humphris.

The grow th ra te s  of the  length  scales for wall je ts  having an a sp ec t ra tio

near unity (issuing from  c ircu lar, square, trian g u la r, e llip tic  and rectangu lar

36 37outlets) w ere studied by R ajara tnam  and Pani. ’ They found th a t a linear



re la tion  for each of the  v e rtic a l and spanwise d irec tions was suitable for 

co rre la ting  the  half w idth grow th of all exam ined geom etries. They experi­

m entally  confirm ed th e  predictions obta ined  from  dim ensional analysis of a 

linear varia tion  of maximum cen te rlin e  velocity  and velocity  halfw idth growth 

w ith th e  inverse of the  axial d istance from  a su itab le  point source or the v irtua l 

origin.

B u tterm an , J iji and H o c fr°  p resen ted  resu lts  of an experim en tal and 

th e o re tic a l investigation  of the m ean flow and therm al c h a ra c te ris tic s  of wall 

je ts  issued from  various rectangu lar channels paralle l to  an ad iab a tic  wall. They 

m easured the velocity  and tem p era tu re  fields for a tu rbu len t a ir je t  discharging 

in to  s tagnan t a ir. D ata  w ere obtained  for axial velocity  and te m p era tu re  decays, 

as well as je t  m om entum  and therm al spread ra te s . A sim plified  th eo re tica l 

model in which buoyancy e ffe c ts  w ere neg lected  was rep o rted . The model was 

based on in teg ra l form ulation  of the conversation  of mass, m om entum  and 

energy . The en tra in m en t concep t was used to  provide closure. Reasonable 

ag reem en t betw een th e o re tic a l predictions and experim ental d a ta  was obtained.

7. Mechanism of Entrainment

This p a r t is concerned with the  phenomenon of en tra in m en t which is a 

fea tu re  o f all free  tu rbu len t shear flows. The very rapid spreading of wakes and 

je ts , as com pared with th e ir lam inar co u n te rp arts , is ascribed  to  the  mechanism 

of en tra in m en t whereby the  non-turbulent am bient fluid becom es tu rb u len t. Two 

basic  hypotheses have been suggested: (i) viscous diffusion of v o rtic ity  a t the 

sm allest scales of th e  turbulence and (ii) large scale  mixing th a t  engulf volum es 

of fluid in bulk. The second one appears to be th e  m ore favorable, since the



viscous diffusion m echanism  is inconsisten t w ith the  observed self-p reserv ing  

developm ent of many flows.

The na tu re  and origin of the  s tru c tu re  of fully sheared tu rbu lence as it

39appears in d iffe re n t flows a re  discussed in Townsend. He also suggests how 

th e  en tra in m en t m echanism  conform s to  the wide range of en tra in m en t ra te s  

p rescribed  by the s tru c tu ra l s im ilarity  and the  energy balance. It was found th a t 

th e  in te rfa c e  betw een tu rbu len t and non-tu rbu len t fluid advances in to  the 

am bient fluid probably by sm all-scale  m otions, bu t the ra te  of en tra inm en t 

depends on continuous deform ation and folding of th e  in te rfa c e . The sm all-scale  

erosion of th e  am bien t fluid is really  th e  la s t s tag e  of the  en tra in m en t by folding 

and engulfing by the  la rge-scale  m otion of th e  in te rfa c e . The d ifferences in 

en tra in m en t ra te s  betw een flows a re  a ttr ib u te d  to  the  re la tiv e  durations of the 

a c tiv e  and qu iescen t periods and to  the  m agnitude of th e  en tra in m en t r a te  during 

the  ac tiv e  periods.

*0In the  study by Paizis and Schw arz, i t  is accep ted  th a t the  am bient 

irro ta tio n a l fluid acquires vo rtic ity  by viscous diffusion and this v o rtic ity  is 

am plified  by th e  ra te  of s tra in  field , A ce rta in  portion of the fluid drawn 

tow ards the  tu rbu len t flow rem ains irro ta tio n a l and is dragged along the 

tu rb u len t in te rface . A rigorous defin ition  of th e  en tra in m en t ra te  of tu rbu len t 

flows has been proposed as the  m ean of th e  instan taneous r a te  of increase  of 

tu rb u len t fluid with the dow nstream  d istance. The reason for this a lte rn a tiv e  

defin ition  to  the  conventional one — which has the  form  of the  product of a 

c h a ra c te r is tic  velocity  scale with th e  grow th ra te  of a c h a ra c te ris tic  length 

scale  — was th e  f a c t  th a t the conventional defin ition  is m eaningless for flows 

th a t a re  not self-preserv ing  and crude for self-p reserv ing  flows. E stim ates  of



en tra in m en t ra te  w ere m ade fo r the  tw o-dim ensional je t ,  round je t,  tw o- 

dim ensional wake and tu rbu len t boundary layer.

tk I
The techn ica l note by Bevilaqua and Lykoudis was prepared  to  outline 

th e ir reasons for re jec tin g  th e  sm all-scale  m echanism  hypothesis. Some exper­

im en tal ev idence fo r the  ex istence  of la rge-sca le  mixing je ts  which overlap and 

engulf large volum es of fluid a t  a tim e was also described. The superlayer (or
h 2

su rface  layer) hypothesis, in troduced  by Corrsin and K istle r, suggested th a t 

th e  in te rfa c e  is a th in  fluid layer in which th e  turbu lence is diffused by viscosity. 

From a c ritic a l re-exam ination  of the assum ptions and im plications of the 

superlayer hypothesis, they  have concluded th a t en tra in m en t is a process th a t 

m ore nearly  resem bles a folding of th e  tu rbu len t and non-tu rbu len t fluids by the 

ro ta tio n  of the  la rge  eddies.

The large s tru c tu re  of the  tu rb u len t/non -tu rbu len t in te rfa c e  is believed by 

43B rem horst and H arch to  be the  s ign ifican t fac to r  in the  en tra in m en t process. 

Their m easurem ent showed th a t th e  en tra in m en t and en tra in m en t ra te  of a fully 

pulsed air je t  a re  considerably higher than for a steady  je t .  Based on the 

assum ption th a t en tra in m en t in th is type of je ts  is principally  due to  the  in trinsic  

tu rbu lence com ponent, they concluded from au toco rre la tions of the in trinsic  

tu rbu lence of fully pulsed je ts  th a t the  size of the  in te rfa c e  indentations is 

sign ifican tly  la rger than  fo r steady  je ts . A d irec t consequence of th is behavior is 

th e  much la rg e r en tra in m en t of irro ta tio n a l ex te rio r fluid in fully pulsed je ts .
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m . EXPERIMENTAL APPARATUS AND TECHNIQUES

A schem atic  drawing of the  experim ental se t-up  is p resen ted  in F igure 5. 

A m bient a ir is supplied to  a I HP cen trifugal blow er. The a ir passes through a 

piping system , an o rifice  p la te  and tw o flow regulating  valves. For the  case of 

hea ted  je ts , a bypass channels the  a ir through a 4.5 kW e le c tr ic  h e a te r  having a 

range of approxim ately  90° -  250° C . The flow ra te  through the  system  is 

determ ined  from  pressure drop m easurem ent across th e  o rifice . This flow ra te  is 

com pared w ith th a t  obtained from velocity  m easurem ents a t  the  discharge.

The a ir is d irec ted  to  a  se ttlin g  cham ber housing th e  channel. A 6.35 cm 

th ick  piece of aluminum honeycom b sheeting  (0.6^ cm mesh spacing) m arks the  

en trancew ay  to  th e  wooden se ttling  cham ber. The honeycom b sheet serves as a 

device to  enhance the  break  up of large tu rbu len t eddies and as a m eans of 

providing a  m ore uniform  incom ing flow. The channel en tran ce  has a contoured 

in le t to  help d ire c t and align the  flow and is of su ffic ien t length so as to  

e lim inate  any e n tra c e  e ffe c ts . To provide fully developed velocity  profiles a t  

th e  d ischarge, all channels have a length  to  heigh t ra tio , L * /d * , g rea te r  than 50. 

The resp ectiv e  channels exhaust th e  a ir je t  in to  the te s t  section  through 

rec tan g u la r openings in a  100 x 100 cm v e rtic a l w all. This wall form s a  90° 

co rner w ith an adjustable horizon tal ad iab a tic  o ffse t su rface  along which the je t 

flows. Both su rfaces (v ertica l and horizontal) a re  wood covered w ith form ica 

sheeting . The horizon tal su rface  is 244 cm long and 122 cm wide, consisted  of a 

0.08 cm form ica shee t lam inated  to  2.54 cm th ick  plywood, and th e  underside is 

covered  w ith fiberg lass foam  sheeting  insu lation . The d istance betw een the 

o ffse t su rface  and the  discharge can be ad justed  by varying the  e levation  of the 

tab le .



Blower Valve

Vertical
Wall

ValveTraverse Mechanist 
with Probe s.

Heater

Channel
Insulated

Wall
Settling
Chamber

Figure 5. Experimental arrangement.
r-o
00



The experim ental se t-up  is only partia lly  enclosed to  perm it je t  h ea t 

d issipation in to  a la rger surrounding space while elim inating  ex traneous cross­

cu rren ts . Four types of "U nited Sensor" probes w ere used: (i) a  0.05 cm boundary 

layer to ta l head proble, (ii) a  0.16 cm P ito t- s ta tic  pressure probe, (iii) a 0.32 cm 

copper-constan tan  com bination P ito t- s ta tic  and te m p era tu re  probe, and (iv) a  

three-d im ensional d irectional probe (five-holes probe). The various probes w ere 

ca lib ra ted  in a low speed wind tunnel and w ere found to  have coeffic ien ts  

betw een  0.998 and 1.002.

S urface  p ressure m easurem ents w ere m ade on an especially  designed 

plexiglass p la te  w ith pressure sensors connected  to  su rface  taps. A single row of

0.04 cm d iam ete r holes w ere drilled  through the  1.27 cm thick  plexiglass 

horizon tal p la te  along th e  axial d irec tion , x*. To map su rface  pressure in the 

z* -d irec tio n , th e  p la te  was designed to  move la te ra lly . This arrangem ent

elim inates th e  need for an excessive num ber of su rface  taps.

An a lte rn a te  m ethod of m easuring su rface  pressure has been also te sted . 

A ccording to  th is m ethod, m easurem ents w ere m ade with pressure sensors 

connected  to  a disc probe (for de ta ils , see  Appendix B). The da ta  co llec ted  with 

th is probe w ere found to  be very in accu ra te , especially  in th e  wall je t  type 

region.

A "Validyne C D I5" c a rr ie r  dem odulator, a "Validyne DP 15" pressure 

transducer and a "Disa 55D31" d ig ita l v o ltm ete r w ere used to  m easure pressure 

d iffe rences (F igure 6). The transducer-dem odu ia to r s e t was ca lib ra ted  before 

and a f te r  each series of experim ents (for deta ils , see Appendix D). The outputs 

of the  te m p era tu re  probe and th a t of the am bien t therm ocouple w ere connected  

to  an "Om ega Engineering 199" dig ital readou t ind icato r (F igure 7).
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A tra v e rse  m echanism  (Figure 8), on which a probe m ount assem bly was 

fastened , rides along guides in the  longitudinal d irec tion . Two 1/50 HP "Bodine" 

m otors and "M inarik" m otor drivers provide a trav e rse  in both v e rtic a l and 

horizon tal d irec tions for a fixed longitudinal location along the tab le . The probe 

m ount has a gear tooth  assem bly for ro ta tio n  in the  x-y and x-z planes and has 

the  capab ility  to  hold tw o probes sim ultaneously (Figures 9 and 10).

The location  o f pressure and te m p era tu re  probes in the je t  field  a re

determ ined  using th ree  orthogonal location  scales appropria tely  m ounted on the 

traversing  m echanism  system .

T hree channel sizes w ere used: 0.95 x 9.6^, 3.56 x lb .17 and 1.95 x 

all m easured in c en tim e te rs . These correspond to  nominal asp ec t ra tio s , e = 0.1,

0.25 and 0.<f^, respective ly . The average discharge axial velocity  U j was varied 

from  approxim ately  18.3 to  kZ.2 m /sec . Corresponding discharge Reynolds

num bers R e0, based on channel height, d*, w ere well w ithin the tu rbu len t lim it,
a a

ranging from  2.6 x 10 to  5.5 x 10 .

The p a tte rn s  of a ir flow ad jacen t to  th e  o ffse t su rface  w ere made visible

by em ploying the  o il/lam pblack te c h n iq u e .^  A ccording to  this technique, the  

o ffse t su rface  is co a ted  with a thin film  of a lam pblack and oil m ix tu re and then 

exposed to  the  airflow . Under the  ac tion  of the  shear s tresses ex erted  by th e  air 

on the  su rface , th e  m ixture is caused to  flow along the  su rface  in the  flow 

d irec tion . The re su lt is a  s treak  p a tte rn  which reveals th e  path  of the  air as i t  

passes over th e  su rface . For th e  p resen t experim ents, a ten  to  one m ixture 

(w eight proportion of oil to  lam pblack) was found to  give sa tisfac to ry  resu lts. 

The oil was a  red  m anom eter fluid.
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Figure 9. Probe mount assembly 
(front view)

Figure 10. Probe mount assembly 
(side view)
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The overall p ic tu re  of th e  en tire  flow field was m ade visible by em ploying 

th e  smoke in jection  technique. A w hite smoke is produced a t  the  blow er's in le t 

by ignition of "Superior" sm oke candles which la s t 60 or 30 seconds according to  

th e ir  s ize.



IV. RESULTS

The flow and therm al behavior of je t-boundary  in te rac tio n  may be 

described by specifying su rface  pressure d istributions, spread ra te s , maximum 

velocity  and tem p era tu re  decay ra te s , and v e rtic a l and spanwise profiles. This 

study investiga tes  the  m ean flow field and tem p era tu re  ch a ra c te ris tic s  of r e c t­

angular o ffse t je ts  having various aspect ra tio s  and a t various o ffse t d istances 

from  a horizon tal su rface .

1. Surface Pressure

E xtensive da ta  w ere obtained  on the  su rface  pressure distribution,

P* (x*, z*), a t  d iffe re n t discharge Reynolds num ber R eQ, asp ec t ra tio  e and

o ffse t d istance  h. In all te s ts  the  nom inal air te m p era tu re  a t  th e  discharge was

approxim ately  ftO°C and the  am bien t tem p era tu re  3 1 ° c . The e f fe c t of discharge

Reynolds R eQ on the  pressure co e ffic ien t along the w all cen terline  is shown

in F igure 11 fo r an a sp ec t ra tio  e  = 0.4ft and an o ffse t d istance h = 0.61. The

general fe a tu re s  of C for th e  th ree  Reynolds num bers considered (Re0 =
Pc

26,300; 39,100; 55,ft00) a re  sim ilar. A lthough li t t le  change in pressure is 

observed as R eQ is increased  from  26,300 to  39,100, pressure peaks a re  found to  

am plify sign ificantly  a t  R eQ = 55,ft00. H owever, a t  this Reynolds number 

considerable fluctuations in su rface  pressure w ere recorded  in the  region of 

ft< x<  13.

