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thermal conductivity of fluid 

K rat io of theoretical to actllal jet momentum 

Q length of hot wire, or mixing length 

SharkNinja Ex. 1025 
Page 5 of 140



- V -

m constant in Equation (A.Ill .1) 

M -  Mac h number 

n - constant in Equation ( A . I I I . l ) 

N^ - Nussel t nuinber = ^^^.^(g^ • y^) 

p -  stati c pressur e 

Pc5 -  r^tati c pressure a t surface o f cylinde r 

p ^ -  tota l pressur e 

Poo "  -stati c pressure o f surroundin g flui d 

P -  stagnatio n pressur e i n plenum chambe r 

(P-P^)ba^ ^ 
R^ -  Reynold s numbe r 2 
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constant in Equation (A. III .1) 
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constant in Equation (A.III.l) 
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static pressure 

static pressure at surface of. cylinder 

t.~otal pressure 

r;t'atic pressure of surrounding fluid 
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Reynolds number --,------
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u dw 
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T_ ci.("lIb Lent absolute temperature 
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1o INTRODUCTIO N 

The study of wall jets is of interest for boundary 

layer control to prevent separation, and basic information 

about curved jets is important when blowing over the knee of 

flaps is considered, or in pneumatic computer design where 

the deflection of fluid streams is desired.^ ^ 

An experimental investigation of the relatively 

simple flow where a jet flows around th e surface of a circular 

cylinder, the surroundings being stationary an d the fluid in 

the jet being the same as that in the surroundings, is 

described. 

The flow shown in Figure (l ) is a wall jet which 

emanates from a slot of width b and flows around the outer 

surface of a circular cylinder of radius a. Th e surrounding 

fluid is at rest at pressure poo^ and the jet entrains fluid 

from it. Henc e the flow resembles a plane wall jet in still 

air. But , whereas the static pressure across the plane wall 

jet can be assumed to be equal to the pressure of the 

surroxindings^^^ there is a pressure drop across the curved 

flow, the surface pressure being lower than that of the 

surroundings. Th e pressure force is related to the centrifugal 

acceleration associated with the curved flow, and keeps the 

jet attached to the wall. A s the jet proceeds around the 

cylinder, the jet velocity decreases due to air being entrained 

from the surroundings. I n consequence, even though the jet 
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1 Q INTRODUCTION 

The st'ud,y of wall jets is of int.erest for boundary 

layer control t,o prevent separa.tion, a.nd basic inform,a.t.lon 

about. curved jets is .important when blowing over the knee of 

flaps is considered, or in pneuma.tic computer design where 

the deflection of fluid, streams is desiredo(l and 2) 

An experimental investigation of the relatively 

simple flow where a jet flows around the surface of a circular 

cylinder, the surroundings being stationary and the fluid in 

the jet being the same as that in the surroundings, is 

described. 

The flow shown in Figure (1) is a wa.ll jet which 

emanates from a. slot of width band flows around t.he outer 

surface of a ci.rcular cylinder of ra.dius a, The surrounding 

fluid is at. rest, at pressure poo, and t.he jet entrai.ns fl.'uid 

from it. Hence t.he flow resembles a plane wall jet in still 

air. But, wherea.s the static pressure across the plane wall 

jet can be a.ssumed to be equal to the pressure of t.he 

surroundings(3) there is a pressure drop across the curved 

flow, the surface pressure being lower than that of the 

surroundings. The pressure force is related to the centrifugaI 

acceleration associated w.ith t.he c'urved fIow, and keeps t,he 

jet attached to the wallo As t.he jet proceeds around. the 

cylinder, the jet velocity decreases due to air being entrained 

from the surroundings. In consequence, even though the jet 
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width increases, the surface pressure gradually rises to p ,̂ 

producing an adverse pressure gradient and the flow finally 

separates from the cylinder. Experiment s show that separation 

does not occur before the value of 0  exceeds well over l80^ 

when the Reynolds number is high and b/a is small.^ ^ 

As in the case of a free jet or wall jet, the flow 

consists of two distinct parts, one near the slot where the 

mixing region rapidly becomes turbulent and spreads into the 

laminar core, and a fully turbulent region which starts 

further downstream where the laminar jet core has disappeared„ 

Only the fully turbulent flow will be considered in this 

paper and, in addition, the flow will be taken as incompressible 

(M < 0,3). 

- 2 -

width increases, t.he surfa,ce pressure gradually rises to· Poo' 

producing an adverse press'ure gradient, and the flow finally 

separat,es from t·he~.:'ylinder 8 Experiments show that separation 

does not occur before the value of e exceeds well over 1800 

when the Reynolds number is high and b/a is small. ( 4 ) 

As in the case of a free jet or wall jet, the flow 

consists of two distinct parts, one near the slot where the 

mixing region rapidly becomes turbulent and spreads into the 

laminar core, and. a fully turbulent region which starts 

further downstream where the laminar jet core has disappeared o 

Only the fully turbulent flow will be considered in this 

paper and, in a.ddition,the flow will be taken as incompressible 0 
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2, DETAIL S OF PREVIOUS INVESTIGATION S 

2.1 Genera l 

There were three previous investigations of note, 

those of Newman^ ^ , Nakaguchi^-^̂  and Sawyer^ \  Bradsha w 

f7) ^ 

and Gee^'^ also made some experimental measurements. 

Dimensional and theoretical analysis was carried 

out by Newman, and the results were compared with experiment. 

Newman noted that for plane uncurved wall jets the skin 

friction, the variation of static pressure across the flow 

associated with the cross component of turbulence v', and the 

longitudinal normal stresses can be considered negligible 

compared to the jet momentiim per unit area of wall at 

sufficiently high Reynolds numbers. Hence , the mean jet 

momentum is conserved. I t was also noted that flows having 

the same jet momentum, but which emerge from slots having 

various widths, produce the same velocity profiles far down-

stream provided a suitable origin is chosen for the streamwise 

coordinate» 

It was, therefore, assumed that for the curved flow 

the skin friction is also small compared to the jet momentum, 

at high Reynolds numbers; hence the sum of the moment of 

momentum and the moment of the pressure forces about the centre 

of the circular cylinder is constant. I n applying this concept, 

it was assumed that the streamlines are circles with centres 

at the centre of the cylinder, that the profiles are similar 

* For other work not directly applicable here because compressible 
flow and small G  are considered se e References28, 29, 30 . 
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coordinate o 

It was, therefore, assumed that for the curved flow 

the skin friction 18 also sma.I1 compared to the jet moment'um. 
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momentum and the moment of the pressure forces about the centre 
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at all downstream positions and that they can be replaced by 

a uniform velocity profile having the same mass flow and the 

same momentum. 

On the basis of these assumptions, the surface 

pressure an d the decay of the maximum jet velocity were 

theoretically predicted, A  law for the jet growth was 

suggested and its constants were determined experimentally. 

This was done by assuming the position of the hypothetical 

origin for an equivalent infinitesimally thin slot to be 

located at the slot for small gap widths. Th e assumed uniform 

velocity and the width of the uniform profile were determined 

experimentally by matching its mass flow and momentum to that 

of the measured similar profile. 

Experimental measurements of surface pressure, 

maximum jet velocity, and position of separation broadly con-

firmed the predictions of the dimensional analysis. Th e 

maximum jet velocity coefficient predicted theoretically agreed 

well with experiments, but the theoretical surface pressure 

coefficient was considerably higher than the experimental one, 

Nakaguchi made a comprehensive theoretical analysis 

for incompressible flows by solving the Navier-Stokes equations 

of motion, after making suitable assumptions to simplify them. 

It was assumeds 

(i) tha t the familiar boundary layer approximation 

holds, i,e, the radial velocity component is 

very much smaller than the tangential one? 

at aIl downstrea.m positions and that they can be replaced by 

a uniform velocity profile having the same mass flow and the 

same momentum. 

On the basis of t:hese assumptions, the surface 

pressure and the decay of t,he maximum jet velocity were 

theoretically pred.icted ct A la\\.~ for the jet growth was 

suggested and its constants were determined experiment,ally. 

This was done by assuming t.he position of the hypothetical 

origin for an equivalent infinitesimally thin slot to be 

located at the slot for small gap widths. The assumed uniform 

velocity and the width of the uniform profile were determined, 

experimentally by matching its mass flow and momentum t.o that 

of the measured similar profile. 

Experimental measurement.s of surface pressure, 

maximum jet velocit'y, and position of separation broadly con-:> 

firmed the predict.ions of the dime.nsional analysis 0 The 

maximum jet velocity coefficient predicted theoretically agreed 

weIl with experiments, but t.he theoretical surface pressure 

coefficient was considerably hi.gher than the experimental one. 

Nakag'uchi made a comprehensive theoretical analysis 

for incompressible flows by solving the Navier-Stokes equati.::>ns 

of motion, aft,er making suitable assumptions to simplify them. 

It was assumed: 

(i) that the familiar bounda.ry layer approximat.ion 

holds, ioe. the radial velocity component is 

very much smaller than the tangential one: 
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(ii) tha t the width of the flow is very much 

smaller than the radius of the flow curvature, 

ioe. f /̂ y 0(6) and - 7 " / ^ - ; a ^  ^ a+ y a 

(iii) tha t the pressure changes in the flow direction 

are negligible in so far as they affect the 

momentum of the flow; 

(iv) tha t the velocity profiles are similar and the 

boundary layer portion of the flow is negligible, 

and that the non-dimensional velocity profiles 

can therefore be represented by a half free jet 

profile; 

(v) tha t the rate of spread of the jet is proportional 

to v', which in turn is proportional to the 

centrifugal pressure change across the flow, the 

constants of proportionality being established 

experimentally; 

(vi) tha t the turbulent sheer stress can be simply 

related to eddy viscosity as was done by 

Gortler^ ^  for a free jet; 

(vii) tha t self preservation of u* an d v * exist s 

(9) as stipulated by Townsend^ -'; 

(viii) tha t all flows can be reduced to a universal 

flow which emanates from a hypothetical origin. 

Assumptions (i ) and (viii ) are the same, (ii) and 

(iii) are simpler, and (iv) , (vi) and (vii ) are more sophisti-

cated than Newman's assumptions. 