Sudden expansion near th e  discharge and en tra in m en t of the surrounding 

fluid due to  the  tu rbu len t mixing resu lts  in sub-am bient pressure on the wall



T
A1

1S S 8
8 *

10

T
A1

A
<P

JL 20 30
-8 -

Re° 4 O 2.63 x 10

■  3.91 x 10* 
A  5.54 x 10*

40
~ r«

A
a
A

l*A°

Figure 11. Effect of discharge Reynolds number on axial surface 
pressure distribution (e=0.44, h=0.61, z=0)(Table B3).



causing th e  je t  to  bend tow ards th e  su rface  and giving negative values for as 

shown in F igures 11-16. This behavior is also  c h a ra c te r is tic  of tw o-dim ensional 

o ffse t je ts  (F igure 17) and is known as th e  C oanda effect.**' ^  As the

je t  approaches th e  horizontal su rface , it d ece le ra te s  resu lting  in an increase in 

Cp which becom es positive close to  the re a tta c h m e n t position x = xr w here the  

je t  im pinges on the  su rface. Beyond th e  re a tta c h m e n t position, reaches a 

maximum positive value with the  je t  rem aining a ttach e d  to  the  su rface  and 

even tually  behaving as a  wall je t (rea ttach e d  wall je t). Correspondingly, the 

pressure co e ff ic ien t drops reaching negative values befo re  increasing and asym p­

to tica lly  vanishing fu rth er dow nstream . This second region of sub-am bient 

pressure is caused by je t  expansion and cu rv a tu re  over the  th ickening su rface  

boundary layer in the  re a tta c h e d  wall je t.  A lthough th e  peaking of and its  

subsequent drop have been observed in tw o-dim ensional jets,**’ **̂

negative values dow nstream  of xr have not been previously rep o rted . C arefu l
L

exam ination of published su rface  pressure d a ta  shows th a t several investiga to rs  ’

7, 10, te rrn inate{j pressure m easurem ents where they f irs t reached  am bien t

level dow nstream  of re a ttach m en t position xr« Those who extended  su rface
6 12pressure m easurem ents fu rth e r dow nstream  ’ observed th a t the  pressure

rem ains a t  am bien t level. Sim ilarly, studies on v en tila ted  tw o-dim ensional 

13-16o ffse t je ts  showed th a t once su rface  pressure drops to  am bien t level 

dow nstream  of xr» it rem ains co n stan t a t  the  am bien t value. H owever,
14

M arsters recorded  a sm all negative  pressure a t  a  single location  dow nstream  

of xr f ° r h = 6.75 only. This sligh t local sh ift to  negative  pressure co e ffic ien t 

gives the  appearance of da ta  s c a tte r ,  ra th e r  than  an ind ication  of a trend  in

su rface  pressure, which may explain why i t  was not discussed or com m ented on.

15 16E l-T aher and Shibl and Shaalan exam ined the  e f fe c t  of su rface  cu rv a tu re  on

surface  p ressure d istribu tion . They found th a t  for convex su rfaces wall pressure



drops below am bien t level dow nstream  of xr an^ rem ains negative. This negative 

pressure decreases as the  radius of cu rv a tu re  is increased .

Com parisons of su rface  pressure d istribu tions with velocity  vecto rs  map­

pings and flow v isualization p ic tu res ind ica te  th a t the  re a tta c h m e n t location 

corresponds m ore closely to  the  position a t  which the  pressure co e ffic ien t 

changed sign, ra th e r  than the  position of maximum surface  p ressure observed in 

tw o-dim ensional je ts  w ith large o ffse t ra tio  case.^

The negative-positive-nega tive  fea tu re  of su rface  pressure co e ffic ien t a t 

the  wall cen te rlin e  (x, 0, 0) was found to  ch a ra c te riz e  three-dim ensional o ffse t 

je ts  a t  various values of a sp ec t ra tio  e and o ffse t d istance  h, as shown in Figures 

11-16. This behavior persists  a t  la te ra l d istances z w ithin th e  channel half width,

i.e ., z less than l/2 e , as shown in F igure 12. For a discharge with asp ec t ra tio  e 

= 0.25, the  o u tle t extends to  z = 2 in the la te ra l d irec tion . F igures 12 and lft 

suggest th a t, for e = 0.25, z = 2 appears to  be th e  approxim ate lim it for the  

negative-positive-nega tive  behavior of su rface  pressure. A t z g rea te r  than 2, 

th e  peaks a re  a tte n u a te d  in m agnitude and no negative pressure develops 

dow nstream  of th e  re a tta c h m e n t position. It is in te res tin g  to  note th a t the  

maximum peaks do no t occur a t  the cen terline  (z = 0). Figures 12 and 13 show 

th a t  the  f ir s t  tw o peaks along x are  m ore pronounced a t  z = 1 than z = 0. The 

com plex tw o-dim ensional su rface  pressure d istribu tion  is illu s tra ted  in Figure 1ft 

w here isopressure curves a re  m apped.

T ests  w ere ca rried  out for various o u tle ts  to  exam ine th e  e f fe c t  of 

d ischarge a sp ec t ra tio  on surface pressure. F igure 15 shows su rface  pressure 

d istribu tion  along th e  wall cen terline  for e = 0, 0.1, 0.25 and O.ftft. To reveal the
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deta ils  of pressure behavior dow nstream  of th e  re a tta c h m e n t points, the pressure 

co e ffic ien t scale  is m agnified for x g re a te r  than 12. The negative pressure peaks 

just dow nstream  of th e  discharge and the  positive peaks a f te r  the  re a tta c h m e n t 

a re  enhanced as th e  aspect ra tio  e is decreased . These peaks reach  the ir 

maximum level for e = 0, which corresponds to  a  tw o-dim ensional slo t je t .  This 

case rep resen ts  a slot of in fin ite  length having no la te ra l en tra in m en t. Experi­

m entally  it is sim ulated  by placing a v e rtic a l p la te  on each side of the  o u tle t. 

The low er pressure peaks associated  with three-dim ensional o u tle ts  a re  a t t r i ­

buted to  la te ra l en tra inm en t, which is absen t in tw o-dim ensional je ts . This 

en tra in m en t tends to  relieve the  pressure along th e  wall cen terlin e  resulting in 

lower p ressure levels when com pared to  tw o-dim ensional slo t je ts . A nother 

consequence of la te ra l en tra inm en t is th e  sh ifting  upstream  of pressure peaks as 

th e  asp ec t ra tio  is decreased , approaching its  lim it a t  e  = 0.

C arefu l m easurem ents of pressure d istribu tion  dow nstream  of the  re­

a tta c h m e n t location  show th a t sub-am bient pressure readings w ere observed in 

th is region for e = 0.1, 0.25 and 0.M  (F igure 15). The m agnitude of pressure 

readings in this region is very sm all, typ ically  Pg -  FJJsO .08 mm w ater and 

th e re fo re  i t  can be m istakenly considered zero  unless a sensitive pressure 

recording instrum en t is used.

The axial su rface  pressure d istribu tion  along the wall cen te rlin e , C ,
^c

corresponding to  values of th e  o ffse t d is tance  h ranging from 0.35 to  2.9 is shown 

in F igure 16. The e f fe c t  of h on cen te rlin e  pressure is qualita tively  sim ilar to 

th a t of the  a sp ec t ra tio  e shown in F igure 15. Also a com parison w ith F igure 17, 

which rep resen ts  d istributions of the  tw o-dim ensional case (e = 0), shows a 

com pletely  d iffe re n t behavior as the o ffse t d istance changes.
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The maximum pressure co e ffic ien t Cpc max which occurs dow nstream  of 

the  re a tta c h m e n t is p lo tted  ag ain st h in F igure 18. D ata for three-d im ensional 

je ts  w ith aspect ra tio s  e = 0.1, 0.25 and 0.44 a re  com pared with the  lim iting case 

of th e  tw o-dim ensional slo t je t  (e = 0). S trik ing d ifferences betw een the tw o 

configurations a re  observed. F or three-d im ensional je ts  Cpc max *s significantly  

lower than th a t of tw o-dim ensional slo t je ts . For exam ple, a t h = 0.5, Cpc m ax 

for e = 0.44 is an order of m agnitude low er than th e  tw o-dim ensional value and 

a t  h = 3 i t  is tw o orders of m agnitude low er. F u rtherm ore , a decrease in h brings

about a  decrease  in Cpc max for tw o-dim ensional je ts  while i t  causes an increase 

in Cpc max fo r three-d im ensional je ts .

The behavior of su rface  p ressure for sm all values of h requires care fu l 

consideration . For sm all values of th e  dim ensional o ffse t d istance h* com pared 

to  the discharge width ?* , cen te rlin e  su rface  p ressure in the  v icinity  of the 

discharge should approach th a t of tw o-dim ensional slo t je ts . Expressing this 

ra tio  in dim ensionless form  gives h*/Q* = eh. Thus, tw o-dim ensional behavior 

should be approached when h is very much less than  l / e .  From  this it follows 

th a t th e  la rg e r th e  a sp ec t ra tio , th e  sm aller h m ust be to  obtain pressure values 

of tw o-dim ensional je ts . This is c learly  shown in F igure 18 in which Cpc max> 

which occurs in th e  vicin ity  of the d ischarge, is exam ined. For e = 0.1, C pcm ax 

approaches its  tw o-dim ensional value a t  h approxim ately  equal to  0.5. A t this 

o ffse t d istance  Cpcfnax for e = 0.44 is s till an o rder of m agnitude lower than the  

value corresponding to  tw o-dim ensional je ts . H owever, decreasing h fu rth er

brings th e  values of Cpcm ax asym pto tically  closer to  th e ir tw o-dim ensional 

level. In th e  lim iting  case  of a wall je t ,  h = 0, th e  pressure throughout th e  je t  is 

essentially  equal to  am bient value and th e re fo re  Cp -  Cpcm ax _ o. Thus, a t  very

sm all values of h (i.e ., h < 0 .15 ) th e  Cpc max curves for all a sp ec t ra tio s  should
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coalesce into a single curve along which Cpc max decreases as h is decreased  

(tw o-dim ensional behavior), vanishing a t  h = 0. I t  was not possible to  verify  this 

asym pto tic  behavior w ith th e  p resen t experim en tal appara tus. To do so requires 

a c c u ra te  positioning and m easurem ent of sm all o f fs e t d istances (h* < 0.2 cm) and
•ft

su rface  pressure m easurem ents a t  several d istances close to th e  o u tle t (xr < l 

cm). D ifficu lties w ere encountered  in a ttem p tin g  to  exam ine su rface  pressure 

near the  discharge for the lim iting case of a w all je t  (h = 0). I t was found th a t a 

sm all m ism atch betw een th e  discharge channel su rface  and the o ffse t su rface of 

th e  order of 0.05 cm produced sign ifican t non-zero  su rface  pressure readings 

near the  o u tle t.

The behavior of the re a tta c h m e n t position xr is shown in F igures 19 and 20.

17 10 ^The resu lts  of Kumada e t  al. , Param esw aran  e t  al. and Bourque e t  al. for

th e  lim iting tw o-dim ensional case a re  also shown. A greem ent with the p resen t 

resu lts  for e = 0 is good in the  range of exam ined o ffse t ra tio s . The varia tion  of 

re a tta c h m e n t d is tance xr w ith th e  o ffse t ra tio  h, a t  various values of e, is given 

by th e  experim ental lines (F igure 19):

xr = 1.186 + 2 .2 0  h (e = 0)

xr = -0 .9 6 0  + 5 .92  h (e = 0.25)

xr = -0 .8 0 0  + 6 .6 7  h (e = 0.M )

It is shown th a t th e  re a tta c h m e n t d istance in th ree-d im ensional je ts  is signi­

fican tly  la rg e r than  th a t  corresponding to  th e  tw o-dim ensional je t .  This may be 

a ttr ib u te d  to  the  fa c t  th a t in the  tw o-dim ensional case the  d ecrease  in th e  wall 

pressure and the  corresponding increase  in th e  cu rv a tu re  of th e  je t  a re  more 

pronounced than in three-d im ensional je ts .
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The ra tio  xr /h  fo r 0.5 <  h < 2 .9  ind icates  a  sign ifican tly  d iffe re n t behavior 

betw een the tw o- and three-dim ensional je ts  (F igure 20). In the  tw o-dim ensional 

je t  case  (e = 0), Xf/h decreases and asym pto tica lly  approaches a value of 2A  as h 

is increased . However, for three-d im ensional je ts  (e = 0.25 and 0 .H ), xr /h  

increases and reaches asym ptotically  th e  values of 5.5 and 6.5, respectively .

The varia tion  of th e  axial d istance corresponding to  the  maximum 

cen te rlin e  su rface  pressure, xa > w ith th e  o ffse t ra tio  h is p resen ted  in F igure 21. 

From  th e  plot i t  appears th a t the  location  of the  positive su rface  pressure peak 

also sh ifts  dow nstream  with increasing o ffse t d istance and /o r a sp ec t ra tio . It is 

also  shown th a t x is independent of a sp ec t ra tio  a t  h s  0.55 and is given by th ea
value of 3.25.

The varia tions o f the  param eters  (Cpcm ax . Xr/h) and (Cpcm ax-xa/h) with 

re sp ec t to  the  o ffse t d istance h for the  tw o- and th ree-d im ensional cases are  

given in F igures 22 and 23, respec tive ly . The tendency of the curves 

corresponding to  three-dim ensional je ts  (e = 0.25 and 0.M)  to approach the  

behavior observed in the  tw o-dim ensional case  (e = 0) for sm all values of o ffse t 

d istance  can be seen in both figures. It is in te restin g  to  note  th a t the  (Cpcmax * 

xr /h) p a ram e te r for th e  tw o-dim ensional case is approxim ately  independent of 

th e  o ffse t d istance and is given by the value of Q.W. Both p a ram eters  decrease 

as th e  a sp ec t ra tio  increases.

2. Velocity Field

V elocity m easurem ents a t  th e  o u tle t of several channels under d iffe ren t 

e x it conditions showed th a t the discharge profiles tend  to  dep art som ew hat from
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th e  to p -h a t shape. F igure 24 shows m ean velocity  profiles for tw o channels, e = 

0.1 and e = 0.44, under typ ical flow conditions.

The developm ent of the  v e rtic a l profiles of velocity  along the  x-d irection  

fo r a typ ical case (e = 0.44, h = 4.85) was exam ined a t  z* = 0 and z* = 0.4 (*  

planes and is p resen ted  in F igures 25 and 26, respective ly . The cen te rp lan e  (z = 

0) velocity  d istribu tions near the  d ischarge (i.e ., x = 5 and x = 10) show a 

behavior sim ilar to  th a t of free  je ts , w hereas fu rth e r  dow nstream  (i.e ., x^-25) 

th e  profiles a re  sign ificantly  influenced by th e  o ffse t su rface .

Com parison betw een profiles exam ined a t  th e  sam e axial s ta tio n  (x = 25) 

bu t a t d iffe re n t planes (z* = 0, z* = 0 .4 1*) ind ica tes  th a t the  influence of the 

o ffse t su rface  on the  velocity  profiles is m ore pronounced in the  c e n tra l plane (z 

= 0) than  elsew here (z > 0). In addition, o f f-c e n te r  velocity  peaks a re  clearly  

ev iden t a t  th e  profile  corresponding to  x = 5, z* = 0.4 s ta tio n .

To reveal sim ilarity  of the  profiles considered in F igure 25, an a lte rn a te  

form  of nondim ensionalization was used. In th is a l te rn a te  form , F igure 27,

velocity  and v e rtica l d istance becom e dim ensionless w ith division by th e  local

# *maximum velocity  (U m ax) and v e rtica l half w idths (Y { ̂ d is ta n c e  w here velocity

has decayed to  half of its  maximum value), respective ly . Now, the general 

tendency tow ards a single sim ilar profile  is ap p aren t for a ll da ta  ex cep t for those 

in th e  v icin ity  o f th e  o ffse t su rface . This single profile  may be approx im ate by 

th e  following exponential equation,

Uc/m ax  3 exP [-C0.802I Y /Y 1/ 2) 2j  (fQr y / y ^  >, - 1. 1)
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The developm ent of the  spanwise profiles of velocity  along th e  x -d irec tion  was

exam ined a t  y = 5.35 (horizontal cen terp lane) and y = 4.7 planes and is p resen ted

in F igures 28 and 29, respectively . The profiles in F igure 28 appear to  be s till

developing with only a slight o ff-ax is inc rease  in velocity . The saddling e f fe c t

32observed by Sforza and H erbst is p resen t in the  profile  taken  a t  x = 10 and y = 

4.7 s ta tio n  of F igure 29. They no te  th a t  secondary m otions in the  x-z p lane may 

be a m echanism  by which the observed o ff-cen te r  velocity  peaks are  form ed. 

These peaks cannot be form ed in th e  x-y plane as the  pressure simply recovers 

quickly to  the  atm ospheric  value from low values on th e  je t  cen terline  and as the 

v en a-co n trac ta  in this plane is very close to  the  d ischarge a rea .

The developm ent of the  spanwise p ro files of velocity  along the  y -d irec tion  

was exam ined a t  x = 10 sta tion  and is p resen ted  in F igure 30. These profiles 

correspond to  the  horizontal cen te rp lan e  (y = 5.35) and to  tw o o ther sym m etrica l 

planes ( y = 5.35 ± 0.65). The observed asym m etry  betw een the tw o planes (upper 

and lower) is caused by th e  o ffse t su rface .

Some sim ilarity  of the spanwise profiles along th e  x -d irec tion  is ev iden t in 

F igure 31. This figure rep resen ts  an a l te rn a te  form  of presen ting  the  d a ta  in 

F igure 28. A ccording to  this form , velocity  and la te ra l d istance are  nondim en- 

sionalized with division by th e  local maximum velocity  (Umax) anc* la te ra l 

half w idths resPec tively . The shape exh ib ited  a t  x>/25 s ta tio n s  is seen to

converge onto a single sim ilar profile , which may be approx im ated  by the 

equation:

U/ m a * ' “ P [-<0.S756Z /Z i /2 >2] (for x^>25)
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The local e ffec tiv en ess  of a je t  may be m easured by the decay of th e  

maximum velocity  and te m p era tu re  fields. In response to  th a t, maximum 

velocity  decays, as well as tra je c to rie s  along th e  v e rtica l cen terp lane  (z = 0) and 

a t  various values of the discharge Reynolds num ber, R eQ, a re  shown in F igures 32 

and 33, respective ly . It is shown th a t decays and tra je c to rie s  a re  approxim ately  

independent of R eo- This is in ag reem en t with the  conclusion obtained  in the 

study of tw o-dim ensional o ffse t j e t s . ^  The best f i t  curve which describes th e  

maximum velocity  decays for a typical case (e = 0.44, h = 1.85, z = 0) with 

various R eQ (i.e ., 26,000, 38,000 and 50,000) was found to  be given by the  

co rre la tion  equation:

U v = 4.622 x‘ 0*779 (for x *  7.5) cm ax

The e f fe c t  of the  o ffse t d istance p a ram ete r, h, on ve loc ity  fie ld  was 

investiga ted  in de ta il and th e  resu lts  a re  p resen ted  in F igures 34 through 40. In 

addition, com parisons of o ffse t je ts  w ith th e  lim iting cases of free  (h —» co ) and 

wall (h = 0) je ts  a re  included in th is se t of figures.

The developm ent of the v e rtic a l cen te rp lan e  (z = 0) profiles of velocity  as 

h is changed (4 .85$ h < 1.07) was exam ined a t  tw o ax ial s ta tions (x = 10, x = 25) 

and is p resen ted  in F igures 34 and 35, respectively . For b e tte r  understanding of 

th e  o ffse t d istance e f fe c t on velocity  profiles, each  of th e  above figures includes 

th ree  d iffe re n t ways of p lo tting , depending on th e  definition of the v e rtic a l 

coordinate .

The tendency of velocity  profiles to  approach  the  wall je t  p ro file  behavior 

as the  o ffse t d istance decreases is ev iden t. A nother observation  is th a t  p rofiles
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Figure 3 4 .a. V e r t ic a l  p r o f i l e s  o f  v e l o c i t y  (e=0.44 , x=10 ,
z=0) (Table D9)
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corresponding to  upstream  sta tio n s  (i.e ., x = 10) a re  independent of h in regions 

lo ca ted  aw ay from  the  o ffse t su rface .

One of the  m ost im p o rtan t c h a ra c te r is tic s  to consider in the  study of 

tu rbu len t je t  behavior is th e  je t 's  dilution cap ac ity  or its  ab ility  to  spread into 

th e  surrounding fluid m edium . R ather than  m easure th e  grow th ra te  of th e  outer 

edge of the  je t, its  influence is usually m easured in te rm s of the  grow th of the 

d istance a t  which the  velocity  or te m p era tu re  has decayed to  half of its  value a t 

the  respective  cen te rlin e  (halfw idths).

The grow th of the  velocity  halfw idths in both d irections (y and z) for 

various values of h (i.e .,«> , *f.85, 1.85, 1.07, 0) a re  p resen ted  in F igures 36 and 

37, respectively . The upper p a rt of F igure 36 shows th a t o ffse t je t v e rtica l 

halfw idths are  ch a rac te rized  by a  tendency to  approach w all je t  behavior fu rther 

dow nstream . The increasing in fluence of th e  o ffs e t su rface  on th e  velocity  field  

as h is decreased  is also v erified  by these  v e rtica l halfw idths plots.

The spanwise half w idth grow th (2Z*j S*ven in F igure 37, shows a

behavior approxim ately  sim ilar to  th a t of (i) free  je t  when h = 4.85 or h = 1.85, 

and (ii) wall je t  when h = 1.07. The spanwise spread of je ts  was found to  increase 

as h was decreased . As it was expected , all experim en tal d a ta  on halfw idths 

(Y j /2* ^ * 1/ 2^ * ^  °* v a ri° us o ffse t je ts  w ere found to  be within the  a rea  

bounded by the curves corresponding to  the tw o lim iting cases of f re e  and wall 

je ts .

The local e ffec tiv en ess  of th e  je ts  was m easured by the  decay of the 

maximum velocity  along th e  v e rtic a l cen te rp lan e  and is p resen ted  in F igure 38.
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The o ffse t je t  decay was found to  be approxim ately  sim ilar to  th a t of the free  

je t  in upstream  regions (x< 15). On the  o ther hand, it  was found to  approach the 

wall je t  decay fu rth e r dow nstream . The experim entally  ca lcu la ted  velocity  

decay of free  and wall je ts  was in ag reem en t with those obtained by 

B u tte rm a n .^  For the  case of e  = 0.44, the  decay can be approxim ated by the 

em pirica l equations:

Wall je t:  IJ = 5.95 x"0,78* (for x *  10)
CnflaX

F ree  je t:  U = 5 .3 4  x"0,845 ‘ ( f o r x * 8)cm ax '

T ra jec to ries  (position of maximum velocity  along the  v e r tic a l cen terp lane) 

fo r various values of h a re  p resen ted  in F igure 39. An a lte rn a te  p resen ta tion  is 

given in F igure 40, where y* was nondim ensionalized w ith division by H* instead 

of d*. Both ways of p resen ta tion  ind ica te  th a t the  bending of je t  tow ards the 

o ffse t su rface  becom es m ore pronounced as h is decreased .

The e f fe c t  of the  discharge geom etry  on the  velocity  fie ld  was investigated  

and is p resen ted  in Figures 41 through 50, Also, com parisons betw een th re e -  and 

tw o-dim ensional (e = 0) je ts  a re  included in this se t of figures.

V elocity profiles in th e  y -d irec tion  of je ts  discharging from  various aspect 

ra tio  channels (i.e ., e = 0.44, e = 0.25, e = 0.1) a re  given in F igure 41. All 

profiles w ere exam ined for a  typ ical case w ith h = 1.07, x = 10 and z = 0. These 

cen te rp lan e  profiles show th a t  th e ir behavior approaches th a t  of the  tw o- 

dim ensional je t  as e is decreased . This is also ev iden t in th e  next figure, 42, 

w here the  profile of e = 0.1 channel is exam ined a t  an upstream  sta tion  (x =
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z=0) (Table D16)



3.55). In th is case , a  reversed  flow appears in the v icin ity  of th e  o ffse t su rface . 

This phenom enon, as was m entioned ea rlie r, co n stitu te s  a  fundam ental ch arac­

te r is tic  of th e  tw o-dim ensional o ffse t je t.

The previously discussed observations (Figures 41 and 42) a re  in ag reem ent 

w ith the  conclusion based on su rface  pressure d a ta , nam ely th a t the th ree -  

dim ensional o ffse t je t  behavior approaches th a t of tw o-dim ensional je t when h is 

very much less than l / e .

V elocity profiles in z -d irec tio n  of je ts  discharging from e = 0.44 and e = 

0.25 channels a re  p resen ted  in F igures 43. Both profiles w ere exam ined a t  a 

typ ical case  w ith h = 1.07, x = 10 and y = 1.57. This figure shows an increase of 

th e  la te ra l spread and a tendency  fo r uniform  profiles as e is increased.

The dilution capacity  of je ts  of various asp ec t ra tio s, having a  constan t h, 

appears in F igures 44 through 47. The grow th of the  velocity  halfw idths in the y- 

d irec tion  (Y i/2)> F igure 44, shows th e  d iffe re n t flow p a tte rn s  which ch a ra c te rize  

th e  tw o- and th ree-d im ensional o ffse t je ts . The e = 0.1 je t  begins to  d ep art from 

th e  general three-d im ensional behavior and moves tow ards th e  tw o-dim ensional 

pa th . The velocity  halfw idths in th e  z -d irec tio n  (2Z*y2/£ * ), F igure 45, ind icate  

th e  e f fe c t  of e  on the la te ra l spread.

N orm alization  of velocity  halfw idths in both d irections was achieved in 

F igures 46 and 47, w here Y*^2 , Z*^2 and x* w ere nondim ensionalized with 

division by^A * (w here A* = d*»8*). Now, i t  can be observed th a t  the  d iffe ren t 

asp ec t ra tio  v e r tic a l halfw idths lose th e ir m em ory of th e  discharge geom etry  and 

follow an approxim ately  sim ilar behavior.
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The local e ffec tiveness  of o ffse t je ts  discharging from  various o u tle ts  was

m easured by th e  decay of the maximum velocity  along the v e rtica l cen terp lane

and is p resen ted  in F igure 48. I t is shown th a t th e  decays corresponding to  la rger

a sp ec t ra tio s  a re  accom panied by low er values of U m . Nondim ensionalizationcm ax

of x* with division by^A *, F igure 49, resu lts  in a convergence of all decays into 

a single curve, which can be approxim ated by the  equation:

Ucm ax = L83 <x*/>/A*r0-521 (for &  3)

T ra jec to ries  along the  v e rtic a l cen terp lane  of o ffse t je ts  discharging from 

various o u tle ts  (with constan t h = 1.07) a re  exam ined in F igure 50. It is shown 

th a t tra je c to rie s  of three-d im ensional je ts  d iffer significantly  from  th a t of tw o- 

dim ensional je ts . However as e is decreased  from  0.25 to  0.1, tra je c to ry  p a tte rn  

moves tow ards th a t  of tw o-dim ensional je t.

All experim en ta l da ta  on velocity  field th a t so fa r  have been discussed 

w ere based on m easurem ents taken  w ith a  P ito t-s ta tic  pressure probe. 

A ccording to the  probe's specifications, velocity  readings are  a c c u ra te  to  2% up 

to  angles of a tta c k  (yaw and pitch) of 30° (Figure 51). V erification of the  data  

accuracy  was achieved by m easuring the  angles of a tta c k  with a  th ree - 

dim ensional d irec tiona l probe (for deta ils , see Appendix A). In addition to  angles 

of a t ta c k , three-dim ensional d irec tional probes a re  capable of m easuring to ta l 

and s ta t ic  pressures. Thus, the  velocity  v ec to rs  as well as th e  th ree  velocity  

com ponents can be ca lcu la ted .

A deta iled  investigation  of the  velocity  fie ld  ch a ra c te ris tic s  (i.e ., yaw and 

p itch  angles, velocity  vec to rs  and the  th ree  velocity  com ponents) for a typical
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case  of an o ffse t je t  (e = 0.25, h = 1.86) is p resen ted  in th e  following p a r t of this 

section .

The v e rtica l profiles of the  velocity  v ec to rs  a t  various axial s ta tions along 

the  v e rtic a l cen terp lane  (z = 0) are  shown in F igure 52. This fo rm at of 

p resen ta tion  gives a  descrip tive p ic tu re  of th e  flow  p a tte rn  as the  je t  a tta ch e s  to 

the  o ffse t su rface . It may be noted th a t  the  p resen t velocity  d a ta  are  in 

ag reem en t with those taken by th e  P ito t- s ta tic  pressure probe. In addition, 

these  d a ta  confirm  th e  location of je t  re a tta c h m e n t which was previously 

e s tim a ted  by m easuring the  su rface  pressure on th e  o ffse t su rface.

The v e rtic a l p rofiles corresponding to  x-y pro jections of the  velocity  

v ec to rs  a t  various la te ra l s ta tions (z* = 0, z*  = 0 .5 ?* , z* = 0 .7?*) across th e  x = 

15 plane a re  p resen ted  in F igure 53. These profiles may also furnish q u an tita tiv e  

inform ation  regarding th e  axial (u) and v e rtic a l (v) com ponents of velocity .

The la te ra l p rofiles corresponding to  x-z pro jections of the velocity  vec to rs  

w ere exam ined a t  th ree  v e rtica l s ta tions <Y = -1 .18, Y = 0, Y = 1.18) along the x 

= 15 plane and a re  p resen ted  in F igure 54. In addition to  q u an tita tiv e  

inform ation  regarding th e  axial (u) and la te ra l (w) com ponents of velocity , th is 

figure confirm s the  asym m tery betw een th e  upper and lower s ta tion  profiles, 

which have been f irs t  observed and discussed in F igure 30.

A deta iled  descrip tion  of the  u, v and w velocity  com ponents along the  y- 

(a t x = 15, z*  = 0 .5?*) and z -  (a t x = 15, y = 1.18) d irec tions is given in F igures 

55 and 56, respectively . The ex istence  of a three-d im ensional flow, as well as 

th e  dom inance of th e  u-com ponent can be confirm ed in both figures.
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Figure 52. Vertical profiles of velocity vectors (e=0.25 , h=1.86 , z=0) (Table El)
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A q u an tita tiv e  com parison betw een u and v com ponents of velocity  was 

exam ined a t  th ree  axial s ta tio n s  (x = 2.2, x = 9, x = 15) along th e  v ertica l 

cen te rp lan e  (z = 0) and is p resen ted  in F igures 57 and 58. An increase  of |v /u j  

can  be observed in F igure 58 as the position of the  corresponding com ponents 

approaches the  edges of the  je t .  H owever, exception to  th is behavior is the da ta  

in th e  v icin ity  of re a tta c h m e n t (i.e ., low er p a rt of d a ta  corresponding to  the x = 

15 sta tion ). In this a rea  th e  flow stream lines becom e nearly paralle l to the  

o ffse t su rface , as i t  was shown in F igure 52.

V ariations of the angles of a tta c k  in th e  three-dim ensions a re  p resen ted  in 

F igures 59 through 62. The p itch  angle, <f , varia tion  along th e  y-d irection  was 

exam ined a t various c en tra l axial s ta tio n s  and is shown in F igure 59. The o ffse t 

su rface  influence on d irec tion  of the  je t  flow can be verified  by the d iffe ren t 

behavior of 1^1 in upper and low er halfs of the  graph. As i t  was expected , <f 

was found to  be approxim ately  zero  in the  v icin ity  of the o ffse t su rface  for cases 

corresponding to  positions dow nstream  of re a tta c h m e n t (i.e ., x = 18).

The yaw angle, 9 , v aria tion  along the  y -d irec tion  was exam ined a t  tw o 

la te ra l positions across th e  x -  15 s ta tio n  and is p resen ted  in F igure 60. The 

behavior of 9 in th e  v ic in ity  of the  o ffse t su rface  was found to  be strongly 

dependent on la te ra l position. For exam ple, a t z* = 0 .5 ?* , 9 s ta r ts  with 0 °  and 

increases up to  4° as y is increased , while a t  z*  = 0 .7 ?* , $ s ta r ts  w ith 7° and 

d ecreases up to  3 .6° fu rth e r up.

The and 0 varia tions along the z-d irec tio n  w ere exam ined a t  x = 15 

s ta tio n  and are  given in F igures 61 and 62, respectively . These varia tions 

correspond to  the  ho rizon tal cen terp lane  (Y = 0) and to  tw o o ther sym m etrica l
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planes (Y = +1.18). The bending o f the  je t  flow tow ards the  o ffse t su rface  can be 

confirm ed by the  general tendency of <f to  reach  negative values for all 

exam ined cases in F igure 61.

The 0 varia tion , Figure 62, shows a co n stan t ra te  of increase in the  region 

0 < z * <  0.5 for all cases, and a behavior strongly dependent on Y elsew here.

F inally, it  should be em phasized th a t  all data  obta ined  with the  th ree - 

dim ensional d irec tional probe show angles of a tta c k  up to  12°. This observation 

co n stitu te s  a  confirm ation regarding the  accuracy  of the d a ta  co llec ted  with the 

P ito t-s ta tic  pressure probe and which have been used to  ca lcu la te  m ost of th e  

velocity  field  ch a rac te ris tic s .