- 5 -

(ii) that the width of the flow is very much 

smaller than the radius of the flow curvat.ure, 

l 1 
- (\...J--
a+y a' 

(iii) that the pressure changes in the flow direction 

are negligible in so far as they affect the 

momenturn of the floWi 

(iv) that the velocity profiles are similar and t,he 

boundary la'yer portion of the flow is negligible, 

and that the non-dimensional velocity profiles 

can therefore be represented by a half free jet 

profilei 

(v) that the rate of spread of the jet 15 proportional 

to Vi, which in turn is proportional to the 

centrifugaI pressure change across the flow, the 

constants of proportionality being established 

experlmentallYi 

(vi) that the turbulent sheer stress can be simply 

related to eddy viscosity as was done by 

.. (8) Gortler for a free jet; 

(vii) that self preservation of u,2 and v,2 exists 

as stipulated by Townsend(9): 

(viii) that aIl flows can be reduced to a universal 

flow which emanates from a hypothetical origine 

Assumptions (i) and (viii) are the same, (ii) and 

(iii) are simpler, and (iv), (vi) and (vii) are more sophist;i-

cated than Newmanls assumptions. 
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Formulae were derived for the radial velocity 

distribution, the local maximum jet velocity and the wall 

pressure, 

Integrating the equation of motion across the flow, 

the effect of skin friction forces was included in the analysis, 

yet the universal flow concept was retained. 

In order that the local maximum jet velocity and the 

wall pressure could be determined, it was necessary to know 

from experiment the maximum jet velocity at some arbitrarily 

chosen point in the fully developed flow. 

Experiments were carried out by measuring the 

velocity and pressure distributions and wall pressures in jets 

flowing over cylindrical surfaces of various radii. Th e slot 

width was kept constant in all cases, and measurements were 

made at two slot jet velocities. 

Sawyer^ ^ studied two-dimensional turbulent jets 

with adjacent boundaries. H e investigated, among other flow 

configurations, a curved flow where the walls (concave and 

convex) were designed in such a manner that the ratio of jet 

width to radius of curvature was maintained constant along 

the jet. Hi s treatment of the relationship between jet growth 

and the flow curvature is relevant to the present investigation 

and will be examined in some detail in Section (2,2) , 
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Formulae were derived for the radial velocity 

distribution, the local maximum jet velocity and the wall 

pressure. 

Integrating the equation of motion across the flow, 

the effect of skin friction forces was included in the ana.lysis, 

yet the universal flow concept was retained. 

In order that the local maximum jet velocity and the 

wall pressure could be determined, it was necessary to know 

from experiment the maximum jet velocity at sorne arbitrarily 

chosen point in the fully developed flow. 

Experiments were carried out by measuring the 

velocity and pressure dist,ributions and wall pressures in jets 

flowing over cylindrical surfaces of various radii. The slot 

width was kept constant in aIl cases, and measurements were 

made at two slot jet velocities. 

sawyer(6) studied two-dimensional turbulent jets 

with adjacent boundaries. He investigated, among other flow 

configurations, a curved flow where the walls (concave and 

convex) were designed in such a manner that the ratio of jet 

width to radius of curvature was maintained constant along 

the jet. His treatment of the relationship between jet growth 

and the flow curvature is relevant to the present investigat.ion 

and will be exarnined in sorne detail in Section (2.2). 
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2.2 Th e Effect of Curvature on the Rate of Growth for 

Curved Jets. 

In order to establish the jet growth rate. Sawyer^ ^ 

based his approach on Prandtl'ŝ  ^  mixing length concept and 

argued that, when the radius of curvature is positive, there 

is an increase in mixing length in the outer part of the flow 

due to centrifugal effects. H e contended that when a parcel 

of fluid moves outward in the outer part of a jet with convex 

curvature, its velocity is greater than the velocity of the 

surroundings. Th e centrifugal force per unit mass acting on 

the parcel of fluid is higher than that acting on the surround-

ing fluid. Bu t since the centrifugal forces and the pressures 

balance in the mean, the parcel of fluid is subject to an 

instantaneous total force, moving it further out, with a 

consequent increase in the mixing length. O n this basis the 

mixing length is increased by a factor of 

i| - ^ = 1 - constant fi/ 1̂  ....(2.1 ) 

compared with a straight jet, the constant being established 

experimentally. 

Following Gortler^ ̂ , mixing length and jet grov̂ th 

are related by 

i-f(¥y)-i'^„ 

- 7 -

2.2 The Effect of Curvature on the Rate of Growth for 
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instantaneous total force, maving it further out, with a 

consequent increase in the mixing length. On this basis the 
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are related by 

SharkNinja Ex. 1025 
Page 14 of 140



- 8 -

hence 

•'m 

t ^ - 1 
m 

The growth of a curved jet is therefore increased 

or decreased, compared to the growth of a straight jet when 

the curvature is convex or concave respectively, 

Stratford et al.^ ^  approached the problem slightly 

differently, but also based their analysis on the mixing 

length concept. The y related the increase in mixing length 

to the flow curvature by examining the transverse motion of 

turbulent eddies from a kinematic point of view. The y found 

that the mixing length for a wall jet flowing over a convex 

cylindrical surface, as compared with that for a straight jet, 

was increased by a factor of 

U bi 
i •  2u/ , Su x ...(2o2 ) 

due to flow curvature in the outer part of the jet. Thi s is 

the same as Sawyer's Equation (2.1) for small ~ / ^̂  whic h 
m y 

was assumed in both analyses. Takin g a mean value for u/^^ 

over the velocity profile, it was found that this factor 

could be expressed as 

- 8 -

hence 
y ·m 
2 

The growth of a curved jet ls therefore increased 

or decreased, compared to the growth of a straight jet when 

the curvature is convex or concave respectively. 

Stratford et alS ll ) approached the problem slightly 

differently, but also based their analysis on the mixing 

length concept. They related the increase in mixing length 

to the flow curvature by examining the transverse motion of 

turbulent eddies from a kinematic point of view. They found 

that the mixing length for a wall jet flowing over a convex 

cylindrical surface, as compared with that for a straight jet, 

was increased by a factor of 

1 -
1 - ~/(- ~) a oy 

due to flow curvature in the outer part of the jet. This is 

the same as Sawyer's Equation (2.1) for small ~~u, which um y 

was assumed in both analyses. Taking a mean value for u~~ 
over the veloctty profile, it was found that this factor 

could be expressed as 

1 + ~ b .!± (b)2 - 3 a + 9 a + ... •.. (2 .3) 
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for a jet in still air, where b is the width of the mixing 

region. Th e width of the mixing region was defined as the 

distance between the point of maximum jet velocity and the 

outer edge of the jet. 

Nakaguchî -'̂ '' seems to base his argument on strict 

similarity of the flow in all details, including turbulence, 

Ym 
so that ( c p Ujn g  )  ̂wall pressure ^  magnitud e of v ' , and 

dym 

dx 
since •|v'|/.̂Uj(( 2 

m 

dx 
a' -h b* 

Vm 
Jl^ ,..(2.4) 

Since x = a.0±  where 6i  i s measured from the hypothetical origin 

y m 
where ^  vanishes , a 

^m 

a^i 
= C + C ' ©3̂  ,  , .(2.5) 

was obtained for the spread of the jet. Th e constant C 

represents the growth of a plane wall jet and Nakaguchi fixed 

its value as O.O86, Th e value of the constant c' was to be 

found experimentally, 

(4) Newman^ ^  postulated that the curved jet growth will 

be equal to the growth of a plane wall jet plus a term due to 

the flow curvature and proportional to the jet half width to 

- 9 -
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distance between the point of maximum jet velocity and the 

outer edge of the jet. 

Nakaguchi(5) seems to base his argument on strict 

similarity of the flow in aIl details, including turbulence, 

sa that (c p u m
2 

Ym 
l) "-.J wall pressure /V magnitude of v' 12, and 
a 

sinee "IV 1\ /'Vum 

Ym 

dx + b l l 
a 

... (2.4) 

Since x = aBI where el is measured from the hypothetical origin 

Ym 
wheie ~ vanishes, 

a 

... (2.5) 

was obtained for the spread of the jet. The constant C 

represents the growth of a plane wall jet and Nakaguchi fixed 

its value as 0.086. The value of the constant C was to be 

found experimentally. 

Newman(4) postulated that the curved jet growth will 

be equal to the growth of a plane wall jet plus a term due to 

the flow curvature and proportional to the jet half width to 
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Ym 
radius ratio - ^ a" y I.e. 

^m Y m 

Te^ = c + ck - ^ ...(2.6) 
1 

where 0-^  is measured from the hypothetical origin, k is of 

order unity, and both C and k are established experimentally. 

Comparison of Sawyer's and Stratford's work. 

Equations (2.1) and (2.2) , shows comparable results (6? « I  ) 

in spite of the somewhat different approaches taken. Thes e 

relationships express the local change in mixing length due 

to flow curvature. Stratfor d obtained Equation (2,3) ŝ an 

average value and it should be noted that there is no 

arbitrary constant in this equation. Th e width of the mixing 

region, b, is very difficult to measure wit h any degree of 

accuracy, however, and it can be expressed more conveniently 

as being proportional to (yj^ - ŷ )̂ . Whe n this is done and the 

growth of the jet is obtained from Equation (2.3) ^ the 

relationship for the jet growth contains at least two arbitrary 

constants. Hence , in spite of the apparent theoretical 

treatment, an empirical growth law is obtained. Thi s state-

ment applies also to Sawyer's work. 

Newman's growth law was based on a simple extension 

of the linear growth for a plane wall jet, but it will be 

shown in Sections (3) and (4) that it can be obtained by 

dimensional reasoning and series expansion. 

Ym 
radius ratio ~ · a , 1..e. 

- C + Ck 

- 10 -

Ym 
"2 
a o •• (2.6) 

where el is measured from the hypothetical origin, k is of 

order unit y, and both C and k are established experimentally. 