3. Temperature Field

Extensive d a ta  on tem p era tu re  c h a ra c te ris tic s  w ere obtained  for o ffse t 

je ts  having various values of d ischarge asp ec t ra tio  and o ffse t d istance . 

T em pera tu re  m easurem ents a t  th e  o u tle t of several channels under d iffe re n t ex it 

conditions showed th a t th e  d ischarge profiles tend  to  dep art som ew hat from the 

to p -h a t shape. F igure 63 shows te m p era tu re  profiles for tw o channels, e = 0.25 

and e = 0,44, under typ ical flow conditions.

The developm ent of th e  v e rtic a l p rofiles of tem p era tu re  along th e  x- 

d irec tion  of the  cen terp lane (z = 0) was exam ined fo r two asp ec t ra tio s  (i.e ., e = 

0.44 and e = 0.25) and is p resen ted  in F igures 64 and 65, respectively , th e  

observed asym m etry  betw een the  upper and low er p a rts  of th e  profiles, which is
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m agnified  as the  je t  proceeds fu rth e r dow nstream , is a ttr ib u te d  to  the  presence 

of th e  o ffse t su rface.

To reveal any sim ilarity  of tem p era tu re  profiles an a lte rn a te  form of 

nondim ensionalization was used. T em pera tu res and v e rtic a l d istances are  non- 

dim ensionalized with divisions by th e  local maximum tem p era tu re  d ifference 

(Tmax" T») and v e rtica l te m p era tu re  halfw idth ^ 7*1/ 2 ’ c**stan ce  w*ie re  tem per­

a tu re  d iffe ren ce  has decayed to  half of its  maximum value), respectively . Figure 

66 shows th e  dim ensionless te m p era tu re  p rofiles for e = 0.25. The general 

tendency  tow ards a single sim ilar profile  is apparen t for all da ta  excep t for those 

corresponding to  locations in the  v icin ity  of th e  o ffse t su rface . This profile may 

be approxim ated  by the  following exponential equation:

© c m a x  = exP [-(0-8021 Y/YTl/2>2 ] (lo r Y/Yt 1 /2 4 .-1 .I )

The v e rtic a l cen te rp lan e  (z = 0) te m p era tu re  map, as well as th e  co rres­

ponding iso therm al contours of a typ ical th ree-d im ensional o ffse t je t  (i.e ., e = 

0.25, h = 1.46) a re  given in F igures 67 and 68, respectively . The tem p era tu re  

d istribu tion  d iffers  significantly  from  th a t  of tw o-dim ensional o ffse t je ts . The 

approxim ately  co n s tan t cav ity  te m p era tu re  found in tw o-dim ensional studies is 

rep laced  w ith a  considerably varying te m p era tu re  field . In addition, the  sh ift of 

th e  iso therm al contours shown in F igure 68 d em onstra tes  th e  influence of the 

o ffse t su rface  on tem p era tu re  d is tribu tion . The developm ent of th e  spanwise 

te m p era tu re  profiles along th e  x -d irec tion  was exam ined a t  the horizontal 

cen te rp lan e  (y = 5.35) and is p resen ted  in F igure 69. The profiles corresponding 

to  th e  axial s ta tions x = 5, 10, 25 appear to  be s till developing.
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The e f fe c t  of th e  o ffse t d istance  p a ram ete r, h, on the  tem p era tu re  field  

was also investig a ted  and th e  resu lts  a re  p resen ted  in Figures 70 through 7ft. The 

developm ent of te m p era tu re  profiles along th e  v e rtica l cen terp lane  (z = 0) as h is 

varied  (ft.854  h £  1.07) was exam ined a t  tw o axial s ta tions (x = 10, x = 25) and is 

shown in F igures 70 and 71, respectively . The profiles a t  x = 10 s ta tion  a re  seen 

to  be independent of h in regions away from  th e  o ffse t su rface. Also, the  

tendency of o ffse t je ts  to  approach the  behavior of wall je ts  as h decreases is 

ev iden t in both figures.

The grow ths of tem p era tu re  halfw idths in both d irections anc*

2Z*^ f i * )  for various values of h a re  p resen ted  in F igures 72 and 73. Their 

behavior is qua lita tive ly  sim ilar to  th a t of velocity  halfw idths which have been 

discussed ea rlie r.

The o ffse t je ts  maximum te m p era tu re  decays along the  v e rtic a l c en te r-  

plane a re  com pared w ith those of wall and free  je ts  in F igure 7ft. The o ffse t je t 

decays w ere found to  be approx im ately  sim ilar to th a t of free  je t  in upstream  

regions (x £  15). On the  o th e r hand, they w ere found to  approach the  wall je t 

decay fu rth e r dow nstream . For the  case  of e  = O.ftft the  wall and free  je t decay 

can be approxim ated  by the  following equations:

Wall je t:  0  cm ax = 5.66 x '0*783 (for x »  8)

F ree  je t:  ^ Cmax = x"0,831 (for x ^ 5 )

The e ffe c ts  of the  d ischarge geom etry  on the te m p era tu re  field  w ere fully 

investiga ted  for a typ ical case with h = Lft6 and the resu lts  a re  repo rted  in
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Figures 75 through 83, T em peratu re  profiles along th e  y- and z-d irec tio n s  of je ts  

d ischarging from  various a sp ec t ra tio  channels (i.e., e = 0.44, e  = 0.25, e = 0.1) 

w ere exam ined a t  x = 9 and a re  shown in Figures 75 and 76, respective ly . The 

v e r tic a l p ro files, exam ined a t  z = 0, tend  to  approach th e  behavior of tw o- 

d im ensional je ts  as e is decreased . The spanwise profiles, exam ined a t  y = 1.96, 

show an increase in the ir spread as e  is increased . An a lte rn a te  p resen ta tion  of 

profiles, where tem p era tu re  is nondim ensionalized w ith division by the  

d iffe ren ce , T ^ ax -  T ^ , is dem onstra ted  in F igures 77 and 78. S im ilarity  is 

ev iden t only in th e  case of v e r tic a l profiles corresponding to  e = 0.44 and e = 

0.25. As e is decreased  to  0.1 considerable departu re  from  the  sim ilarity  form  is 

noted.

The grow th of the te m p era tu re  halfw idths in th e  y-d irection  

shown in F igure 79, ind icates an iden tica l behavior for the  e = 0.44 and e = 0.25 

je ts , which how ever is d iffe re n t from  th a t of the e  = 0.1 je t.  The sam e resu lt is 

observed in F igure 80 w here the  haifw idths a re  p resen ted  in norm alized form . 

The te m p era tu re  halfw idths in th e  z -d irec tio n  rep o rted  in F igure

81, show a  d ram a tic  increase of the  spanw ise therm al spread as e is increased .

The local the rm al e ffec tiv en ess  of o ffse t je ts  discharging from  various

o u tle ts  was m easured by the  decay of the  maximum te m p era tu re  along the

v e r tic a l cen te rp lan e  and is p resen ted  in F igure 82. It is generally  observed th a t

the  decays corresponding to  larger a sp ec t ra tio s  a re  accom panied by lower

values of maximum te m p era tu re  (©  ). N ondim ensionalization of x* withr  cm ax
division by >/A*, F igure 83, resu lts  in a convergence of a il decays into a single 

curve, which can be approxim ated by th e  equation,
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Q  = 1 .83  (x*A/A*)"0,61 (for x*/i/A* 2.8)cm ax

H owever, exception  to  this norm alization  form  are  the  da ta  corresponding to  e  = 

0.1 channel and x*/V S*<8 region. This portion of the  decay follows a d iffe ren t 

path than th a t  m entioned above.

4. Comparison Between Velocity and Temperature Fields

E xperim ental da ta  in dim ensionless form  on velocity  and tem p era tu re  

fields for th e  sam e flow and geom etric  conditions a re  com pared in th is section  to 

assess s im ilarities  and d ifferences  betw een them .

Com parison betw een the  discharge velocity  and tem p era tu re  d istributions, 

shown in F igure 84, ind icates th a t  the  te m p era tu re  profiles a re  f la t te r  than those 

of the  velocity  field . The v e rtica l and spanwise d istributions of velocity  and 

te m p era tu re  a t  axial s ta tion  x = 9 (e = 0.25, h = 1.46) a re  p resen ted  in Figures 85 

and 86, respectively . A lthough th e  values of velocity  a re  g rea te r  than  those of 

te m p era tu re  in th e  v ic in ity  of the  cen te rlin e , the opposite is observed as the je t 

edges a re  approached. In Figures 87 and 88, th e  previous v e rtic a l and spanwise 

profiles a re  p lo tted  using the  local halfw idth  and the  local maximum velocity  or 

te m p era tu re  d iffe rence . H ere, the  shapes exhib ited  in both figures a re  seen to 

converge onto a  single sim ilarity  profile .

In addition, v e rtic a l and spanwise profiles of velocity  and tem p era tu re  for 

o ther conditions (e = 0.44, h = 4.85) w ere exam ined a t  tw o axial sta tions, x = 5 

and x = 25, and a re  p resen ted  in Figures 89 and 90, respectively . The nearfie ld
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profiles (x = 5) a re  c h a ra c te ris tic  of the  discharge tem p era tu re  and velocity  

d istribu tions and the  e x te n t of the  cores. This is verified  by the d iffe ren t 

q u an tita tiv e  re la tion  of velocity  and tem p era tu re  profiles in the  two exam ined 

axial sta tions.

Com parison betw een the maximum velocity  and te m p era tu re  decays was 

made a t  tw o d iffe ren t cases (e = 0.44, h = 4.85 and e = 0.25, h = 1.46) and is 

shown in Figures 91 and 92, respectively . The decays in both cases are  seen to 

be nearly  the  sam e with the velocity  being slightly above the  tem p era tu re  

decays. Consequently, i t  is s ta ted  th a t th e  experim en tal ev idence suggests th a t 

the  tu rbu len t P ran d tl num ber Pr-j. is, in fa c t, near unity.

5. V isualization

Two m ethods a re  commonly em ployed in the  experim en tal investigation of 

flow behavior: flow visualization and flow m easurem ents. Flow visualization

provides the  overall p ic tu re  of th e  en tire  flow field , while its  in form ation  is only 

q u a lita tiv e . On the  o ther hand, flow m easurem ents yield q u an tita tiv e  inform ­

ation , but the  inform ation is localized to  th e  v ic in ity  of the  m easuring probe. 

The tw o m ethods u tilized  sim ultaneously may serve as th e  basis for the 

th e o re tic a l modeling.

Two techniques of flow visualization have been used in the  p resen t 

investigation: (i) the  o il/lam pblack and (ii) the  smoke in jection  (for. de ta ils , see 

ch ap te r III). The p a tte rn s  of a ir flow ad jacen t to  the o ffse t su rface  for a typical 

case with e = 0.44 and h = 1.85 a re  p resen ted  in F igure 93. The location of
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Figure 93. The patterns of air flow adjacent to the offset 
surface (e=0.44 , h=1.85)



m .

re a tta c h m e n t, which is shown in this figure, was found to  be in good agreem ent 

w ith th a t pred icted  ea rlie r  in this chap ter by use o f su rface  pressure m easure­

m ents (Figure 19).

The overall p icture of th e  three-dim ensional o ffse t je t  flow field (e = 0.25 

and h = 1) was made visible th rought the use of smoke in jection and is presented 

in F igure 94. The rec ircu la tion  p a tte rn , which was found to  ch a rac te rize  two- 

dim ensional o ffse t je t flows, does not appear in the  three-d im ensional flows, as 

it  can be confirm ed by this figure.

Figure 94. Overall picture of a three-dimensional offset 
jet flowfield (e=0.25 , h=l)



V. SUMMARY AND CONCLUSIONS

In general, su rface  pressure d istribution for three-d im ensional je ts  can 

d iffe r sign ificantly  from  tw o-dim ensional je ts . H owever, the cen terline  surface 

pressure d istribu tion  for three-dim ensional je ts  approaches th a t of two- 

dim ensional je ts  a t  eh<<l.

The negativ e /p o sitiv e /n eg a tiv e  fea tu re  of su rface pressure co effic ien t was 

found to  c h a ra c te rize  three-d im ensional o ffse t je ts . The negative surface 

p ressure following re a tta c h m e n t is confined to  la te ra l d istances w ithin the  

channel half w idth, i.e . z < l / 2 e .  N egative pressure peaks just dow nstream  of the 

d ischarge and the  positive peaks a f te r  the re a tta c h m e n t points a re  enhanced as 

the  a sp ec t ra tio  and /o r o ffse t d istance are  decreased .

The re a tta c h m e n t to  o ffse t d istance ra tio , x^/h, ind icates a  significantly  

d iffe re n t behavior betw een the tw o- and three-d im ensional je ts . In the tw o- 

dim ensional case  i t  decreases and asym pto tically  approaches the  value of 2.4 as 

h is increased . H owever, for three-d im ensional je ts  it increases and reaches 

asym pto tica lly  a value close to  6.

3 e t bending tow ards the  o ffse t su rface  becom es m ore pronounced as h is 

decreased . Also, the  influence of the  o ffse t su rface  on flow and therm al fields 

increases as h is decreased  and is m ore pronounced in the ce n tra l plane (z = 0) 

than elsew here (z > 0).



J e t  tra je c to ry  and th e  decay of maximum velocity  w ere found to  be 

approxim ately  independent of Re0. F u rtherm ore , maximum velocity  and 

te m p era tu re  decays w ere shown to  be very sim ilar to  those of the  free  je t in 

upstream  regions. On the o ther hand, they w ere shown to  approach the  w all je t 

decays fu rth er dow nstream .

Flow visualization and the  flow p a tte rn  obta ined  with the  d irec tiona l probe 

w ere found to  be in ag reem en t with th e  velocity  da ta  which w ere based on 

m easurem ents taken  with a P ito t- s ta tic  pressure probe.

Through th e  use of various length scales the s im ilarities  and d ifferences in 

je t  behavior w ere noted. The use of halfw idth as th e  c h a ra c te ris tic  length scale 

was seen to  produce a se t of sim ilar curves for a given asp ec t ra tio , while the 

i/A* length scale  was shown to  be capable to  co rre la ting  th e  curves of various 

asp ec t ra tio s  in a particu la r se t.



APPENDIX A 

Verification of Experimental Data

To estab lish  confidence in the  experim en tal setup  and m easuring 

techniques th a t have been used in the  p resen t study, some data  are  com pared 

with those published by o th e r investigato rs.

E xperim ental da ta  from  th e  p resen t study and the  experim ental resu lts  of 

36R ajaratnam  and Pani describing the  maximum cen terp lane  velocity  decay of a

wall je t a re  p resen ted  in F igure A l. D ata from  this study and the sim ilarity

32curve o f Sforza and H erbst describing velocity  profiles in the  la te ra l d irection

of a wall je t (e = 0.1) a re  shown in F igure A2. In addition, p resen t data as well as

12 10 Uresu lts  of Kumada e t  a l., Param esw aran  e t  al. and Bourque e t  al.

presenting th e  varia tion  of xr w ith h for tw o-dim ensional o ffse t je ts  a re  given in

Figure A3. All se ts  of d a ta  co llec ted  in this study a re  found to  be in reasonable

ag reem en t with those published by o th e r investigato rs.
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APPENDIX B 

Surface Pressure Disc Probe

The surface pressure disc probe was constructed  a t  the H eat Transfer 

Laboratory  of the City College and is shown in Figure B l.  It was made out of 

0.013 cm stee l shims and has a d iam ete r  of 4.8 cm, leading edge thickness 

0.03cm and trailing edge thickness 0.11 cm. A hole with 0.05 cm diam eter was 

drilled a t  a  d is tance 1.12 cm from the leading edge. Pressure signal a t  the 

surface  hole is t ransm itted  to  the pressure sensor through a stainless s tee l tube, 

o.d. = 0.08 cm, which pene tra te s  the disc probe.

Surface pressure da ta  using the  disc probe were com pared with those using 

pressure taps in Figures B2 and B3. The inaccuracy of m easurem ents  taken with 

th e  disc probe is evident in both figures, particularly  in the wall je t  type region. 