Comparison of Sawyerls and Stratford's work, 

Equations (2.1) and (2.2), shows comparable results (ô~ «t ) 
in spite of the somewhat different approaches taken. The se 

relationships express the local change in mixing length due 

to flow curvature. Stratford obtained Equation (2.3) as an 

average value and it should be noted that there is no 

arbitrary constant in this equation. The width of the mixing 

region, b, is very difficult to measure with any degree of 

accurac~however, and it can be expressed more conveniently 

as being proportional to (Ym - Ym). When this is done and the 
~ 

growth of the jet is obtained from Equation (2.3), the 

relationship for the jet growth contains at least· two arbitrary 

constants. Hence, in spite of the apparent theoretical 

treatment, an empirical growth law is obtained. This state­

ment applies also to Sawyer's work. 

Newrnan's growth law was based on a simple extension 

of the linear growth for a plane wall jet, but it will be 

shown in sections (3) and (4) that it can be obtained by 

dimensional reasoning and series expansion. 
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Hence all flow investigators obtained growth relation 

ships containing empirical constants when they investigated 

the effect of curvature on the rates of growth for curved 

jets. The simplest and most useful for the present investiga­

tion appear to be Newman's and Nakaguchi's growth laws, and 

they will be compared with experimental results in Section (6). 

- Il -

Hence all flow investigators obtained growth rela,t,~~on­

ships containing empirical constants when they invest,igated 

the effect of curvature on the rates of growth for curved 

jets. The simplest and rnost useful for the present invest,iga-­

tion appear to be Newman 1 s an'd Nakaguchi 1 s growth laws, and 

they will be compared with experimental results in Section (6). 
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3. DIMENSIONA L ANALYSIS 

Newman ̂s Analysis Modified 

Since the flow can be considered effectively 

incompressible, the independent parameters which define the 

flow are: 

P " " Poo th e plenum chamber pressure relative to 

the surroundings 

p th e density of the fluid 

V th e kinematic viscosity of the fluid 

b th e slot width 

a th e cylinder radius 

6 th e angular distance from the slot 

the geometry of the contraction. 

The non-dimensional criteria of similarity may be 

expressed as 

^' a ' 
(?-Poo)^^ 

pv 

1 
•2 

non-dimensional numbers 
describing the contraction 

For the particular apparatus used, the geometry of 

the contraction is a fxmction of b, hence the criteria of 

similarity reduce to 

^' a' pv^ 

1. 
2 

The coefficient of actual jet momentum emanating 
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p the density of the fluid 

v the kinematic viscosity of the fluid 

b the slot width 

a the cylinder radius 

e the angular distance from the slot 

the geome"try of the contraction. 

The non-dimensional criteria of similarity may be 

expressed as 
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For the particular apparatus used, the geometry of 

the contraction is a function of b, hence the criteria of 
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The coefficient of actual jet momentum emanating 
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from the slot may be written as 

Jo _ = K = f ( •^, 
2(P-p^)b ^ 

(P-P^)ba 

1 
12 

...(3.1) 

The non-dimensional length scales for similar 

velocity profiles a 
Ym 

^^^ ai -can b e w r i t t e n a s 

2 f(̂ . I 
(P-p^)ba 

pV 

1 
2 

. . . ( 3 . 2 ) 

and 

ym 
2 

ad f(^> I 
(P-p^)ba 

pv 

J. 
2 

. . . ( 3 . 3 ) 

It is permissible to write then 

•'m 

2 
ad 

= f( 

ym 
j_ b 
a ' a' 

1, 
-i2 

(P-p„)ba 

pv 
) 

...(3.4) 

The angular position of separation becomes 

(P-P«,)ba 
®sep. - ^( a' 

JL 
1 2 

pv 
) ...(3.5) 

similarly, the surface pressure coefficient becomes 
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from the slot may be written as 
1 -2 

Jo ) ... (3 . 1 ) 2(P-p )b 
00 

The non-dimensional length scales for similar 

velocity profiles 
Ym Ym 
l and ~ 

a au- can be written as 

Ym 
"2 

! 
J2 [(p-poo)ba] 2 

- f(e, a' 2 ) 
pv a 

and 

1. 

aB 
12 [(p-poo)ba] 2 ) 

f(e, a' 2 
pv 

It 1s permissible to write then 

1 -
Ym 
2 - f( -a ' 

12 [(p-poo)baj 2 
a' 2 ) pv 

-aB 

The angular position of separation 

1 

b [(p-poo)ba]2 
esep . = f( a' pv2 ) 

becomes 

... (3 .2) 

... (3.3) 

.•• (3.4) 

... (3.5) 

Similarly, the surface pressure coefficient becomes 
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(Poo- Pa)a 

(P-P«,)t5 
f(0. $, 

(P-Poo)̂ a 

pv 

1 
•5 

.(3.6) 

and the maximum jet velocity coefficient is given by 

P ^m ^Q 
(P-P^)b f(9, -, \ ' a' 

(P-p^)ba 

L pv 

J. 
2 

...(3.7) 

If the surface roughness is also important, an 
• I -

additional non-dimensional criterion of similarity — should 
•* a 

be added, where h is a measure of the surface roughness. 

If the skin friction forces are negligible compared 

with the jet momentum, a suitable zero can be chosen for the 

angular position 0, and a universal flow can be assumed to 

emanate from this hypothetical origin., Th e location of the 

hypothetical origin measured from the slot can be expressed as 

^o - *( |. 

(P-p )ba 
^ •* • 0 0 ' 

pv 

I 
2 

...(3.8) 

At a sufficient distance downstream from the slot 

the jet momentum 2(P-Poo)^ replace s th e two separate 

independent parameters (p-Poo ) and b^ \  Henc e the independent 

parameters for the universal flow become: 

KfP-p )b on e half of the jet momentum emanating 

from the slot 

P. V, a as defined before 

6 the angular position measured from the 

_ f(e
J 

b 
a' 

and the rnaximum jet velocity coefficient is given by 

I -
P um

2ae ~ l2 
f(e, 

b (p-poo)baJ 
) ... (3.7) 

(P-Poo)b - a' py2 

If the surface roughness is aiso important, an 

additional non~dimensional criterion of similarity h should a 

be added, where h is a measure of the surface roughness G 

If the skin friction forces are negligible compared 

with the jet momentum, a suitable zero can be chosen for the 

angular position e, and a universal flow can he assumed to 

emanate from this hypothetical origino The location of the 

hypothetical origin measured fI'om the slot can be expresse.d 2.5 

l 

b [(p-poo)ba

J 
2 

- f( ii 2 ) 
pv 

... (3 .8) 

At a s'ufficient distance downstream from the slot 

the jet momentum 2(P-Poo)b replaces the two separate 

independent parameters (p-P~)and b(4). Hence the independent 

parameters for the universal flow become: 

one half of the jet momentum emanati~ng 

from the slot 

p, Y, a as defined before 

the angular position measured from the 
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hypothetical origin (0i = 0 + G^)  . 

The non-dimensional length scales for the similar 

Ym Y m 
"2 " 2 velocity profiles -5— and —r- ar e then written as 
^ a01 

ym 
•5 

= f(ei. 
K(P-p^)ba 

pv 

_1 
2 

...(3.9) 

and 

m 
2 
a© = f(ei . 

K(p-p )ba 

pv 

1 
2 

...(3.10) 

from which 

m 

a0 = f ( 

^m 
2 

K(P-Poo)̂ a 

pv 

J, 
2 

...(3.11) 

is obtained 

The angular position of separation G-^  become s 
sep. 

01 sep. = f ( 
K(P-Poo)t5a 

pv 

1 
2 

...(3.12) 

Furthermore, for sufficiently high Reynolds numbers 

Re = 
K(P-p^)ba 

pv 

1 
2 

the structure of the large-scale eddies, hence the mean flow. 

- 15 -

hypothetical origin (el = B + Bo). 

The non-dimensional length scales for the similar 

Yrn Yrn 

velocity profiles a~ and ~ are then written as 
aB l 

1 -Yrn 
[K(P-Poo)b1

2 

) 2 
f(B l , -a 

pv2 

and 

Ym 
1 

[ K(P-P,Jbj2 2 
f(e l , ) aB l 

-
pv 2 

from which 

is obtained 0 

The angu1ar position of separation el 
sep. 

1 

_ f r K(p-poo)ba l2 ) 
elsep . - (t pv2 J 

... (3.9) 

•.. (3 .10 ) 

... (3.11) 

becomes 

... (3.12) 

Furthermore, for sufficiently high Reynolds numbers 

1 -_ [K(P-Poo)bj 2 
Re - 2 

pv 

the structure of the large-sca1e eddies, hence the mean flow, 
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(g) 
tends to become insensitive to viscosity ,  therefore 

independent of changes in Reynolds number. I t should be 

noted however, that the associated limiting Reynolds number 

may be a function of —. Th e rate of growth of the jet is 
a 

then 

^m ^ m 

= f("ir" ) . . . (3 .13 ) SLGI 

and the position of separation 

l̂̂ v̂. =  constant ...(3.1^ ) 
•̂ sep. ^^  * 

The surface pressure coefficient becomes 

(Poo- Ps)a ,  ,  ,  , 

and the maximum jet velocity coefficient is given by 

2 ^ 

^TP^illS^ - "^l> •••(3.16) 
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tends to become insensitive to Viscosity(9), therefore 

independent of changes in Reynolds number. It should be 

noted however, that the associated limiting Reynolds numper 

may be a function Of~. The rate of growth of the jet is 

then 

Ym 
f( a"2 ) 

and the position of separation 

81 sep . = constant 

The surface pressure coefficient becomes 

... (3.13) 

... (3.14) 

.. · (3 .15) 

and the maximum jet ve10city coefficient ls given by 

... (3 .16 ) 
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4, THEORETICA L ANALYSIS 

Newman's Analysis Modified 

Newman's^ ^ assumptions and universal flow model 

are retained, but whereas Newman assumed that the hypothetical 

origin was located at the slot for small —, and that the slot 
a 

boundary layers are negligible, the position of the hypotheti-

cal origin and the effect of the slot boundary layers on the 

slot jet momentum are now taken into account. 

It was shown by dimensional considerations in 

Section (3 ) that for high Reynolds numbers the position of 

the hypothetical origin from the slot can be written as 

ô = f(! ) 

Expressing the function as a power series with 

Go-^0 a s - — 0, 

2 
ô = c^l + c^(^) + ... ...(4.1) 

is obtained. 

Experimental results of plane wall jets in still 

air show that the position of the hypothetical origin from 

the slot varies linearly with the slot width. Sinc e similar 

behaviour is expected for the curved flow. Equation (4.1) is 

reduced to 

ô = ̂ 1 I ...(4.2) 
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is obtained. 

Experimental resu1ts of plane wall jets in still 

air show that the position of the hypothetical origin from 
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behaviouris expected for the curved flow, Equation (4.1) is 
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Dimensional reasoning gave for the spread of the 

jet width: 

^B Y m 

= f(-r^ ) a0. 

which, expressed as a power series, becomes 

^m Y m y m 

Newman showed that the growth of the jet can be 

expressed as 

y y 
m -̂ m 

_ 2 - =  C + Ck ^ - ...(4.4 ) 
ae-L ^ 

which corresponds to the first two terms of Equation (4,3) . 

G-^ =  G  + G^  b y definition. ...(4.5 ) 

Taking the slot boundary layers into account, and 

noting that dimensional analysis showed that 

^ ^ — =  K = f(|, R j 
K(P-p^)b 

where the value of K is found experimentally, Newman' s 

surface pressure coefficient becomes: 

- 18 -

Dimensional reasoning gave for the spread of the 

jet width: 

Ym 
f ( "2) 

a 

which, expressed as a power series, becomes 

Ym 
"2 
a 

2 
Ym 

"2 
a ) + ... ... (4.3) 

Newman showed t.hat the growth of the jet can be 

expressed as 

•.• (4.4) 

which corresponds to the first two terms of Equation (4~3) . 

by definition. . . . ( 4 .5) 

Taking the slot boundary layers into account, and 

noting that dimensional analysis showed that 

K(P-p )b 
00 

where the value of K is found experimenta11y, Newman's 

surface pressure coefficient becomes: 
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Ym 
(Pco- Pfi)̂  8  In (E  ̂+  1) 

K(P-Poo)l̂  ^ 
•2 2 y m 

(E-f- + 1) - 1 +2 In (E _£_ +1) 
^ a 

...(4.6) 

and the maximum jet velocity coefficient 

P u^ a 01 8  0j_ 
K{P-p )b 

D2 
Ym 2  Y m 

(E-^ +1) - 1 +2 In ( E _2_ +1) 

...(^.7) 

where 

D = T " ...(4.8) 
m 

the ratio of the square profile velocity to the corresponding 

maximum jet velocity, and 

E = "7^ ...(4.9) 
IS 
2 

the rati o o f the width o f the square velocit y profil e t o the 

half width of the jet as postulated by Newman. 

It should be noted that the moment of the pressure 

forces at the slot is neglected on the basis that it is small 

compared with the jet momentum. 

{poo- ps)a 

K(P-Poo)b 
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Ym 
8 ln (E ; + 1) 

Ym Ym 2 
(E~ + 1) a -1 +2 ln (E ~ +1) 

a 

... (4.6) 

and the maximum jet velocity coefficient 

2 
P um a el 
K(P-poo)b 1 Ym 2 Ym l 

D2L(E-f +1) -1 +2 ln (E ~ +1~ 

•.. (4.7) 

where 

D - •.. (4.8) 

the ratio of the square profile velocity to the corresponding 

maximum jet velocity, and 

E - ... (4.9) 

the ratio of the width of the square velocity profile to the 

half width of the jet as postulated by Newman. 

It should be noted that the moment of the pressure 

forces at the slot is neglected on the basis that it is small 

compared with the jet momentum. 
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5. EXPERIMENTA L INVESTIGATION 

Experimental measurements were carried out on a 

6 inch diameter plexiglass cylinder fitted with end plates 

and supplied with air from a plenum chamber located on the 

outside of the cylinder. Thi s was the apparatus used by 

Newman at Laval University. I t is shown in Figure (2) and 

it is described in Appendix I. Th e experimental arrangement 

is shown in Figure (3-a) 

Exploratory measurements made on Newman's apparatus 

showed that two-dimensionality was very difficult to obtain, 

the apparatus having been slightly damaged during shipment 

to McGill. Afte r repairs and modifications, satisfactory 

two-dimensionality was established, however, (Figure 4), so 

that a set of surface pressure, velocity and separation 

position measurements could be made. Th e velocity measure-

ments were made with pressure probes. Detail s of the 

experimental procedure followed are given in Appendix I. 

It became quite clear, however, that excessive 

effort would be required to maintain satisfactory flow 

conditions for an extensive investigation. I t appeared also 

that the flow, in particular the position of separation, was 

affected by the wall of the plenum chamber. A  steel cylinder 

having the plenum chamber located within the cylinder w ŝ 

therefore designed and subsequently produced to very close 

tolerances. 

Appendix II contains a description of this improved 
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apparatus and details of the experimental procedure. 

Figures (5) and (3,b) show the apparatus and the experimental 

arrangement <. 

This improved apparatus gave consistent two-

dimensionality (typical results are shown in Figures (6) an d 

(7))^ an d it was used for an extensive range of experimental 

measurements, 

Wall static pressure measurements were made, slot 

velocity profiles were taken by hot wires and a flat total 

probe, and the actual jet momentum, ( pu^dy , emanating 
-̂o 

from the slot compared with the theoretical jet momentum, 

2(P-"Poo)b, was established for various — ratios for a range 

of Reynolds numbers. Th e position of separation was determined 

for smooth and rough cylinders, and the direction of the mean 

velocity was established in the fully developed turbulent 

flow by means of very flexible tufts. Th e longitudinal 

component of the turbulent intensity was also measured. 

A comparison made between velocity profiles taken 

by hot wires using a DISA non-linearized constant temperature 

anemometer and by total-static probes showed considerable 

discrepancy (Figure 8) . A  further test indicated negli-

gible error in the hot wire anemometer output due to the 

lack of linearization (Figur e 9, Appendix III). I t was 

concluded, therefore, and for reasons given in Appendix III, 

that velocities measured with hot wires in highly curved 

flows are likely to be more accurate than those measured by 
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apparatus and details of the experimental procedure. 

Figures (5) and (3.b) show the apparatus and the experimental 

arrangement 0 

This i.mproved apparatus gave consistent, t,wo­

dimensional.ity (typical resul ts are shown in Figures (6) and 

(7))J and it was used for an extensive range of experimental 

measurements o 

Wall static pressure measurements were made, slot 

velocity profiles were 'taken by hot wires and a fIat total 

probe, and the actual jet momentum, ~b pu2dy, emanating 

o 

from the slot compared with the theoretical jet momentum, 

2(P-Poo)b, was established for various ~ ratios for a range 

of Reynolds numbers. The position of separation was determined 

for smooth and rough cylinders, and the direction of the mean 

velocity was established in the fully developed turbulent 

flow by means of very flexible tufts. The longitudinal 

component of the turbulent intensity was aiso measured. 

A comparison ma.de between velocity profiles taken 

by hot wires using a DISA non-linearized constant temperature 

anemometer and by total-static probes showed considerable 

discrepancy (Figure 8). A further test indicated negli-

gible error i.n the hot wire anemometer output due to the 

lack of li.nearization (Figure 9, Appendix III). It was 

concluded, therefore, and for reasons given in Appendix III, 

that velocities measured with hot wires in highly curved 

flows are likely to be more accurate than those measured by 
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total-static probes. Ho t wires were used, therefore, for all 

velocity measurements around the improved cylinder. 

Special precautions were taken and appropriate 

calibrating and measuring techniques were used for hot wire 

measurements. Thes e are described in Appendix III together 

with the conditions that made them necessary. 

All measurements were carried out with the stagna-

tion to atmospheric pressure ratio being less than 1.05^ hence 

the flow could be considered effectively incompressible. 

The range of the experiments and the accuracies 

expected are shown in Table I for Newman' s and the improved 

apparatus. 
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velocity measurements around the improved cylinder. 
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calibrating and measuring techniques were used for hot wire 

measurements. These are described in Appendix III together 

with the conditions that made them necessary. 

AlI measurements were carried out with the stagna­

tion to atrnospheric pressure ratio being less than 1.05, hence 

the flow cO'uld be considered effectively incompressible. 

The range of the experiments and the accuracies 

expected are shown in Table l for Newrnan's and the improved 

apparatus. 

SharkNinja Ex. 1025 
Page 29 of 140



- 23 -

6o DISCUSSIO N OF EXPERIMENTAL RESULTS 

AND COMPARISON WITH THEORY 

6.1 Velocit y Profiles 

Velocity profiles measured in wall jets flowing 

over the surface of the improved cylinder are shown in 

Figures (lO ) for four — ratios at high Reynolds numbers 
a 

(Re = 4.0 X 10^) . Thi s value was found from Newman's 

experiments to be sufficiently high for the flow to be 

independent of Reynolds number. O f particular interest are 

Figures (10.5 ) to (IO.7) , showin g the velocity traverses 

taken at three different times at a — ratio of 0.0379 and at 
a 

a Reynolds number of 4.0 x 10^ with two hot wires of 

different diameters and materials. Thes e figures also show 

the r.m.s. longitudinal component of turbulence as a percen-tage of the local mean velocity, 1u'^/u. Th e mean velocity 

measurements exhibit an experimental scatter especially in 

the outer part of the flow; but there is also a definite 

systematic difference between the results obtained by hot 

wires of different materials. Th e maximum deviation at 

the velocity maximum is of the order of + 5^, giving an 

indication of the maximum error of the velocity measurements. 

The difference between velocity as measured by wire N7 is of 

the order of ± 2^^ at the maximum velocity, and since all 

the traverses obtained at the other three •- ratios were made 

using wire N7, a reasonable consistency in accuracy can be 

expected over the whole range of measurements. 