These inaccura te  readings may be a t tr ib u ted  to the  disc probe thickness which 

was found to  be a significant fac to r  in measuring very small magnitudes of 

surface  pressure.



Figure Bl. Surface pressure disc probe
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APPENDIX C 

Three-Dimensional Directional Probe

The three-dim ensional directional probe (Figure C l)  measures yaw and 

pitch angles of fluid flow, as well as to ta l and s ta t ic  pressures.

A centrally  located  pressure hole m easures pressure P*, while two la te ra l 

pressure holes m easure pressures P* and P* (Figure C2b). If the probe is ro ta ted  

by a manual trave rse  unit (Figure C3) until P* = P^ as read out on a sensitive 

pressure indicator, the yaw angle of flow 9 is then indicated by the traverse 

unit scale.

When the  yaw angle has been de term ined an additional d ifferen tia l pressure 

p*  - p* is m easured by pressure holes located  above and below the to ta l pressure 

P* hole (Figure C2a). P itch  angle is determ ined  by calculating the ra tio  (P* -
1 T

P * ) / (P |  - P | )  and using the calibration curve for the probe on Figure C4. At any

particu la r  pitch angle, the  velocity  pressure coeff ic ien t (F* - P*)/(P* - P*) andt  s 1 ^

the to ta l  pressure coeff ic ien t  ( P |  - P^)/(P^ - P^) can be read from the calibration

curves for the  probe on Figures C5 and C6, and (P^ - P p  and P^ calcula ted .

Once (P* - P*) has been found the  to ta l  velocity  vector U* can be determ ined, 
t  s

Then, with known to ta l  velocity , yaw angle and pitch angle, the th ree  velocity 

components are  given by the  following equations (see Figure C7):

u* = U* cos<j C O S 0  

v* = U* sin(p 

w* = U* cos<f sin 9



Figure Cl. Three-dimensional directional probe
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Figure C3. Manual traverse unit
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APPENDIX D

Calibration o l P ressure  T ransducer-C arrie r  Dem odulator Set

The "Validyne DP 15" pressure transducer - "Validyne CD 15" carr ie r  

dem odulator se t which is used for pressure m easurem ents, was calib ra ted  with 

the help of a "Meriam" m icrom anom eter before and a f te r  each group of 

experim ents. The sensitivity of this m icrom anom eter was of the order of 

0.00254 cm of w ater .  A "TSI 1125" ca lib ra to r  (Figure D l) ,  which was connected 

to  a  high pressure nitrogen tank through a pressure regula tor, was used as a 

variable pressure source. A typical calibration curve is presented in Figure D2.

Figure D l . Calibrator
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APPENDIX E

Error Analysis

The p resen t investigation would be incomplete w ithout a  discussion on the 

experim ental e rro r  of the results .  This e rro r  is mainly caused by the inaccuracy 

of the used instrum ents  as well as by the properties  and charac te r is t ics  of the 

probes.

A. Inaccuracy of the  instrum ents

(a) Transducer 

Linearity: 0.5%

Zero shift: 1% of full scale each 1,000 psig,

(b) Demodulator

Shift in gain: 0.01% per °C  (negligible)

(c) Digital Voltmeter

Maximum error: 0.5%

(d) Digital temperature indicator

T em peratu re  resolution: 1° C

Note: The transducer-dem odula tor se ts  w ere ca lib ra ted  before and 

a f te r  each series of experim ents.



B. P roperties  and ch a rac te r is t ic s  of the probes

(a) P i to t - s ta t i c  probes

If the fluid s tream  is not paralle l to  the  probe head, errors  occur in 

both to ta l  and s ta t ic  readings. These a re  the m ost im portan t e rro rs  in this 

type of ins trum ent because they cannot be co rrec ted  without taking 

independent readings with another type of probe.

Note th a t  yaw and pitch angles a f f e c t  the readings exac tly  the same. 

The errors  in to ta l  and s ta t ic  pressure increase  quite rapidly for angles of 

a t ta c k  higher than 5°, but they tend to  com pensate  each o ther so the probe 

yields velocity  readings a cc u ra te  to  2% up to angles of a t ta c k  of 30°. This 

is the chief advantage of the P rand tl design over o ther types.

The s ta t ic  pressure indication is sensitive to  d istance from solid 

boundaries. The probe and boundary form a Ventouri passage which 

a cc e le ra te s  the  flow and decreases  the s ta t ic  pressure on one side. The 

calibration curve shows th a t  s ta t ic  readings should not be taken closer than 

5 tube d iam eters  from a  boundary for 1% accuracy .

P i to t - s ta t ic  probes appear to  be insensitive to  isotropic turbulence 

which is the m ost common type. Under some conditions of high intensity , 

large scale turbulence which makes the angle of a t ta c k  a t  a probe vary 

over a wide range, the  probe would presumably have an erro r  corresponding 

to  the average yaw or pitch angle caused by the  turbulence.



(b) Directional probe (three-dimensional)

This five holes probe is furnished with individual calibration curves up 

to  pitch angles of 40°. It is usable up to  Mach 0.7. The individual 

calibration curves have a 3% error  approxim ately. The manual traverse  

unit scale which indicates the  yaw angle of flow is accu ra te  to  +1°.

C. Total experim ental e rro r

The g rea te s t  e rro r  lies in those readings taken a t  the je t  edges, near 

the  wall and in the farfie ld  of the flow. While the velocity could be 

m easured to  within approxim ately +496 in the  cen tra l  region of the 

nearfield , g rea te r  inaccuracy was es tim ated  for the farfie ld  and outer 

edges of the je t  with a compiled erro r  in the order of +1096.

The tem pera tu re  m easurem ent was found to possess a much higher 

e rro r  of approxim ately +15% in the farfie ld , due to the wandering of the 

d igital readout about the tru e  average value, the  oscillation of the hea ter  

and the f a c t  th a t  the heating unit's therm ocouple sampled a t  a station 

significantly upstream  of the  channel en trance .

The surface  pressure m easurem ents  a re  disposed to  a quite high 

uncerta in ty  due to the ir  very small magnitudes and due to  an intense 

wandering of the  digital readout about the real true  value. The cum ulative 

erro r  on the final m easured surface pressure coeffic ien t lies in the vicinity 

of 20%.

The m easurem ents  corresponding to  the  la rger channels had the 

advantage of improved accuracy  in position specification though a b e t te r



representa tion  of the je t  behavior is seen for the  smaller dimension je ts  in 

which m easurem ents  a t  much g rea te r  d iam ete r  distances could be taken. 

Since the  g rea te s t  uncerta in ty  was found to lie in the values obtained in 

the  farfie ld  and a t  the outer edges of the je t ,  several runs were made for 

each se t .of readings with emphasis on data  collection in these high 

variability regions, until repea tab ility  was assured. The repeatab ility  of 

da ta  was the single most im portan t cr iterion  used in judging reliability.
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APPENDIX F 

Tabulation of Data

T able A

0 .4 4

0 .7 1

0.10

Dimensions of discharges

d* (In) f  (in)

0 .7 7  1.76

1.40 1 .60

0 .3 8  3 .SO

0

CP

0.5

k I03 (e :  

1

TABLE B t

0.25, h = 1, Re0

2 2.5

39,000)

3 3.5 4

i -4 .3 5 -4 .7 9 -3 .2 3 -3 .9 2 -1 .31 -0 .8 7
2 -5 .6 6 -5 .2 3 -7 .4 0 -4 .3 3 -3 .0 3
3 -6 .9 7 -7 .4 0 -8 .9 3 -4 .7 9 -1 .7 4
4 -4 .7 9 -5 .6 6 -9 .5 8 -4 .3 5 -2 .61 -0 .8 7
5 -0 .8 7 -4 .3 3 -3 .9 2 -3 .4 8 -2 .1 8 -1 .3 1
6 2.61 -0 .8 7 -0 .4 4 -2 .6 1 -1 .7 4
7 4 .35 2 .18 3 .92 0 .4 4 -0 .8 7 -0 .8 7 -0 .4 4
8 5 .66 3 .92 6 .1 0 2.61 2.61 •0 .4 4
9 7 .40 6 .1 0 7 .4 0 3 .23 5 .6 6 0 .4 4

10 8.71 7 .8 4 8.71 6 .9 7 6 .1 0 1.31 -0 .4 3
11 8 .2 7 8.71 9 .38 7 .8 4 6 .5 3 2.61 0
12 7 .4 0 7 .40 7 .84 6 .3 3 S. 10 3 .48 0 .4 3
13 6 .1 0 5 .23 6 .5 3 5 .23 5 .23 0 .87
14 5 .2 3 4 .7 9 5 .66 4.33 4 .35 1.31 0
13 3.92 4 .3 5 4 .3 5 3 .43 3 .05 1.74
16 3.05 3 .92 3 .48 3.05 3.48 2.18 0.43
17 2.61 2.61
18 1.74 1.74 1.74 2.18 2.18 2.61 0 .87
19 1.31 2.18
20 0.87 0 .8 7 1.31 1.74 1.31
21 0.44
22 0 .2 2 0 .8 7 1.31 2.18 1.74
23 0.44
24 -0 .2 2 0 0 .8 7
23 0 .4 4
26 -0 .6 6 0 0 .4 3 1.74
28 -0 .8 7 -0 .4 4 0
29 •0 .4 4 1.74
30 -1 .0 9 0 1.31 1.31
32 -0 .8 7 0 0
34 -0 .4 4 0 .8 7
36 0
37 0 .4 4 1.31
38 0 .8 7
42 0 0 .4 3 0 .8 7
46 0 .43
48 0
30 0
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TABLE B2

C p x 103 (e * 0.25, h -  1, R e0 .  39,000)

X 3 10 20

0 -6 .9 7 8.71 0 .87
0 .3 -7 .4 0 7 .84 0.87

1 - S .71 8.71 1.08
2 - I t .79 6 .9 7 1.31
2 .3 -2 .8 3 6 .1 0 1.74
3 -1 .7 * 1.31 2.40
3 .5 -0 .8 7 -0 .4 3 1.96
4 -0 .6 6 -0 .2 2 1.31

TABLE B3

Cpc  x I03 (e a 0.44, h = 0.61)

26,300 39,100 55,400

0 .4 6 -3 .7 1 -3 .3 0 -5 .5 3
0.91 -4 .2 9 -3 .7 6 -5 .9 8
1.37 -3 .4 3 -4 .8 0 -7 .7 1
1 .83 -5 .1 4 -4 .9 3 -1 0 .1 6
2 .7 4 -1 .4 3 -2 .3 4 -6 .4 3
3 .65 0 .8 6 0 .5 2 0 .9 0
4 .3 6 2 .0 0 2 .3 4 6 .4 3
5 .4 8 2 .29 2 .9 9 7 .39
6 .3 9 2 .37 3.11
7 .3 0 2 .72 3 .24 7 .3 2
9 .1 3 3 .1 4 3 .37 7 .3 8

10.93 3 .4 3 3 .63 7.91
12.78 2 .29 2.34 4 .5 6
14.60 1.43 1.43 2 .18
16.43 0 .4 3 0 .3 9 0 .19
18.25 0 0 -0 .3 2
20.08 -0 .3 7 -0 .2 6 -0 .9 0
2 1 .90 -1 .1 4 -0 .5 2 -1 .9 3
2 3 .73 -1 .7 2 -1 .5 6 -2 .4 4
25.53 -1 .4 3 - 1 , 17 -2 .9 6
27.38 -1 .1 4 -1 .0 4 -2 .8 3
29.21 -1 .0 0 -0 .91 -2 .3 1
3 2 .86 -0 .8 6 -0 .8 4 -2 .1 9
36.51 -0 .5 7 -0 .7 8 -2 .1 2
4 0 .16 -0 .2 9 -0 .5 2 -1 .6 1
43.81 -0 .1 4 -0 .2 6 -0 .9 0
4 7 .4 6 0 0 -0 .5 1
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■ \ h
x'N* 0.35

Cpc x 

0.43

TABLE B4

I03 (e = 0.25, Re0 > 39,000)

1.00 1.47 2.21 2.90

0 .3 -3 9 .1 5 -29 .58
I -28 .71 -26 .54 -4 .3 3 -1 .7 4
1.5 5 .6 6
2 26.97 13.05 -5 .6 6 -0 .4 4 0
2 .3 30.02
3 26 .10 22.19 -6 .9 7 -2 .1 8
4 16.01 16.33 -4 .7 9 -3 .0 3 -0 .8 7
5 10.44 11.31 -0 .8 7 -3 .4 8
6 7 .8 4 8 .2 7 2.61 -3 .0 3 -0 .4 4
7 6 .5 3 7 .84 4 .3 3 -2 .1 8
7 .5 -1 .31
s 6 .1 0 7 .40 5 .6 6 -0 .8 7
9 3.66 6 .9 7 7 .4 0 0

10 5 .2 3 6 .53 8.71 2.61 -0 .8 7
11 6 .10 8 .2 7 4.79 -0 .4 4
12 3 .92 5 .23 7 .4 0 6 .5 3 0 .8 7
13 3 .03 6 .1 0 6 .97 2.18 -1 ,31
14 2 .4 0 2.61 5 .2 3 6 .7 3 3 .48 -0 .8 7
13 2.18 3 .9 2 6 .53 4 .35 -0 .2 2
16 0 .8 7 1.74 3.03 5 .23 5 .23 0 .2 2
17 0 1.09 2.61 4 .35 4 .79 1.31
IS -0 .4 4 0 .44 1.74 3 .92 4 .35 1.74
19 -0 .8 7 0 1.31 3.05 3 .92 2.18
20 -2 .1 3 -0 .8 7 0 .8 7 2.18 3.48 2.61
21 -2 .61 -1 .7 4 2.83
22 -1 .3 1 -1 .3 1 0 .4 4 1.31 2.61 3.48
23 2 .83
24 -0 .8 7 -1 .0 9 0 0 .8 7 2.18 2.61
25 2 .4 0
26 -0 .4 4 -0 .4 4 0 .4 4 1.31
27 2.18
28 -0 .4 4 -0 .8 7 -0 .4 4 0 .8 7
29 0
30 -1 .3 1 0 .4 4 1.74
32 0 -0 .8 7 -0 .6 6 0 1.31
34 •0 .4 4
35 0 .8 7
36 0
37 0
38 -0 .4 4 0 .44
40
42 0
43 -0 .2 2
48 0
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TABLE B7

^Pcm ax x 1®® <R 'o = 39,000)

0.250.1

67.40 .14
0.20
0 .35
0 .47
0 .48
0 .54
0 .57
0.61
1.00
1.07
1.47
1.72
1.79
1.83
1.85 
2 .21  
2 .28
2 .8 5  
2 .9 0  
3 .0 0

29.1

22.2

115
8 .4
3 .9

8 .7140

5 .2

2.2
3 .5

TABLE B8

*r (Reo = 39,000)

X 0 0.25 0.44

0 .48 1.5
0 .5 7 2 .2

0.61 3 .2
1.00 6 .0
1.07 3 .3  5 .2

1.47 8 .0
1.72 4 .6
1.85 12.0
2.21 11.6

2.28 5 .8

2.85 18.0
2 .90 7 .4  15.8

173.
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TABLE B9

0.23

0.47 
0 .48  
0 .5 4  
0 .3 7  
1 . 0 0  
1.07 
1 .47  
1.72 
1.79 
1.23 
2 . 2 1  
2 .28  
2 .83  
2 .90  
3 .00

12.2

6 .2
18.3

21.9

20 .2
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TABLE C l
(Disc P robe D ate)

Cp x 10 3 (e * 0.23, h » 1.00, R e0 » 39,000)

0 I 2 3

1 -2 .1 6 -5 .6 2 -5 .1 9
2 -3 .0 3 -6 .4 8 -4 .7 6
3 -5 .6 2 -8 .6 5 -4 .3 2 -0 .8 6
4 -5 .1 9 -9 .9 4 -3 .8 9
3 -3 .0 3 -6 .9 2 -3 .4 6 -0 .4 3
6 0 -1 .7 3 -2 .1 6
7 1.73 2.59 1.30 0
3 2.59 6 .05 4 .7 6 0 .4 3
9 4 .3 2 7.78 6 .9 2 0 .8 6