Turbulence intensity profiles obtained using the two 
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60 DISCUSSION OF EXPERIMENTAL RESULTS 
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6.1 Velocity Profiles 

Velocity profiles measured in wall jets flowing 

over the surface of the improved cylinder are shown in 

Figures (10) for four b ratios at high Reynolds numbers a 

(Re = 4.0 x 104). This value was found from Newman's 

experiments to be sufficient1y high for the flow to be 

independent of Reynolds number. Of particular interest are 

Figures (1005) to (10.7), showing the velocity traverses 

taken at three different t.imes at a b ratio of 0.0379 a.nd at 
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a Reynolds number of 400 x 104 with two hot wires of 

different diameters and materials. These figures also show 

the rom.s. longitudinal component of turbulence as a percen­

tage of the local mean velocity, ~ u'2/u. The mean velocity 
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the outer part of the floWi but, there 1s aiso a defi.nite 

systematic difference between the results obtained by hot 

wires of different materials. The maximum deviat,ion at 

the velocity maximum is of the order of : 5%, giving an 

indication of the maximum error of the velocity measurements. 

The difference between velocit,y as measured by wire N7 is of 

the order of ± ~ at the maximum velocity, and since aIl 

the traverses obtained at t.he other three 12 ratios were made a 

using wire N7, a reasonable consistency in accuracy can be 

expect,ed over the whole range of measurements ~ 
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different wires show considerable deviation where the 

turbulence intensity is high and/or the velocity is low. 

The reason for this is that the turbulence intensity as a 

proportion of m.ean velocity is very sensitive to errors in 

calibration which occur at low velocities. 

Comparison of turbulence intensity 1u"^/u is made 

in Figure ( ll) between present results and the measurements 

of Bradshaw and Gee^'^ o n a circular cylinder. Bradsha w and 

Gee did not indicate the angular position where the turbulence 

profile was taken, but, judging from their apparatus, it 

must have been obtained between G  = 75^ and l45^. T o permit 

comparison, the results of the present measurements taken 

at 6 = 750 and G  = 145^ are shown in Figure ( 11) . Agreemen t 

with Bradshaw and Gee is good within the accuracy of the 

measurements. Th e results of the present measurement made 

at the two angular positions suggest experimental inaccuracy 

rather than a systematic difference. 

The percentage turbulence intensities measured on 

the circular cylinder at 9 = 75^ and 0 = l45^ are plotted 

( W 
in Figure (12) against — g — 2 ^, where 5f = 

"21 
, and 

they are compared with similar results obtained in plane 
(12) 

wall jets by Bradshaw and Gee and by Patel.^ ^  Althoug h 

there is some discrepancy between the results, it seems that 

this is due to experimental errors, and the longitudinal 

turbulence intensities appear comparable for plane and 

curved wall jets. 
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The reason for this is that the turbulence intensity as a 

proportion of mean veloci.t,y is very sensitive to errors in 

calibration which occur at low velocities. 

Comparison of turbulence intensity 1u'2/u is made 

in Figure (11) between present results and the measurements 

of Bradshaw and Gee(7) on a circular cylinder. Bradshawand 

Gee did not indicate the angular position where the turbulence 

profile was taken, but, judging from their apparatus, it 

must have been obtained between e = 750 and 14500 To permit 

comparison, the results of the present measurements t,aken 

at e = 750 and e = 1450 are shown in Figure (11). Agreement 

with Bradshaw and Gee 18 good within the accuracy of the 

measurementso The results of the present measurement made 

at the two angular positions suggest experimental inaccuracy 

rather than a systematic difference o 

The percentage turbulence intensities measured on 

the circular cylinder at e = 75° and e = 145° are plotted 

" 
they are compared with similar results obtained in plane 

wall jets by Bradshaw and Gee and by patel.(12) Although 

there is sorne discrepancy between the results, it seems that 

this is due to experimental errors, and the longitudinal 

turbulence intensities appear comparable for plane and 

curved wall jets. 
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6.2 Non-Dimensiona l Velocity Profiles 

Non-dimensional velocity profiles are shown for 

Newman's cylinder in Figure 0-3) , wher e -^ is plotted vs. 

— ^ fro m total pressure traverses taken at 0 = 45^, 90^ , 
IS 
2 

135^, l80O and 210^. Als o shown is the theoretical curve 

obtained from Glauert's^ ^  theory , for —^  = 0,14, for plane 
Ym 

wall jets. Wit h the exception of those at  G  =  210^, experi-

mental data and theory are in very good agreement except in 

the outer part, where the measurements are expected to be in 

error (se e Appendices I and II) . Th e results fall on a 

single curve showing similarity of velocity profiles over 

most of the flow. Thu s Newman's results are reproduced and 

his conclusions concerning similarity^are confirmed. 

Figures (  14) sho w the non-dimensional velocity 

profiles obtained from measurements made on the improved 

cylinder, the traverses being taken by hot wires at 0 = 40^, 

750^ 110^ , 1450^ 1800 and 2000 for all four gap widths. 

The results collapse fairly well on a single line, confirming 

similarity,* and they are also in very good agreement with 

Glauert's theory for plane wall jets, even in the outer part 

of the flow. A t very large G  near separation, the boundary 

layer part of the flow grows much more rapidly than the 

outer part and similarity is no longer possible. Sinc e the 

velocity measurements carried out by hot wires are considered 

to be reasonably accurate even at the outer edge of the flow. 

* Similarity of velocity profiles. 
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6ct2 Non-Dimensional Velocity Profiles 

Non--dimensiona1 veloc.lt.y profiles are shown for 

Newman's cylinder in Figure ~3), where JL is p10tt,ed vs 0 

~ 
y 
Ym 

"2 
from total pressure traverses taken at e = 450, 90°, 

135°, 1800 and 2100. Also shown is the theoretical curve 

obtained from Glauert's(13) theory, for Ym - 0.14, for plane 
Ym 
~ 

wall jets. With the exception of those at e = 210°, experi-

mental data and theory are in very good agreement ex'cept in 

the outer part, where the measurements are expected to be tn 

error (see Appendices l and II). The resu1ts fa11 on a 

single curve showing similarity of velocity profiles over 

most of the flow. Thus Newman's results are reproduced and 

his conclusions concerning similarity*are confirmed. 

Figures (14) show the non-dimensional velocit.'y 

profiles obtained from measurements made on the improved 

cylinder, the traverses being taken by hot wires at e = 40°, 

750 , 1100 , 1450, 1800 and 2000 for aIl four gap widths. 

The results collapse fairly weIl on a single line, conf.irming 

similarity,*and they are also in very good agreement with 

Glauert's theory for plane wall jets, even in the outer part 

of the flow. At very large e near separation, the boundary 

layer part of the flow grows much more rapidly than the 

outer part and similarity is no longer possible. Since the 

velocity measurements carried out by hot wires are considered 

to be reasonably accurate even at the outer edge of the flow, 

* Similarity of velocity profiles. 
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their agreement with Glauert's theory tends to confirm its 

accuracy over the whole width of the flow. 

6 »3 Hypothetica l Origin and Growth Law 

In order to find the position of the hypothetical 

origin, and the values of the growth law constants. Equation 

(4,4) is re-written by substituting Equations (4.2) and (4,5)5 

to yield 

Ym Y m 
2 T — =  C + Ck -̂  ...(6,1 ) 

a(e-fCi |) 

A straight line representing this relationship is fitted to 

the experimental data by varying the value of C^ until the sum 

of the root mean square deviation of the experimental data from 

the straight line is a minimum. Thi s was done using an IBM 

1401 computer. Th e results are plotted in Figure (15) for 

Newman's cylinder (pitot tube measurements) and in Figure (16) 

for the improved cylinder (hot wire measurements), Newman' s 

results are also presented in Figure (15). Fo r comparison, 

the improved cylinder data are also shown in Figure (17) 

without a correction for the hypothetical origin. 

It should be noted that Equation (6.I) reduces to 

Ym ^ m y m 
^ " 2 2 = C 

(a0 -f C^b) (a 0 + a0^) ( x + X )̂ 

when the cylinder radius, a, tends to infinity. Henc e the 

arowth law is universal and should reduce in the limit to that 

for the plane wall jet. 
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In order to find the position of the hypothetical 

origin, a.nd t.he values of the growth law constants, Equation 

(4.4) is re-written by substituting Equations (4.2) and (405), 

to yield 
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A straight line representing this relationship is fitted t.O 

the experimental data by varying the value of Cl until the sum 

of the root mean square deviation of the experimental data from 

the straight 1.ine is a minim·um. This was done using an IBM 

1401 computer~ The results are plotted in Figure (15) for 

Newman's cylinder (pitot tube measurements) and in Figure (16) 

for the improved cylinder (hot wire measurements). Newman1s 

results are a1so presented in Figure (15). For cornparison, 

the improved cylinder data are aiso shown in Figure (17) 

without a correction for the hypothetical origine 

It should be noted that Equation (6.1) reduces ta 

Ym 
"2 

Yrn -2 
- C 

when the cylinder radius, a, tends to infinity. Hence the 

growth law is universa1 and should reduce in the limit to that 

for the plane wall jet. 
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Table II shows the constants obtained in the present experiment, 

together with the corresponding plane wall jet constants of 

various investigators. I t can be seen that the constants 

obtained from the hot wire data (improve d cylinder) correspond 

very well to the plane wall jet constants, and that the pitot 

data constants (Newman' s cylinder) do not. Henc e the growth 

law obtained from hot wire measurements is universal and the 

one obtained from pitot measurements cannot be considered 

universal. 

It is interesting to note that although the velocity 

profiles measured by hot wires of different materials showed 

a discrepancy (Figure s 10,5 to 10.7), they giv e rise to 

effectively the same growth law. 

Figure (  l8) shows the growth laws for the Newman 

and improved cylinders and Nakaguchi's growth law re-plotted 
Ym . Y m , 

in terms of "2/a0 i vs „ •2/a , together with the experimental 

data of Nakaguchi and Bradshaw and Gee for comparison. I t 

can be seen that Nakaguchi's experimental range was consider-

ably smaller than the present one, Nakaguchi' s growth law 

does not deviate substantially from the Newman cylinder 

growth law within his limited experimental range, but does 

so rapidly beyond this range (th e constants for both were 

established experimentally from pressure measurements). Bot h 

growth laws are certainly within the scatter of Nakaguchi's 

experimental results, although his results tend to follow 

his growth law rather than a straight line relationship. 
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Table II shows t.he constants obtained in the present exper.iment, 

together with the corresponding plane wall jet constants of 

various investigators ca It can be seen that the constants 

obta.ined from the hot wi.re data (improved cylinder) correspond 

very weIl ta the plane wall jet const.ants, and that the pitot 
t 

data constants (Newman's cylinder) do note Hence the growth 

1aw obtained from hot wire meas-urements 1s universal and t'he 

one obtained from pitot measurem.ents cannat be considered 

universal. 

It is interesting to note that although the velocity 

profiles measured by hot wires of different materials shOV\i'ed 

a discrepancy (Figures 10.5 to 10.7), they giverise to 

effectively t~he same growth law 0 

Figure (18) shows the growth laws for the Newrrla.n 

and improved. cylinders and Nakaguchi's growth law re-p.1ott~ed. 
Ym Ym 

in terms of "2/ae l vs 0 "'2/a~ t.ogether wi·th the experimental 

data of Nakaguchi and Bradshaw and Gee for comparison o It 

can be seen tha.t Nakaguchi's experimental range was consi.der--

ably smaller than the present one., Nakaguchi's growth la.w 

does not deviate substantially from the Newman cylinder 

growth law within his limited experimental range, but does 

so rapidly beyond this range (the consta.nts for both were 

established experimentally from pressure measurements). Bath 

growth laws are certainly within the scatter of Nakaguchiis 

experimental results, although his result.s tend to folIo\\-" 

his growth law rather than a stra.ight line relationship. 
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Bradshaw and Gee's data also show moderate scatter» 

Nakaguchi's and the improved cylinder growth law and experi-

mental data are also shown plotted i n polar coordinates, for 

comparison, (Figure 19 ) as "Z/ a vs, ©i. 

The positions of the hypothetical origins are 

T-— IS plotted vs, — / \  a^ o b 
compared i n Figure (20) , where -r^  i s plotted vs, — showin g 

ae, 
Nakaguchi's results and the present ones. Th e range of —r -
values obtained by various investigators fo r plane wall jets 

is also given. Th e agreement between the improved cylinder 

and plane wall jet hypothetical origin positions was 

mentioned before. I t can be seen that Nakaguchi's results 

also fall within the plane wall jet range when — tends to 
a 

zero. Furthermore , it becomes evident that the position of 

the hypothetical origi n from the slot in Nakaguchi's 

experiments can be expressed fairly well by the first two 

terms of Equation (4,1) . I t appears, then, that the present 

growth law is universal, and Nakaguchi's growth law is only 

universal if one chooses to measure the flow with a pitot 

static tube, a procedure which introduces error. 

6,4 Th e Effect of Slot Boundary Layers on Jet Momentum 

The effect of the slot boundary layers on the jet 

momentum leaving the slot is shown in Figure (21 ) for Newman's 

cylinder, where the measured actual-to-theoretical jet-
b 

pu^dy 
momentum ratio o/p. p \b "̂  ^ ^^  plotte d vs. Reynolds number 
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Bradshaw and Gee' s data aiso show moderat,e scat,ter 0 

Nakaguchi's and the improved cylinder growth law and experi~ 

mental data are a.Iso shown plotted in polar coordinates 7 for 
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comparison, (Figure19) as "'2/a vs. BIo 

The positions of the hypothetical origins are 
aB o b 

compared .in Figure (20), where ~ i8 plotted vs. a showing 
aB o Nakaguchi. 's resul t.s and the present ones ct The range of b 

values obtained by various investiga.tors for plane wall jet,s 

is also given. The agreement between the improved cylinder 

and plane wall jet hypot,hetical origin positions was 

mentioned before o It can be seen that Nakaguchi's results 

b 
also fall within the plane wall jet range when - tends to a 

zero. Furthermore, it, becomes evident that the position of 

the hypothetical origin from the slot in Nakaguchi's 

experiments can be expressed fairly weIl by the first two 

terms of Equation (4~1)o It appears, then, that the Rresent 

growth law is universal, and Nakaguchi's growth law i8 only 

universal if one chooses to measure the flow with a pitot 

static tube, a procedure which introduces error. 

6.4 The Effect of Slot Boundary Layers on Jet Momenturn 

The effect of the slot boundary layers on the jet 

momentum leaving the slot is shown in Figure (21) for Newman's 

cylinder, where the measured actual-to-theoretical jet~ 

~: pu
2
dy 

momentum ratio ( ) K i s plotted vs. Reynolds number 2 P-Poo b 
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x: b for various — ratios, a 

For the improved cylinder, comparison is made in 

Figure (22) between the non-dimensional velocity profiles 

obtained by the flat pitot tube and by the two hot wires at 

a -  rati o of 0.0074 and a Reynolds number of 4,0 x 10^. Th e 

measured velocity profiles are shown and also the profiles 
fl4^ obtained when Wills'^ ^  wall effect corrections were applied 

to the hot wire readings. Th e agreement between the results 

of the two hot wires and the discrepancy between hot wire 

and pitot results is evident. Althoug h the discrepancy in 

absolute magnitude of velocities is large in the boundary 

layers, the effect on the accuracy of the jet momentum 

measurements is small, as can be seen from the table 

2 
accompanying Figure (23), where ( )  i s plotted vs. y. 

The values obtained are within 5%^ and this is very satis-

factory for this type of measurement. Figur e (24) shows 

the jet momentum ratios obtained by hot wire measurements 
• I — 

for various — ratios and Reynolds numbers. Th e flat pitot 
a 

results for the smallest -r ratio investigated are also shown 
a 

in Figure (24) (see discussion in Appendix II) , Th e results 

suggest that the accuracy is good at small -r, and at high 

Reynolds numbers, but there is some doubt about the accuracy 
at large — when the Reynolds numbers are low, a 

Since the jet momentum ratios are also a function 

of upstream conditions, they are expected to change from 

apparatus to apparatus. Furthermore , the actual-to-theoretical 

for various b ratios o a 
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For t.he improved cyl.inder, compar ison 1s mad,e in 

Figure (22) between the non~dimensional velocity profiles 

obtained by the flat. pitot tube and by the two hot wires at 

a ~ ratio of 0.0074 and a Reynolds number of 4.0 x 104 . The 

measured veloc.ity profiles are shown and aiso t,he profiles 

b . d (14) o tal.,ne when Wills s wall effect corrections were applied 

to the hot wire read.ings 0 The agreement between t,he resul ts 

of the two hot wires and the discrepancy between hot wire 

and pitot results 18 evident o Although the discrepancy in 

absolute magnitl.lde of velocities is large in the boundary 

layers, the effect on the accuracy of the jet momentum 

measurements is small, as can be seen from the table 

u 2 
accompanying Figure (23), where (-) is plotted vs. y. u, 

JO 

The values obtained are within 5%, and this ls very satie"" 

factory for this type of measurement. Figure (24) shows 

the jet momentum ratios obtained by hot wire measurernents 

for various ~ ratios and Reynolds numbers. The fIat pitot a 

results for the srnallest ~ ratio investigated are aiso shown a 

in Figure (24) (see discussion in Appendix II) 0 The reSlllt.s 

b 
suggest that the accuracy i5 good at smal! a' and at high 

Reynolds numbers, but there ls sorne doubt about the accuracy 

at large b when the Reynolds numbers are low. 
a 

Since the jet momentum ratios are also a funct.ion 

of upstream conditions, they are expected to change from 

apparatus to apparatus. Furtherrnore, the actual-to-theoretical 
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jet-momentum ratio is expected to be little affected by the 

cylinder radius, a. Henc e the results shown in Figures (21) 

and (24 ) are not strictly universal and apply only for the 

particular apparatus. I t is interesting to note, however, 

that the jet momentum ratios obtained for comparable — ratios 
a 

on Newman's and the improved cylinder are within 5^. Thi s 

leads to the conclusion that these results may be used for 

other apparatus with similar duct geometry, provided it 

is clearly understood that they represent only an approxima--

tion in that case. 

6.5 Surfac e Pressure 

The surface pressure coefficient ( p - Pc:)a/(P - P~o)^^ 

measured o n the improved cylinder, is shown as a function of 

the Reynolds number and the angular position measured from 

the slot in Figures (25 ) for the four — ratios investigated^ 
a 

while the high Reynolds number data are plotted in Figure (26) . 

It can be seen that the pressure coefficients are a  function 

of both the — ratio and the Reynolds number, in addition 

to being a function of 0, as was predicted by dimensional 

analysis. Figur e (27 ) shows the high Reynolds number data 

for Newman's cylinder obtained by Newman and during the 

present investigation for comparison. Th e data of the two 

investigations agree quite well. I n order that the Newman 

and the improved cylinder results might be compared, mean 

lines were fitted through the experimental data for comparable 
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on Newman's and the improved cylinder are within 5%. This 

leads to the conclusion that these results may be used for 

other apparatus with s.imilar duct geornetry, provided it 

is clearly understood that they represent only an approxima~ 

tion in that case. 

6.5 Surface Pressure 

The surface pressure coefficient (poo- ps)a/{p -. p~.'))b, 

measured on the irnproved cylinder, is shown as a function of 

the Reynolds number and the angular position measured from 

the slot in F.Lg:.lres (25) for t.he four .Q ratios investigated'9 a 

while the high Reynolds number data are plotted in Figure (26) . 

It can be seen that the pressure coefficients are a function 

of both the b ratio and the Reynold.s number, in addition a 
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for Newman's cylinder obtained by Newman and during the 
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Reynolds numbers an d | ratios in Figures (26 ) and (27) , Bot h 

experimental mean lines are reproduced i n Figure (28 ) 

together with Nakaguchi's and Bradshaw and Gee's experimental 

results for various —  ratios and Reynolds numbers. Th e two 

experimental mean lines are in remarkable agreement except 

at large 0, where the accuracy of the measurements is very low. 