10 5.62 9.31 8.21 1.30
11 6.48 8.21 7 .3 5 2.16
12 6.05 6 .4 8 6 .0 5 3 .03
13 4 .7 6 4 .7 6 4 .7 6 2 .59
14 3.46 2 .5 9 3 .46 2 .16
15 2.59 1.73 2 ,59
16 1.30 0 .4 3 1.73 1.73
18 0 -1 .3 0 0 .4 3 1.30
20 -0 .8 6 •  2 .16 0 0 .8 6
22 -3 .0 3 -0 .4 3 0 .43
24 -3 .0 3 -3 .4 6 -0 .8 6
26 -3 .4 6 -1 .3 0
28 -3 .0 3 -3 .0 3 -1 .7 3 0.21
32 -2 .5 9 -2 .3 9 -2 .1 6
36 -1 .7 3 0

TABLE C2

(Disc P robe D ata)

Cpc x 103 (e = 0.44, h = 1.00, Re0 = 39,000)

0

2 -0 .4 8

4 -0 .9 6

6 -0 .4 8

8 0

10 0 .9 6

12 1.91

14 2.63

16 1.91

18 1.43

20 0

24 -0 .4 8

28 -0 .9 6

32 -1 .1 9

36 -1 .4 3

40 -0 .4 8
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TABLE Dl

D ischarge V elocity P rofiles 
(x = 0, z a 0)

(Uo « 32-93 m /sec) (U j » 39.11 m/sec)
e  » 0.44 e  ■ 0.10

U2Y»/d» U — Y*73”
-* -324 . , 9 7 }  .575

"•934 .690 - .9 2 3  .675
-•8 2 0  -768 - .8  .800
-•7 4 0  .841 - .6 7 5  .SJO
-.6 0 S  .892 - . 4  929
- .4 7 8  .927 - .2 3  .970
- .3 4 8  .96 0 t
- .2 1 8  .981 .23 ,973
- .0 8 8  .997 .4  .930
0 I . 000 .675 .830

.088 .998 .8  796
•218 .983 .925 .675
.348 .960  .973 .575
.478 .930
.608 .394
.740 .843
.370 .767
.934 .692

1 .519

TABLE D2
D ischarge V elocity P rofiles

(x = 0, V .  0)

(U „ ,  32.93 m /sec) (U j 3 39.18 m /sec)
 __ -  e » 0 .4 4   e  = 0.10

U 2z* It*  U

- I .601 - I
- .9 6 7 .677 -.9 7 0
- .9 1 0 .745 - .9 4 5
- .8 5 3 .802 - .8 8 0
- .7 9 6 .854 - .7 5 0
-.7 3 9 .899 - .3 5 0
- .6 8 3 .930 - .3 0 0
-.6 2 6 .938 -.1 5 0
- .5 6 9 .970 0
- .4 5 5 .979 .150
-.3 4 1 .985 .273
-.2 2 8 .991 .438
-.1 1 4 .997 .625
0 1 .730

.228 .989 .880

.455 .977 .965

.683 .928 .988
.796 .853 I
.910 .743
.967 .678

I .396

.330

.653

.762

.913

.968

.988

.999

.998

.996

.981

.963

.921

.730
.663
.550
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TABLE D3

(« = 0.99, h = 9.85, z = 0, U j  * 32.93m/sec)

x = 5 x -  10 x n  23 x »  35
V u r y Up y Up y u r y UP

9 . 172 0 3.896 .079 0 .1 9 6 0 0 .065 .097 0 .065 .116
9 .2 3 7 .036 9 .237 .188 0 .6 5 2 .037 0 .326 .103 0 .326 .127
9 .3 0 2 .051 9 .563 .397 0 .913 .037 0 .652 .110 0 .6 5 2 .132
9 .368 .103 9 .889 .553 1.108 .032 0 .978 .116 1.309 .192
9 .998 .205 5 .020 .693 1.309 .063 1.309 .121 1.956 .155
9.623 .327 5 .150 .711 1.956 .103 1.630 .137 2 .608 .167
9 .7 3 9 .972 3 .215 .795 2.608 .192 1.956 .196 3 .239 .179
9 .889 .619 3 .280 .765 3 .259 .200 2 .282 .163 3 .585 .186
3 .0 2 0 .771 5 .396 .777 3.911 .271 2 .608 .173 3.911 .193
5 .0 8 3 .832 5.911 .776 9 .563 .337 2 .939 .190 9 .237 .193
5 .1 5 0 .888 5.591 .799 9 .889 .358 3 .239 .207 9 .933 .193
5 .215 .933 5 .737 .692 5 .020 .369 3 .385 .222 9 .563 .197
5 .280 .957 5 .997 5 .085 .365 3.911 .239 9 .699 .200
5 .313 .963 6 .128 .389 5 .130 .367 9 .237 .298 9 .829 .197
5 .3 9 6 .967 6 .258 .313 5 .215 .371 9 .933 .250 9 .959 .193
5 .3 7 8 .967 6 .389 .292 5 .280 .369 9 .563 .256 5 .085 .193
5.911 .969 6 .519 5 .393 .368 9.699 .258 5 .378 .193
3 .9 7 6 .992 6 .699 5.911 .367 9.829 .261 5 .213 .193
5 .391 .907 6 .780 .090 5.591 .369 9 .959 .258 5.391 .190
5 .606 .857 6.91 .052 5 .867 .395 5.083 .261 5 .867 .186
3.671 .809 6 .519 .281 5.215 .261 7.171 .135
5 .7 3 7 .729 7.171 .201 5.378 .258 8 .975 .116
5 .8 0 2 .665 7 .823 .192 5.591 .253 9 ,778 .063
3 .9 3 2 .512 8 .975 .082 5 .867 .295 10.930 .037
6 .063 .359 8 .9 9 6 .037 6 .519 .222 11.393 0
6 .193 .233 9 .126 0 7.171 .186
6 .3 2 3 .120 7 .823 .155
6.959 0 8 .973

9 .1 2 6
9 .778

10.930
10.561

.116

.082

.052

.037
0

TABLE D9

(e = 0.99, h = 9.85, z •  = 0 .9 t* , US = 32.93 m/M c)

x = 3 x=  10 X = 25 X = 35
V U v U v U V U

9.172 0 3 .896 1.108 0 0 .065 .090
9 .237 .031 9 .237 1.309 .037 0 .326 .097
9 .3 0 2 .081 9 .563 1.936 .082 0 .652 .103
9 .368 .131 9 .889 2 .608 .127 1.309 .121
9 .998 .215 5 .020 3 .259 .193 1.956 .196
9.628 .319 5 .150 3.911 .253 2.608 .175
9 .759 .965 5.213 9 .563 .312 3.259 .207
9 .889 .60S 5 .280 9 .889 .333 3.911 .231
5 .020 .701 5 .396 5 .020 .337 9 .237 .292
5 .083 .797 5.911 3 .085 .337 9 .933 .295
5 .1 3 0 .767 5.591 5 .130 .337 9 .563 .250
5.215 .773 5 .737 3.215 .339 9 .699 .250
5 .280 .772 5.997 3 .280 .339 9 .829 .253
5 .313 .773 6 .128 5.378 .337 9 .959 .250
5 .396 .769 6 .2 3 8 3.911 .335 5 .085 .253
5 .378 .771 6 .389 5.591 .331 5 .215 .253
5.911 .773 6 .519 5 .867 .312 5 .378 .250
3 .976 .773 6 .699 6 .519 .216 3.591 .295
5.591 .763 6 .780 7.171 .183 5 .867 .237
5 .606 .799 6 .910 7 .823 .121 6 .519 .213
5 .672 .709 8 .975 .052 7.171 .186
5 .302 .585 8 .670 .037 7 .823 .196
5 .932 .995 8.801 0 8.975 .116
6 .063 .308 9.126 .082
6 .193 .202 9 .778 .063
6 .323 .103 10.930 .037
6 .939 0 10.691 0
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TABLE D5

(e 3 0.44, h 3 4.89, y 3 5.33, U j  .  32.93 m /sec)

X 3 5 X 3 10 X a 25 X a 35 X
2z* ft* U 2z* ft* U 2 z* /t* U 2 z* lt* U 2z * lt*

0 .969 0 .779 0 .367 0 .258 0
.057 .963 .057 .778 .057 .366 .057 .258 .057
.119 .961 .119 .777 .119 .369 .114 .261 .114
, 228 .953 .228 .769 .228 .362 .228 .261 .228
.391 .995 .391 .760 .391 .360 .341 .261 .341
.955 .990 .955 .751 .955 .352 .455 .258 .455
.569 .930 .569 .733 .569 .397 .569 .256 .569
.683 .383 .683 .711 .683 .393 .683 .256 .683
.796 .799 .910 .610 .769 .331 .910 .248 .910
.910 .603 1.138 .963 .910 .323 1.138 .240 1.138

1.029 .962 1.365 .339 1.029 .312 1.365 .222 1.365
1.138 .306 1.593 .215 1.138 .292 1.593 .203 1.593
1.251 .192 1.820 .123 1.365 .273 1.820 .193 1.820
1.979 .063 2 .098 .037 1.593 .290 2.048 .179 2.048
1.593 .036 1.820 .216 2.275 .163 2.503
1.706 0 2 .098 .179 2.503 .146 2.958

2 .275 .146 2 .730 .132 3 .413
2 .503 .121 2 .958 .116 3.868
2 .730 .090 3 .185 .097 4 .323
2 .958 .052 3 .413 .082 4.778
3 .185 .037 3.641 .073 5 .233
3 .299 0 3 .868

4 .096
4 .323
4 .664

.063

.052

.037
0

5 .575

TABLE D6

U (e = 0.1(9, h = 4.85, y 3 9.7, Ug ,  32.93 "V sec)

X

2 i * / r \ 10 25 35

0 .429 .345 .263
.057 .426 .345 .263
.114 .423 .345 .263
.171 .261
.228 .421 .345 .261
.341 .426 .261
.455 .432 .339 .238
.569 .435 .258
.683 .434 .325 .236
.910 .391 .304 .243

1.138 .326 .285 .237
1.365 .242 .263 .225
1.593 .132 .234 .210
1.820 .083 .203
1,991 .037
2 .048 .175 .179
2 .275 .146
2 .503 .116 .151
2 .730 .082
2 .958 .032 .116
3 .072 .037
3 ,185 0
3 .413 .090
3 .868 .063
4 .096 .032
4 .323 .037
4 .664 0

U
.190 
.190 
.190 
.193 
.193 
.197 
.193 
.193 
.193 
.190 
. 183 
.173 
. 167 
.153 
.137 
. 1 2 1  
.103 
.090 
.063 
.032 
.037

0
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TABLE D7

U fe i  0.99, h = 9.35, x  = 10, U J a 32,93 m/*e c>

V
2 z * / f \ 10 25 35

0 .779 .929 .967
.057 .778 .926 .967
.119 .777 .923 .967
.228 .769 .921 .961
.391 .760 .926 .952
.955 .751 .932 .990

.569 .733 .935 .926

.683 .711 .939 .913

.910 .610 .391 .389
1.138 .963

•4CM .323

1.365 .339 .292 .295
1.593 .215 .152 .157
1.820 .128 .083 .079

1.991 .037 0
2 .098 .037

TABLE D3

Max. V elocity  D ecay  - T ra jec to ry  

(e * 0,99, h = 1.85, z = 0)

Rc» a 26.000 R en -  38.000 Ren = 50.000
g v u <~ m ax_ _ _ _  y__  u c  m ax , — l

0 1 .000 2 .3 5  1.000 2 .3 5  1.000 2.35
2 .986 2 .3 5  .990 2.35

3 .6 5  .980 2 .35
5 .956 2 .3 5  .967 2 .35

9 . IJ  .806 2 .28

10 .751 2.31 .760 2.35

19 .621 2 .25

15 .557 2 .25  .569 2.28

18.25 .999 2 .22
20 .997 2 .15  .959 2 .22

23 .908 2 .0 9

28 .399 1.92

30 .323 1 .70  .328 1.70

39 .295 1.56
90 .258 1.29 .266 1.30

99 .292 1.17
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TABLE D9

{ e s 0.44, x b 10, z  * o, u ;  = 32.93 m/je c )

h = 4.85 h x 1.85 h a 1.07
. J .  . "~°C y — tic— - J k —

3.85 .074 0 .7 8 .073 .13 .187
4 ,2 4 .188 1.04 .132 .26 .201
4 .5  6 .347 1.30 .223 .39 .214
4 . 89 .555 -
5 .0 2 .643 1.56 .348 .65 .291
5 .15 .711 1.69 .431 .91 .437
5 .2 2 .745 1.83 .512 1.17 .611
5 .2* .765 1.96 .602 1.43 .741
5 .35 .777 2 .09 .679 1.57 .760
5. <i 1 .776 2 .22 .743 1.69 .736
5 .54 .749 2.35 .766 1.96 .602
5.74 .642 2.48 .757 2 .22 .418
6 .0 0 .469 2.61 .706 2 .48 .279
6 .1 3 .389 2 .74 .632 2.74 .151
6 .2 6 .313 2.87 .556 3.00 .037
6 .39 .242 3 .00 .459
6 .52 . 181 3.13 .376
6.65 .128 3.39 .232
6 .7 8 .090 3 .65 .116
6.91 .052 3.78 .064

TABLE DIO

<e = 0.44, x = 25, z = 0, US = 32.93 /sec)

h a 4.85 h = 1.85 h = 1.07
___ U,- V ___I__ Ur

.20 0 .13 .235 .13 .320

.65 .037 .52 .279 .26 .350

.91 .037 .91 .313 .39 .368
I - 11 .052 1.30 .346 .65 .388
1.30 .063 1.56 .363 .91 .400
1.96 .103 1.83 .372 1.04 .402
2.61 .142 2.09 .376 1.17 .398
3 .26 .200 2 .22 .370 1.43 .393
3.91 .271 2.35 .368 1.56 .383
4 .56 .337 2.48 .361 1.69 .372
4 .8 9 .358 2.61 .354 1.96 .346
5 .02 .364 2.87 .332 2.22 .311
5.09 .365 3.13 .300 2.48 .282
5 .15 .367 3 .39 .272 2 .74 .251
5 .22 .371 3.78 .223 3 .00 .217
5 .28 .369 4.17 .183 3 .26 .180
5 .35 .368 4 .69 .122 3 .52 .147
5.41 .367 5 .22 .073 3 .78 .122
5 .54 .364 5 .48 .037 4 .04 .090
5.87 .345 4 .3 0 .052
6 .5 2 .281 4.43 .037
7 .1 7 .201
7.82 .142
8 .4 8 .082
9 .0 0 .037
9 .1 3 0



181.

TABLE Dl t

0.44, z .  0, u !  = 32.9J  m /see)

1.07

0 .55  
•0 .5 1 0 .36

- .7 5

0 .7 2
-0 .8 3

9 .1 3

-  .74

1.06

- 1 . 2*

.93
1 . 2 1

I .** 
-1 .7 6

I S .23

1.23 1.62

1.81

2 .45
3 .031.71 2 .08 2 .74

2.38

2.17

2 .73

2.60 3 .32



182.

TABLE D12

2Z%/1* (e = 0.4*, y a h *K, Ug = 32,93 m /sec)

1.07 1.87

.99 1.06 .98

1.07 .99
1.38

9 .1 3 1.23
( .1 9

1.34

.71 1.33 1.49
18.23 1.60

1.99 2.06 1.76
1.79

1.99
2 .15

3.13 2.36
2 .53

3.73
3.02

3.66
5.06 3.23



183.