Bradshaw and Gee's results are rather low, and Nakaguchi's 

results show considerable deviation. I t is surprising that 

Nakaguchi's highest Reynolds number data gave rise to the 

lowest values for the coefficients, while the low Reynolds 

number data gave rise to the highest values. Thi s is 

discussed i n section 6.8, 

When the surface pressure coefficient is based on 

half the actual jet momentum, (p^ - Ps)a/K(P - Pc„)b, and it 

is plotted against 03_, the angular position measured from. 

the hypothetical origin, the high Reynolds number data 

collapse on a single line for both Newman's (Figur e 29) 

and the improved cylinders (Figur e 30), althoug h the 

— = 0,0074 improved cylinder data show slight but consistent a 

deviation. Th e agreement with theory is reasonably good for 

Newman's cylinder up to G^  = 170^, although the theory is 

expected to be in error due to the use of an incorrect 

growth law. Th e improved cylinder results and the theory 

based on the correct growth law show good agreement for 

CQO < ; Q-, < 180^0 Discrepanc y between experiment and theory 

is expected when 0-.  ̂l80^ because the assumptions made in 

.., 31 -
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~ = OG0074 improved cylinder data show slight but consistent 
a 

deviationo The agreement with theory is reasonably goOO for 

Newmanws cy1inder up ta el = 170°, although the theory i8 

expected to be in error due ta the use of an incorrect 

growth laws The improved cyli.nder results and the theory 

based on t.he correct growth law show good agreement for 

500 < el < 180°0 Discrepancy between experiment and theory 

is expected when el >. 1800 because the assumptions made in 
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the derivation of the theory ( in particular for the geometry 

of the streamlines) fail when 0-^ > 160^ - l80O. Th e two 

experimental mean lines re-plotted in Figure (31 ) show good 

agreement, the maximum deviation not exceeding 5^ except at 

large G^.  Thi s is as expected because the accuracy of the 

measurements is of the same order for both cylinders. Th e 

two theoretical curves also plotted in Figure (31) sho w 

that the theory is not sensitive to small changes in the 

growth law constants until G^  exceeds approximately 130^, 

The experimental data of Nakaguchi and Bradshaw and Gee are 

also plotted in this Figure, I n order to do so, assumptions 

had to be made concerning the actual jet momentum ratio. 

The improved cylinder jet momentum ratios were assumed to be 

applicable to Nakaguchi's data without causing excessive 

errors, but a speculative extrapolation of Figure (24), 

made to correct Bradshaw and Gee's data, can be expected to 

be in considerable error. Nonetheless , all the data are of 

the right order of magnitude, although Nakaguchi's results 

show rather large variation. 

It can be finally concluded that, although Newman's 

theory incorporates rather gross assumptions, agreement 

between theory and experiment is nevertheless satisfactory 

within the accuracy of the measurements, when the growth 

law obtained with hot wires is used in computing the 

theoretical curve. 
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be in considerable error o Nonetheless, aIl the data are of 

the right order of magnitude, although Nakaguchi's results 

show rather large variation. 

It can be finally concluded that, although Newmanls 

theory incorporates rather gross assumptions, agreement 

between theory and experi,ment is nevertheless satisfact,ory 

within the accuracy of the meas"Jrements, when the growth 

law obtained with hot wires is used in computing the 

theoretical curve. 

SharkNinja Ex. 1025 
Page 39 of 140



- 33 -

6.6 Maximu m Jet Velocity 

The maximum velocity coefficient —77: r r i s 

shown in Figure (32 ) for Newman's and the improved cylinderso 

The results of Newman and of the present investigation obtained 

from Newman's cylinder fall on a single line and appear to 

show only an experimental scatter. Th e improved cylinder 

data show a larger scatter (— = 0.0379 data) in addition to 

showing dependability on •̂ . Th e experimental mean lines are 

of the same shape for both cylinders. Th e results of 

Nakaguchi and Bradshaw and Gee for various — ratios and 

Reynolds numbers are compared with the two mean lines in 

Figure (33) . I t can be seen that Nakaguchi's results are 

of the same order of magnitude as those obtained during the 

present investigation, while Bradshaw and Gee's results are 

much lower. A s was the case for the pressures, Nakaguchi Vs 

high Reynolds number measurements result in low coefficients 

and low Reynolds number measurements in high coefficients. 

The maximum velocity coefficient based on actual 

jet momentum and G^,  hence being representative of the 

postulated universal flov/, is shown in Figures (34) an d (35) 

for both cylinders, together with the theoretical curves 

obtained using the appropriate growth laws. Th e data 

obtained on Newman's cylinder exhibit an experimental scatter 

and the agreement with the theory is not very good. Th e 

improved cylinder experimental data straddle the theoretical 

curve and in addition to a fair experimental scatter 

- 33 -

6.6 Maximum Jet Velocit,y 

p u~ aB 
The maximum velocity coefficient (P-Poo)b i8 
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from Newrnan's cylinder fall on a single line and appear te 

show only an experimental scatter o The improved cylinder 

data show a larger scatter (~ = 0.0379 data) in addition to 

showing dependability on ~. The experimental Mean lines are 

of the same shape for both cylinders. The results of 

Nakaguchi and Bradshaw and Gee for various ~ ratios and 

Reynolds numbers are compared with the two Mean lines in 

Figure (33). It can be seen that Nakaguchi's results are 

of the same order of ma.gni+,:ucie as those obtained during the 

present investigation, while Bradshaw and Gee 1 s result,s a.re 

much lower o As was the case for the pressures, NakaguchiOs 

high Reynolds number measurements result in low coefficients 

and low Reynolds number measurements in high coefficients o 

The maximum velocity coefficient based on actual 

jet momentum and Bl' hence being representative of the 

postulated universal flow, is shown in Figures (34) and (35) 

for both cylinders, together with the theoretical curves 

obtained uf.ing the appropriate growth laws. The data 

obtained on Newmanls cylinder exhibi.t an experimental scatter 

and the agreement with the theory is not very good. The 

improved cyl,inder experimental data straddle the theoretical 

curve and in addition to a fair experimental scatter 
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("a = 0.0379 data) appear to exhibit a definite variation 

with the -^ ratio. Thi s is inconsistent with the universal 

flow assumption. Th e revised data of Nakaguchi and of 

Bradshaw and Gee are also shown i n Figure (36) . (̂ ssumptiAins 

made concerning the actual jet momentum ratios are the sa^e 

as in the case of the surface pressure coefficients,) Tliel r 

results show general agreement with the old cylinder results, 

but they exhibit a variation with -^ ratio as did the 

improved cylinder data. Examinatio n of this maximum velocity 

coefficient shows that it is very sensitive at small Gi^ 

to errors in the position of the hypothetical origin and 

to errors made i n the velocity measurements. I t is unlikely, 

however, that the dependence of the velocity coefficient on 

— ca n be attributed solel y to such errors. Fo r further 

discussion se e Section (6,8) . 

6.7 Positio n of Separation 

The angular position of separation 0, measured 

from the slot, is shown as a function of Reynolds number 

for various — ratios in Figures (37 ) and (38 ) for Newman's 
a 

cylinder and the improved cylinder respectively. Th e 

Newman cylinder data fall on a single line within some 

experimental scatter and become independent of Reynolds 

number at high Reynolds numbers. Variatio n with -r  ratio is 

not readily apparent. Ther e is a discrepancy between 
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b (a = 0.0379 data) appear to exhibit a definite variation 

with the ~ ratio. This is incon'sistent with the un~versal 

flow assuœ~tion. The revised data of Nakaguchi and of 

Bradshaw and Gee are also shown in Figure (36)" ÇAssu.mpti.ons 

made concerning the actual jet momentum ratios are the sa~.e 

as in the case of the surface pressure coefficientso) ~)eir 

results show general agreement with the old cylinder results, 

but they exhibit a variation with ~ ratio as did the 

improved cylinder data. Examination of this maximum velee 11::,y 

coefficient shows that it 18 very sensitive at sm.all el 
to errors i.n the posi tion of the hypothetical or igln 3!1:1 

to errors made .in the veloc.Lty measurements. It is unlikely, 

however, that the dependence of the velocity coefficient on 

b 
~ can be attrib~ted solely to such errors. For further 

discussion :see section (6,8)0 

6.7 Position of Separation 

The angular position of separation e, measured 

from the slot, is shown as a function of Reynolds number 

for various h ratios in Figures (37) and (38) for Newman's 
a 

cylinder and the improved cylinder respectively. The 

Newman cylinder data fall on a single line within sorne 

experimental scatter and become independent of Reynolds 

number at high Reynolds nurnbers. Variation with ~ rat 1.0 i.s 

not readily apparent. There is a discrepancy between 
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Newman's data and the present results although the same 

experimental procedure was followed in both cases. I t is 

thought that the difference in assessing the time mean of 

the backward and forward oscillations of the flexible tuft 

gave rise to this discrepancyo Th e present results are 

expected to be more accurate, judging by the consistency 

of data obtained from a large number of observations. Th e 

improved cylinder data show some dependence on •̂ , but for 

-,- b ^ 
each a*, 0sep, niaximum becomes independent of Reynolds 

number, 

Figure (39 ) show? the position of separation 0,, 

measured from the hypothetical origin for high Reynolds 

numbers for the improved cylinder. Withi n the experimental 

scatter, 0i _  maximu m is found to be a constant for all -rr ^ J-se p „ ^ 

ratios at sufficiently high Reynolds numbers. Th e value of 

the Reynolds nu: ?oer at which 0i maximu m is reached 
sep o 

^ -icC^) R^ T . i s a function of the -^  ratio,  ̂^ Clos e examination 
^ ^1im o, ^ 

of Figure (39 ) suggests that, for small -g;, (— = 0.0074), the 

limiting Reynolds number would be somewhat higher than 

R_ ^ . =  4o0 X 10^, the value assumed on the basis of 
^ y lim., 

Newman's resultso 

The position of separation 0, measured from the 

slot, is shown as a function of Reynolds number and surface 

roughness, and comparison is made with the smooth cylinder 

results in Figures (40 ) and (4l ) for —  ratios of 0,0074 and 

0.0531 respectively. A s expected, separation occurs earlier 
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impreved cylinder data show sorne dependence on ~, but for 
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each -a, Bsepo maximum becomesindependent of Reynolds 

numbero 

F.ig'ure (39) sh~:)w:s the po.sition of separation Bl , 

measured froID the hypothet. jJ:~al or igin for high Reynolds 

numbers for the improved cylindero Wi.thin the experimental 

scatter, elsep . maximum .i.s found to be a constant for '3.,11 ~ 

ratios at sufflcient.ly high Reynolds numbers. The val~ùe cf 

the Reynolds nu='··:',.)er at ~Thi(.'h el nlaximum is reac'hed~ 
sep" 

Re l' is a function of the ~ ratio.(4) Close examinatiGn 
, l.m 0 , 

b b 
of Figure (3 19) suggests t,hat, for small -a, (a = 0.0074), t.he 

limiting Reynolds number would be somewhat higher than 

Re l' = 400 x 104, the value assumed on the basis of , lm., 

Newman' s res<Jlt.s 0 

The position of separation B, measured from the 

slot, is shown as a function of Reynolds nurnber and surface 

roughness, and compari.son is made with the smoeth cylinder 

results in Figures (40) and (41) for ~ ratios of 0.0074 and 

0.0531 respectively. As expected, separation occurs earl.1er 
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on the rough cylinder and 0^^^ maximu m is a function of # 
oc?p . c 

and surface roughness. 