TABLE 0 1 3

Max. Vel. Decay -  T ra jec to ry  

(e = 0.44, Z ! 0 , u ; ,  32.93 m /sec)

h -  0 h a  1.07 h a I .S3 h a 9.85 h — —
 X  .^cmaa-. _ J ! _  Jkm ax- _ 2 _  Ucmax. y u cm ax y  Ucmax Y

0 1.000 .50  1.000 1.57 1.000 2 .3 5  I . 000 5 .35  1.000 0

2 .989 .57 .989 1.57 .987 0

3 .65  .980

5 .979 .6 0  .961 1.57 .96* 5 .35  .962 0

8 .859 1.53

9 .1 3  .806 2 .28

10 .919 .55  .768 5 .3 5  .765 0

11 .726 1.5

I* .621 2 .2 5

15 .738  .5 *  .38* 1.37 .559 5 .28  .538 0

18.25 .499 2 .2 2

20 .606 ■ .5 2  .468 1.24 .449 0

23 .408 2 .0 9

25 .402 1.16 .368 5.22

28 ,344 1 .92

30 .424 .50  .357  .98 .307 -  .033

34 .295 1.56

35 .320 .99 .276 3 .02

40 .310 .46 .223 -  .065

44 .242 1.17

45 .260 1.00 .207 4.63



TABLE D U

(h = 1.07, x > 10, z ■ 0)

e :  0.10 
(U j * 47.07 m /sec)

V Ur
.13 . J7
.26 .59
.39 .62
.52 .65
.65 .69
.79  .75
.92  .S3

1.05 .90
1.18 .94
1.31 .92
1.44 .88
1.57 .80
1.70 .67
1.83 .60
2 .0 9  .46
2 .3 6  .34
2 .6 2  .23
2 .8 9  .16

e = 0.23 
(US .  18.29 m ( « c )
... r.. Ue

.07 .270

.14 .286

.21 .300

.36  .334

.50 .371

.64 .433

.93 .567
1.21 .693
1.35 .735
1.50  .733
1.57 .753
1.64 .747
1.79 .709
1.93 .649
2.21 .499
2 .5 0  .365
2 .7 9  .217
3 .07  .126

TABLE D I5

(h a  1.07, x a 10, Y  = 1.57)

e = 0.44 
(US a  32.93 ™ /« c)

U
0 .76

.06  .76

.11 .76

.23 .75

.46 .73

.68 .68

.91 .56
1.14 . .43
1.37 .30
1.39 .18
1.82 .10
1.93 .05

e  = 0.25 
(US a 18.29 m /?ee) 

a  z » /  y U

0 .756
.07 .756
.11 .753
.14 .730
.22 .741
.29 .724
.36 .706
.43 .687
.37 .642
.72 .586
.86 .477

1.00 .339
1.14 ' .270
1.22 .207
1.30 .160
1.44 .066



135.

TABLED 16

(e = 0.1, h * 1.07, x 3 3.55, z »  0) 
(US = 47.87 m /sec)

y u e

.13 -  - .0 6 0

.26 *  -.121

.39 •  -.051

.52 .167

.65 .330

.79 .530

.92 .732
1.05 .947
1.18 .992
1.31 .998
1.44 .999
1.57 .996
1.70 .984
1.83 .853
1.95 .621
2.09 .435
2.22 .250
2.36 .102
2 .46 ,024

TABLE D17

(h * 1.07, z = 0)

(US = 32.93 m /sec) (18.29 m /sec) (47.87 m /sec) {18.29 m /sec)
e = 0.44 e  = 0.25 e = 0.10 e 3 0

Y» X X X Yw

2 .59
- .4 6 2 .54

- .5 3 2 .53
- .6 4 .5 1 O

5 .67
- .5 6 4 .57

- .5 9 4 .48
-.8 1 1 .49

- .5 3

8 .71
- .7 5 6 .64

-.7 1 7 .44
-1 .1 5 2 .41

- .6 3

11 .89 
-1 .0 6 10 .86

-1 .1 5 10
.56

3 .27
-.8 1

15 1.23 15 1.29 15 1.13 4 .11
-1 .0 8

20 1.62 20 1.61 20 1.57 5 -0 .3 4
-1 .51

25 1.82 30 2.18 30 2.21 6 -.1 1

30 2.08 40 2 .86 40 2 .80 8 - .0 9

35 2.41 60

80

100

3 .87

4 .93

5 .7 3

10

14

18

20

- .0 5

.04

.18

.25



186.

TABLE PIS

Jh s 1.07, y * 1.17)

(US = 32.93 m/sec) 
e  * 0.44

2 Z * /f .

1.71 
4 .3 6  
6 .98  
9 .6 0  

13.09 
17.41 
21.82 
26. IS 
30.54 
39.27

1.06
1.14 
1.38
1.14 
1.71 
2.06  
2.41 
3.13 
3.75  
5 .06

(18.29 m /see) 
e  » 0.21

(47.87 m /sec)

2x * /8* 2ZV* 2x*/(* 2z*/e*

1.00 1.00 .40 1.05
2.01 .99 .79 1.04
3.01 1.02 1.33 .97
5 .0 2 ! .04 1.98 .90
7.53 1.11 2 .96 1.00

10.04 1.46 3.91 1.23
15.05 2.20 5.93 1.37
20.07 3.32 7.90 1.45

11.81 1.71
11.80 2 .32
19.75 2.98

TABLE D19

Max. C en te rp lane  Vel. Decay 4  T ra jec to ry  

(h  = 1.07, 2 : 0 )

(U j = 32.93 m /sec) (18.29 m /sec) (47,37 m /sec)
e = 0.44 e = 0.25 e = 0.10

X y X Ue max y X U r max y

0 1.000 1.57 0 1.000 1.57 0 1.000 1.57

2 .989 1.57 5 .954 1.57 3 .55 .999 1.47

5 .961 t .57 10 .750 1.50 8 .95 .977 1.27

8 .859 1.53 15 .604 1.39 15 .778 1 . 10

11 .726 1.50 20 .533 1.25 20 .719 .87

15 .584 1.37 25 .494 .82 25 .686 .73

20 .468 1.24 30 .455 .61 30 .651 .80

25 .402 1.16 40 .380 .54 40 .583 .87

30 .357 .98 47 .329 50 .510 .93

35 .320 .99 60 .446 1.07

45 .260 1.00 80 .343 1.07



TABLE El

<e = 0.25, h = 1.86, 2 : 9 , 1 1 :  0),

x = 2.2 x = 5 x = 9
— It— _ £ 1 U — It— U — 1— ■ ■ V - U

1.61 - 12.6 .124 1.18 -8 .9 .096 0.75 -5 .9 .104 .32
1.71 -1 0 .5 .269 1.29 -8 .4 .143 0.86 -5 .8 .132 .43
1.82 -5 .8 .460 1.39 -9 .1 .194 0.96 -5 .9 .162 .54
1.93 -3 .5 .675 1.5 - 8 .1 .270 1.07 -5 .7 .208 .64
2.04 -2 .3 .827 1.61 - 6 .8 .344 I .IS -5 .7 .249 .75
2.14 -1 .900 1.71 -5 .7 .448 1.29 -5 .7 .296 .86
2.25 -0 .5 .933 1.82 -4 .3 .547 1.39 -5 .6 .352 .96
2.36 0 .947 1.93 - 3 .2 .633 1.5 -5 .412 1.07
2 .46 0 .4 .945 2.04 -2 .5 .754 1.61 -4 .7 .473 1. IS
2 .57 1 .2 .928 2.14 - 1 .2 .843 1.71 -4 .1 .53 1.29
2.68 1.9 .875 2.25 - 0 .6 .901 1.82 -3 .4 .589 1.39
2 .79 2 .8 .748 2.36 0 .929 1.93 -3 .1 .650 1.5

1.61
2.89 4 .539 2.46 0 .8 .921 2.04 - 2.1 .709 1.71

1.82
3 5 .320 2.57 1.4 .874 2.14 - 1.1 .755 1.93

2.04
3.11 5 .5 .162 2.68 2 .789 2.25 -0 .7 .788 2.14

2.25
2 .7 9 2 .9 .685 2.36 - 0.1 .802 2.36

2 .46
2 .89 3 .6 .577 2 .46 0 .8 .797 2.57

2.68
3 4 .5 .464 2.57 1.4 .768 2.79

2.89
3 . II 5 .6 .362 2.68 1.7 .723 3

3.21
3.21 6 .2 .287 2.79 2 .4 .674 3.42

2.89 2 .9 .607 3.64
3 .32 6 .9 .208 3 3.3 .547 3.86

3.21 4 .6 .425
3.43 6 .8 .145 3.42 5.1 .311 4.07

3.64 5 .9 .214
3.86 6 .2 .127

o* = IS.9 m/sec)

x = 12 x = 15 x = 18
—SL U S L . U — 7 U

-4 .2 .117 .18 -1 .7 .187 .11 - .1 .236
-4 .130 .32 - 1.6 .207 .21 0 .255
-4 .153 .43 - 1.6 .216 .32 - .1 .268
-4 .2 .166 .54 -2 .235 .43 0 .307
-4 .1 .191 .64 - 2 .2 .253 .54 - .4 .298

.219 .86 - 2 .6 .289 .64 - .7 .313
-4 .4 .251 1.07 -3 .1 .338 .86 - 1 .6 .346
-4 .9 .290 1.29 -3 .1 .395 1.07 -1 .7 .378
-4 .9 .331 1.5 -3 .460 1.29 -2 .424
-4 .4 .363 1.71 - 2 .6 .522 1.5 - 1.8 .464
-4 .1 .404 1.93 - 2 .2 .565 1.71 -1 .5 .497
-3 .7 .446 2.14 - 1.2 .606 1.03 - 1 .2 .527

-3 .4 .500 2.25 -0 .9 .605 2 .03 - .8 .535
-3 .1 .537 2.36 - 0 .6 .604 2.14 - .7 .541
- 2 .6 .576 2.36 - 0 .6 .604 2.14 - .7 .541
-2 .4 .617
• 1.6 .653 2.46 - 0.1 .602 2.25 - .3 .539
- 1.2 .680
-0 .7 .696 2.57 0 .3 .6 2.36 - .1 .537
- 0 .2 .700
-0 .3 .695 2.79 1.2 .55 2.57 .6 .525

0.8 .680 3 1.7 .5
1.2 .652 3.21 2 .8 .44 2.78 1 .3 .492
1.8 .624 3.42 3.4 .369 3 2.1 .455
2.5 .542 3.64 4.1 .314 3.21 2 .6 .413
3.4 .459 3.86 4 .7 .253 3.42 3 .5 .371
4 .366
4 .7 .281 4 .07 4 .7 .2 3.86 4 .9 .287
5.1 .212 4.29 5.5 .16 4.07 5 .3 .238

4.5 .148 4 .5 5.4 .116 4.29 5 .7 .205
4 .5 6.1 .169
4.71 5 .7 .138

GO'vj



188.

TABLE E2

(e = 0.25, h • 1.16, x .  15, U j * 18.9 m/ « d

V 9* u <r* 8 ' U

.IS - 2.1 0 .180

.32 -3 .6 0 .241 -3 7 .118

.63 -4 .7 0 .5 .255 —6 5.5 .120

.64 -4 .6 1.6 .288 -7 4 .5 .136

.86 -4 .1 2 .303 -7 3.8 .176
1.07 -4 .6 2 .5 .325 -7 3.6 .185
1.29 -3 .6 3.5 .356 -3 .5 4 .217
1.5 -2 4 .403 - 2 .2 4.1 .232
1.71 -0 .7 3.8 .417 - 1.2 4 .2 .220
1.93 0 .2 3 .3 .413 - .4 4 .2 .211
2.14 1 3 .405 0 4 .2 .210
2.36 2 3.1 .386 0 4 .2 .194
2.57 3 3 .2 .353 1.2 4 .2 .178
2.78 4 3 .6 .315 2.7 4.1 .150
3 5.1 3.6 .291 3.8 4 .121
3.21 5 .5 3 .6 .243 4 .5 3 .9 .099
3.42 7 .4 3.5 .204
3.64 6 .8 3.5 .152
3.86 5 .2 3.5 .123

TABLE E3

(e .  0.21, h = 1.16, x .  I ) , U j ■ 18.9 m /« c )

Y = 0 Y = -1.18 Y = I.IS
2i*/»* ** 8 *.. u — 4 L - i i - u _ S £ _ _ £ ! _ U

0 - .5 0 .604 -3 .1 0 .374 3.7 0 .353
.11 - .5 .5 .611 -3 .5 .4 .378 3.9 .4 .349
.21 - .5 1 .6 -3 .4 .8 .380 4 .7 .340
.32 - .6 1.3 .582 -3 .7 1.2 .338 3.4 1.1 .329
.43 - .7 1.7 .569 -4 .2 1.4 .398 3.1 1.3 .321
.54 - .8 2 .53 -5 1.6 .402 3 1.6 .301
.64 - .6 2.3 .518 -5 .5 1.8 .406 2 .9 1.9 .271
.75 - .5 2 .6 .481 -5 .6 2.1 .403 2.5 2.3 .251
.86 - .3 2.9 .44 - 6.1 2 .5 .394 1.9 2.9 .224
.96 -.1 3 .2 .4 -5 .8 3 .361 1.3 3.7 .194

1.07 0 3.5 .346 -6.1 3.4 .330 a 4 .7 .170
1. IS - .1 3.8 .295 •6 3.7 .293 -1 .3 5.3 .139
1.29 - l . l 4.1 .24 -7 3 .9 .239 -3 .1 7 .3 .107
1.39 • 2 .2 4 .7 .189 -9 4.1 .191
1.5 •6 5 .9 .134 - 10,1 3.7 .152
1.61 -7 .5 10.5 .109 - 12.2 3.1 .124



TABLE FI

Discharge Tem perature P roliles
( i : 0 , j ; 0)

(U J = 32.93 m/se c  (U j = 9.97 m/se c
T J  = 103° C T J  = *7.8° C

T J = 24.30 C) T£ = 21.70 C)
e  = 0.99 ______  ________ c  * 0.25

2Y*/d* ©  2Y*/d* ©

-I  .716 - I  .763
-.9 1  .791 - .8 6  .916

- .7 8  .896 -.71  .962

- .5 2  .992 - .3 7  .979

- .2 6  I --* 9  -992
- .1 3  I - ■ »  .992

0 I - .1 9  I
.13 1 0 I
.26  .992 .1* I
.52  .983 .29  .992

.78 .858 .9 3  .992

.91 .769 .57 .975

1 .702 -71 -958
.86 .908

I .736

TABLE F2

Discharge Temperature Proliles
(«= o, y ;  o)

(U J = 32.93 m /sec 
= I03» C 

T J = 28.30 C) 
e  i  0.66

2a Vf* g

9.97 m /sec 
87.80 C 

= 21.70 C)
= 0.25

-I
- .9 0 9

-.7 9 6

-.6 8 2

-.5 6 8

-.9 5 5

-.391

-.227
-.1 1 3

0
.113

.227

.391

.955

.568

.682

.796

.909
I

.687

.858

.935

.993

.993

.985

.851

.679

-.9 7

-.9 3

- .8 6

- .7 2
- .5 7

- .9 3

-.2 9
-.1 9
- .0 7

0
.07

.19

.29

.43

.57

.72

.86

.93

.97

.798

.924

.966

.987

.992

.992

.996

.996

.992

.992

.9*7

.966

.924

.798

189.



190.

TABLE F I

(e a 0*4*4, h * 4«85, z * 0 
U j ,  32.93 tn/itc 

T S s  103° C 
= 28.30 C)

x = 5 x * 10 x > 25 x = 35
y O n lie y O n Uc y 9'n Ue Y e c Un

3 .3 2 .022 2.61 .015 .13 .089 0 .13 .133 .082
3.91 .052 3 .13 .044 .65 .089 .037 .65 .141 .104
4 .0 9 .09 3 .39 .089 1.30 .119 .052 1.30 .148 .116
4.12 .142 0 3 .63 .141 1.96 .156 .097 1.96 .163 .143
4 .3 0 .209 .064 3 .78 .170 0 2.61 .183 .138 2.61 .178 .165
4 .4 3 .299 .155 3.91 .207 .074 3.26 .230 .2 3.26 .193 .192
4 .3 6 .388 .237 4.04 .232 .112 3.91 .267 .256 3.91 .207 .219
4 .6 9 .493 .387 4 .17 .289 .159 4.36 .289 .302 4.56 .215 .235
4 .8 2 .397 .330 4 .43 .383 .273 4.82 .296 .320 4.82 .215 .235
4 .9 3 .716 .672 4 .69 .496 .414 5.09 .296 .327 5.09 .213 .233
3 .0 9 .828 .811 4 .93 .593 .579 3.22 .304 .331 5.22 .215 .235
3 .2 2 .918 .916 3.09 .644 .656 5.35 .304 .333 5.35 .215 .235
5.28 .953 .947 3 .2 2

3 .28
.681
.689

.703

.723 5.48 .304 .329 5.48 .207 .228

5 .3 5 .970 .936 5.35
3.41

.696

.696
.733
.729 5.61 .296 .320 5.61 .207 .228

5.41 .953 .947 5 .48
3.61

.689

.659
.715
.663 5.87 .281 .306 5.87 .204 .222

3 .48 .925 .919 3.74 .607 .391
6 .13 .274 .282 .2135.61 .843 .813 6 .0 0 .511 .420 6.13 .2

3 .74 .724 .668 6 .2 6
6 .3 2

.383

.289
.265
.154 6 .78 .237 .220 6.78 .185 .183

5 .87
6

.627

.507
.319
.374 6 .63 .230 .098 7 .43 .200 .161 7 .43

8 .08
.170
.148

.152

.122
6 .1 3
6 .2 6

.403

.306
.249
.133 6 .7 8 .185 .052 8 .08 .148 .097 8 .74

9 .39
.122
.096

.082

.052
6 .3 9
6 .3 2

.216

.134
.052

0 6.91 .141 0 8.74 .111 .052 10.04 .074 0
6 .6 3 .067 7 .1 7 .067 9 .39 .074 0 11.34 .033
6.91 .013 10.04 .037 12.00 .022
7.17 .007 7 .43 .022 10.69

11.34
.015

0 13.30 .007



TABLE F t

(e = 0.**, h = 4.85, y = 5.35 
U J = 32.93 m /sec)

TS = 103° C 
T i  = 28.30 C)

z & 0 e U & TJ

0 .970 .956 .69* .732 .30* .333
.07 .970 .955 .69* .732 .30* .331
.13 .962 .953 .69* .732 .30* .311
.26 ,955 .9*6 .687 .728 .296 .329
.52 .9*0 .930 .679 .709 .296 .324
.78 .887 .869 .63* .673 .296 .313
.91 .797 .759

1. 0* .677 .6 .575 .585 .27* .29*
1.17 .56* .*35
1 .10 .*51 .312 .*78 .*5* .259 .27*
1.41 .353 .207
1.56 .286 .154 .381 .330 . 2** .252
1.70 .211 .083
1.83 .158 .052 .291 .215 .230 .223
1.96 .098 0

.1962.09 .060 .201 .117 .215
2.22 .030

.1702.35 .008 .13* .052 . .200
2.61 .082 0 .178 . 1*8
2.87 .037 .163 .117
3.13 .015 . 1*8 .104
3 .39 0
3.65 .111 .063
* .17 .07* .036
*.69 .017 0
5 .22 .022

TABLE F I

(e = 0.25, h = 1.46, z  = 0, 
U J = 9.97 m/je c  

* = 9, T J  = 93.30 C 
T i  = 250 C)

.. X-.. . © c Uc

. 0* .179 .073

.07 .192 .089

. 1* . 20* .09*

.21 .211 .101

.36 .231 . I I I

.5 .261 .119

. 6* .3 .152

.79 .35 .198

.93 .4 .25*
1.07 .467 .332
1.21 .517 .*13
1.36 .567 .502
1.5 .631 .598
1. 6* .683 .688
1.79 .725 .750
1.86 .7*2 .778
1.93 .75 .79*
1.96 .75 .798
2 .75 .791
2.07 .7*2 .781
2 . 1* .725 .756
2.29 .683 .702
2.43 .625 .620
2.57 .575 .531
2.86 .4*2 .355
3.14 .317 .202
3.43 .2 .060
3.71 .081 0
* .008



TABLE F6

© c  (e * 0.25, h  = 1.96, l  = 0 . u ; ;  9 3 7  m /sec 
T S  i  9 3 .3 °  C 
T * * 2J o  C)

1 3 6 12 15 20

.09 .029 .099 .287 .368 .393

.39 .029 .057 .159 .336 ' .393 .913

.68 .033 .089 .236 .385 .933 .933

.82 .091

.96 .099 .236 .358 .999 .966 .999
l . l l .102
1.25 .276 .972 .520 .519 .306 .957
1.39 .512 .593 .610 .555
1.59 .789 .729 .691 .579 .530 .957
1.68 .976 .859 .769 .611 .539 .957
1.82 1 .967 .869 .628 .538 .957
1.89 .992 .879 .636 .597 .957
1.96 1 .992 .886 .636 .597 .999
2.09 .976 .878 .628 .593 .999
2.11 1 .959 .859 .619 .538 .999
2.25 .967 .896 .772 .599 .530 .991
2 .39 .756 .699 .675 .579 .519 .933
2.59 .988 .569 .585 .538 .990 .925
2.68 .236 .939 .509
2.82 .057 .979 .991 .393
2.96 0 .171 .333
3.11 .377 .901 .368
3.25 .016 .163
3.39 .312 .336 .328
3.59 .099
3.68 .223 .287 .300
3.89 0
9.11 .109 .190 .297
9.59 .020 .130 .198
9 .96 .069 .150
5.39 .020 .101
5.82 .069

TABLE F7

(e = 0.25, h = 1.96, f  = 1.96, 
u ;  ^ 9.97 m /sec 

* = 9, T* i  93.3° C 
Ti = 250 c>

23 »/*• e U

0 .79 .79
.07 .79 .799
.19 .79 .788
.22 .729 .772
.29 .715 .767
.36 .711 .753
.93 .707 .798
.50 .691 .728
.57 .683 .708
.65 .675 .706
.72 .692 .67
.79 .618 .638
.86 .577 .599
.93 .537 .59

1.00 .989 .972
1.08 .915 .395
1.15 .379 .33
1.25 .301 .299
1.36 .203 .118
1.97 .17 .089
1.58 .085 0
1.69 .061
1.80 .033
1.90 .008
2.01 0

VO
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TABLE F9

(e - 0.99, * -  2>, i  - 0 
US i  32.93 m /sec 

T 5 =  103® C 
XJ = 28.30 C)

h r 9.85 h = 1.85 h = 1.07
Y 0 c Y © c Y e c

-5 .2 2 .089 - 2.22 .293 -1 .89 .363
-9 .9 6 .096 -2 .09 .299 -1 .18 .169
- 9 .9 9 .110 -1 .8 3 .306 - .9 2 , 366
-3 .9 2 .123 -1 .5 7 .312 - .6 6 .363
-3 .3 9 .159 -1.31 .316 - .5 3 .360
-2 .8 7 .185 -1 .0 5 .319 - .9 0 .357
-2 .3 5 .219 - .7 9 .319 - .2 7 .350
-1 .8 3 .280 - .6 6 .319 - .1 9 .399
-1 .5 7 .260 - .5 2 .322 0 .318
-1 .31 .279 - .3 9 .319 .13 .131
-1 .0 9 .281 - .2 6 .312 .26 ,319
-0 .7 8 .295 - .1 3 .312 .39 .309

- .5 2 .301 0 .306 .65 .293
- .2 8 .101 .13 .306 .91 .271
0 .301 .26 .299 1.17 .298

.11 .295 .39 .293 1.69 .209

.26 .29! .52 .287 2.21 .159

.52

.78
.281
.278 .79 .268 2.73 .121

1.09
1.30

.260

.287 1.05 .255 3.25 .083

1.83 .216 1.56 .223 3.78 .0512.37 .178 2.08 .178
2.86
3.39

.137

.110
2.60
3.13

.187

.108 9.30 .019

3.91 .079 3.65 .070
9 .93 .051 9.17 .025
9 .95 .039 9.69 .012
5.97 .019

TABLE FI

(e r  0.99, x = 10, z = 0 
U j = 32.93 m/se c  

T J  = 103® C 
TJ = 28.30 C)

h = 9.85 h r 1.85 h = 1.07
Y Y O r Y e c

-2 .7 9 .011 - 2.22 .131 -1 .9 9 .311
-2 .9 8 .026 -1 .9 6 .150 -1.31 .350
-1 .9 6 .086 -1 .7 0 .183 -1 . IS .376
-1 .9 8 .211 -1 .99 .292 - .9 2 .952
-1 .18 .296 -1 .18 .319 - .6 6 .591
-0 .9 2 .195 - .9 2 .905 - .3 9 .629

- .6 6 .993 - .7 9 .951 - .2 6 .656
- .5 2 .596 - .6 6 .503 -.1 3 .682
- .1 9 .599 - .5 2 .562 0 .688
- .2 6 .618 - .3 9 • 60S .13 .669
- .1 3 .671 - .2 6 .697 .26 .631
0 .689 - .1 3 .667 .39 .592

.13 .671 0 .673 .52 .529

.26 .695 .13 .667 .79 .920
.19 .599 .26 .619 1.09 .309
.52 .553 .39 .588 1.30 .217
.79 .959 .52 .536 1.56 .127

1.09 .182 .66 .988 1.82 .067
1.30 .237 .79 .925 2.08 .032
1.82 .092 .92 .173 2.39 .006
2.37 .020 1.17 .268
2.61 .007 1.93 .183

1.69 .105
1.95 .096
2.21 .013

VJ3U>



m .

TABLE FIO

Yu (e * 0.99, I  3 0 , U j s 32.93 " ' / » c  

TS > 103° C 
T j  « 23,30 C)

9.83 1.83 1.07

- .6 6 - .6 7 - .6 8
J .62 .70 .68

10
-1 .0 3 • 1.11 -1 .3 7

1.09 1.01 .92

13
-1 .7 3  

t .63 1.30 1.33

20 1.76

23
-3 .39

2.99 2.39 2.08

33 9.93 3.06 2.73

93 3.91 3.36 3.32

TABLE PI I

2 2 * ,  J f  (e 3 0.99, I  3 0, Ug s 32.93 m /» c  
(TJ = 103° C, T J s 28.3o C)

S h
« N . 9.83 1.83 1.07

5 1.07 1.08 1.08

10 1.37 1.32 1.31

13 1.6 1.68 1.72

20 2.22
23 1.96 2.39 2.62

33 2.96 3.91 9.33

93 9.09 3.15 6.39
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TABLE PI 2

© c m a x  (e » 0.4*, z  » 0, U j ,  32.93 m /w _, 
T S = I 0 3 ° C ,  y  > Z1.3o C)

X 4.15 1.15 1.07 0
0 1.000 1.000 1.000 1.000 1.000
5 .959 .917 .961 .941 .910

10 .671 .691 .673 .614 .170

13 .436 .493 .490 .310 .726

20 .370 .407 .562

25 .295 .309 .314 .342 .466

33 .212 .211 .241 .214 .329

45 .151 .173 .209 .226 .2*7

TABLE FI 3

e > 0.23, h = 1.46 
z 3 0, U j  = 9.97 m /jec  

T J  1 9*»° C, T,J s 2Jo C
:—  °c   Sk.

0 1.000 1.000

6 .110 .917

12 .637 .683

20 .460 .490

30 .363 .386

40 .291 .319

e = 0.44, h » 4.15 
z = 0, US 3 32.93 w /sec  

T S = I0 3 ® C ,T J  = 21.30 C 
_ i  Q ~  !k
0 1.000 1.000

5 .977 .956

9 .6 .737 .751

13.3 .311 .535

19 .406 .417

28.6 .271 .277

39.1 .203 .200

30 .130 .156



TABLE P U

(h :  1.46,

u ; =  
T5 =
T.J

e

9.6 m /sec 
122.70 C 
= 28.90 C 
= 0.44

u «  =
To

T i
c

9.94 m /sec
= 95.6° C 

i  29.20 C 
: .  0.25

US--
TS

Ti
e

6.7 m /sec 
= 108° C 
-  32.7o C 
= 0.10

T ec V e c y e r

.07 .172 .04 .179 .13 .467

.11 .189 .07 .192 .27 .489

.20 .201 . 14 .204 .4 .519

.26 .207 .21 .213 .53 .533

.39 .225 .36 .233 .67 .563

.52 .249 .5 .263 .93 .593

.63 .278 .64 .3 1.2 .63

.91 .349 .79 .35 1.47 .659
1.17 .432 .93 .4 1.73 .659
1.43 .527 1.07 .467 1.87 .659
1.56 .380 1.21 .517 1.96 .644
1.69 .615 1.36 .567 2.05 .622
1.83 .645 1.3 .633 2.13 .607

1.64 .683
1.79 .725

1.96 .657 1.86 .742 2.27 .585
2.09 .651 1.93 .750 2.53 .511
2.22 .621 2 .750 2.8 .437
2.35 .568 2.07 .742 3.07 .359
2.61 .485 2.14 .725 3.33 .289
2.87 .373
3.13 .272 2.29 .683 3.6 .215
3.39 .178 2.43 .625 3.87 .148
3.65 .118 2.37 .575 4.13 .093
3.91 .071 2.86 .442 4 .53 .044
4.17 .030 3.14 .317 4.93 .022
4.43 .012 3.43 .200 5.33 .007

3.71 .083
4.29 .008

TABLE FI3

(h - 1.46, it = 9, y = 1.96)

U j = 9.6 m/se c  U j - 9.94 m /sec U j = 6.7 m /sec
T£ = 122.70 C TS = 95,6° C T J = 108° C
T J = 23.9° C = 29.20 C T i  = 32.7o C

e  -  0.44_______  e = 0.2J e  - 0.10
2 z « / f  e  2z»/t« e  2 z » / f  6

0 .657 0 .74 0 .650
.11 .654 .07 .74 .05 .644
.23 .651 .14 .74 .16 .637
.34 .645 1.22 .724 .26 .622
.46 .636 .29 .715 .37 .607
.57 .612 .36 .711 .47 .585
.68 .574 .43 .707 .58 .559
.8 .536 .5 .691 .69 .511
.91 .491 .57 .683 .79 .441

1.02 .456 .65 .675 .90 .348
1.14 .373 .72 .642 .95 .296
1.25 .331 .79 .618 1.00 .244
1.37 .302 .86 .577 1.05 .215
1.59 .243 .93 .537 l . t l .133
1.82 .130 1 .484 1.16 .096
2.04 .065 1.07 .415 1.26 .044
2.28 .027 1.15 .374 1.37 .019
2.50 .009 1.25 .301 1.48 .011

1.36 .203
1.47 .170
1.58 .085
1.69 .061
1.79 .033
1.9 .008
2 0
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TABLE P i t

(h = 1.46)

U J * 9.6 " V » e  
T* .  122.70 C 
T /  •  28.90 C 

e b 0.44

UJ •  9.94 ni/*ec 
T» b 93.6° C 

T£ b 29.20 c  
e > 0.23

U J b 6.7 oi/see 
T J = 108° C 

T i  > 32.70 c  
e b 0.10

X
ZZT * y t » X 2: T » / r Yr » X

“ i n / * - y t s

2 1.02 - .6
.6 2 1.03 - .6 4

.64 2 1.01 - .6 8
.68

4 1.09 - .6 6
.68 4 1.06 -.71

.73 4 1.01 - .9 9
.85

7 1.26 - .8 9
.87 6 1.11 - .8 6

.82 6 1.00 -1 .8 3
.95

10 1.94 -1 .31
1.13 10 1.17 - 1.21

1.18 10 .99 1.28

12 -1 .7 0 12.3 - 1.86 13 1.05 1.68

19 1.88 1.63 13 1.23 1.73 20 1.26 2.28

20 2.22 2.13 20 1.49 2.29 30 1.40 3.28

30 3.01 3.43 30 1.77 3.46 40 1.30 4.08

40 4 .10 3 .08 40 2.42 3 60 1.69 5.68

90 6 .26 6 .3 2

60 7.11 7.82

TABLE F I 7

(h = 1.46, z = 0)

Uo •  9.6 m/*ec 
TS ,  122.70 C 
T£ .  2S.9o C 

e  ■ 0.44

0

2

9
7

10
12
19
20 
30 

90 
90 

60

*c max
1.000

.988

.940

. 7 6 2

.613

.94

.49*

.379

,280

.214

.173

.143

US = 9,97 m/se c  
TS = 99.60 C 

T^ = 29.20 C 
e s 0.29 

_ ? ---------  Q c  max

0
6

12

20

30

40

1.000
.8(0
■.637

.460

.363

.291

US z 6.7 o i/iec  
TS = 10*o C 

T i  = 32.70 C 
e » 0.10

0
2

4

6

10
19

20 

30 

40 

60

max
1.000

.989

.889

.779

.649

.995

.997

.481

.382

.267
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