6.8 Genera l Discussion 

The basic criterion for the existence of a universal 

flow is that the total skin friction force should be negligible 

compared to the jet momentum. Thi s is equivalent to the 

assumption that the boundary layer part of the flow is 

negligible compared to the outer part of the flow. Thi s 

condition is partially satisfied when the Reynolds number 

exceeds a certain lower limiting value. 

41) 
It can also be shown  ̂^  that the ratio of the 

total skin friction force (over an angular distance 0) to 

the theoretical jet momentum is approximately equal to 

2K{p-p,,)b = 9.2 Cf ln(l +  j ^ ^ ) ,..(6.3 ) 

Ym 
for small — ,̂ Th e assumption that the skin friction force a 

a0 is negligible is valid, therefore, only if -̂  is sufficiently 

small. Thi s puts a lower limit on the value of  ̂for which 

the solution will hold. Th e results for -^  =  0.0074, 

Bradshaw's results for -̂  = 0.0020 and Nakaguchi's results 

for § ^ 0.0060 appear to have exceeded the limit slightly. 

It is difficult to establish a definite value for this limit 

at this stage because the value of the limit also depends on 

cZ, whic h in turn depends on the internal slot boundary-layer 
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The basic criterion for the existence of a universal 
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compared to the jet momentQm~ This is equivalent to the 

assumption that the boundary layer part of the flow is 

negligible compared to the outer part of the flow. This 

condition is partially satisfied when the Reynolds nurnber 
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total skin friction force (over an angular distance B) to 
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for small 

_ 9.2 ~ ln(l + 1 
7~43 ~) 

The assumption that the skin friction force 

· .1 . d h fI' f aB. ff" ., is negligible lS va ]. , t ereore, on y 1 0 1S su J..c~ent.J..y 

b 
smallo Th.is puts a lower limit on the value of a for which 

the solution will hold. 
b 

The results for a = 0.0074, 

b 
Bradshaw's results for a = 000020 and Nakaguchi's results 

for ~ ~ 0.0060 appear to have exceeded the limit slightly. 

It is difficult to establish a definite value for this lirnit 

at this stage because the value of the limit also depends on 

Cf' which in turn depends on the internaI slot boundary--layer 
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Reynolds numbero However , it is probably about 500 and is 

a0 
Kb better expressed as a limiting value on .̂ I n addition. 

the -^  =  0.0074 data were apparently obtained at a Reynolds 

nuitiber which seems to be below R^,, . (se e Section 6.7)0 

In spite of this, the position of separation, 02^ maximum , 

for the small -̂  = 0.0074 test (Figure 39) does not appear to 

be affected. A  possible explanation for this is that the 

initial boimdary layer at the slot being thin, the boundary 

layer is thin at large 0 even though the skin friction is 

large. Fo r larger -̂  ratios, the initial slot boundary 

layer is usually thicker. Thi s compensating effect v/ill also 

reduce the error in the growth law. O n the other hand, the 

momentum loss due to friction is largest for the smallest "a 

ratio and is important in determining the decay in maximum 

jet velocity. Thi s may explain why all the small -^ experi-

mental data result in low rsiaximum velocity coefficients in 

spite of the relatively high Reynolds numbers. 

It appears, then, that the inclusion of the 

# = 0.0074 data has probably introduced some error when the 

growth law and the relation for the position of the 

hypothetical origin were calculated. Th e error in growth law 

constants would only slightly affect the theoretical predic-

tion for the surface pressure coefficient, but the prediction 

of the maximum velocity coefficient could be considerably 

affected. Th e inclusion of the slightly low Reynolds 

number and low -̂  data in the surface pressure coefficient 
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mental data result in low ~&dxiJnum velocity coefficients .~-n 

spite of the relatively high Reynolds numbers. 

It appears, then, that the inclusion of the 

~ - 0.0074 data has probably introduced sorne error when the 

growth law and the relation for the position of the 

hypothetical origin were calculated. The error in growth law 

constants would only slightly affect the theoretical predic--

tion for the surface pressure coefficient, but the prediction 
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plot is unlikely to cause noticeable discrepancies, but 

its use in the maximum velocity coefficient graph, 

especially with erroneous hypothetical origin values, :s 

expected to give rise to fairly large errors at low 0^. 

On the positive side it appears that, if allowance 

is made for the above errors, there is adequate evidence to 

support the existence of a universal flow sufficiently far 

a0 from the slot, as long as — doe s not exceed a value of 

about 500 and the Reynolds number is high enough (> 4 x lo4) „ 

The relative merits of Newman's and Nakagjchi's 

analyses CE H finall y be compared. 

Newman's universal flow model and analysis are 

very attractive because of their simplicity, because only 

the growth lav/ constants need to  b e established experiuentally 

in order to predict theoretically the surface pressure -̂rid 

the maximum velocity coefficients, and because these predj^c-

tions appear to be in reasonable agreement with experimento 

Their draw-back is that they apply only if the Reynolds 

number and the -^ ratio are sufficiently high, and even then 

it is necessary to know the actual-to-theoretical jet-mcmentu.-r) 

ratio in order to predict the actual surface pressures and 

maximum velocities. Fortunately , a reasonable estimate of 

the jet-momentum ratio is possible and can be based on 

previous experiments, and in most practical applications 

high, rather than low, Reynolds number flows are of intere-to 
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Nakaguchi's analysis is more sophisticated than 

Newman's, in that he takes friction into account and also 

uses a more realistic velocity profile. However , all 

streamlines were assumed to have the same curvature as the 

surface and in order to relate theory and experiment it 

was necessary to match the two at an arbitrary pivotal 

point. Nevmian' s analysis is therefore certainly more useful 

- 39 -
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7> CONCLUSION S 

It is apparent that the present measurements 

constitute a distinct improvement over those of previous 

investigators. I n addition to velocity and surface pressure 

measurements around the cylinder, slot velocity profiles 

were taken and the ratio of actual-to-theoretical jet 

momentum at the slot was established. Improve d measuring 

techniques were used for the velocity measurements and 

strong evidence was found that velocity and, especially, 

static pressure measurements in highly curved flows using 

conventional total and static probes can be in considerable 

error. 

It was confirmed that the velocity profiles are 

similar over the major portion of the flow, except near 

separation, and it was found that they show good agreement 

with Glauert's theoretical prediction for plane wall jets, 

even near the edge of the flow. 

A method for finding the growth law constants and 

for finding a relation for the position of the hypothetical 

origin was developed. Th e constants for Equation (6.1) 

Ym Y m 
2 —  =  C + Ck -^ 

a(0 + Ci a) 

obtained by hot wire measurements, were found to be equal to 

C^ =  7.43, C  = 0.0731 an d k  = 3.19. 
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investigators. In addition to velocity and surface pressure 

measurements around the cylinder, slot velocity profiles 

were taken and the ratio of actual-to-theoretical jet 
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techniques were used for the velocity rneasurernents and 

strong evidence was found that velocity and, especially, 

static pressure measurements in highly curved flows using 

conventional total and static probes can be in considerable 
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It was confirmed that. the velocity profiles are 

similar over the major portion of the flow, except near 

separation) and it wa.:7 fOllnd that they show good. agreement 

with Glauert's theoretical prediction for plane wall jets, 

even near the edge of the flowe 

A method for finding the growth law constants and 

for finding a relation for the position of the hypotheti.cal 
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These may be in error (Section 6,8), but the error is 

expected to be very small. 

When the surface pressure coefficient was based 

on the actual jet momentum that emanates from the slot, 

satisfactory agreement was found between the experimental 

data and the predictions of Newman's theory. 

The results for the maximum velocity coefficient 

were inconclusive, in all probability because data from a flow 

having Reynolds number and — value too low to be valid for 

the universal flow were included. Furthermore , the same 

data were used when the constants for the hypothetical origin 

relation and for the growth law were established. A s a 

consequence these constants are expected to be slightly in 

error, resulting in additional errors in the presented 

values of the maximum velocity coefficient. Th e theoretical 

curve for the maximum velocity coefficient would also be 

affected by these errors, but not the theoretical surface 

pressure coefficient which is insensitive to even fairly 

large changes in the constants just mentioned. 

The maximum position of separation measured from 

the hypothetical origin (̂ iĝ p maximum ) became independent 

of § and Reynolds number at sufficiently high Re(  ̂4  x 104), 

the value being equal to approximately 225^ for smooth 

cylinders. Th e maximum position of separation measured 

from the slot (0sep maximum ) for rough cylinders was also 

obtained {^  = 0.0014, 0.0024, 0.0045). I t was found that 
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These may be in error (Section 608), but the error is 

expected to be very small o 

When the surface pressure coefficient was based 

on the actual jet momentum that emanates from the slot, 

satisfactory agreement was found between the experimental 

data and the predictions of Newmanls theory. 
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data were used when the constants for the hypothetical origin 
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error, resulting in additional errors in the presented 

values of the maximum velocity coefficient. The theoretical 

curve for t.he maximum velocity coefficient would also be 

affected by these errors, but not the theoretical surface 

pressure coefficient which is insensitive to even fairly 
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The maximum position of separation measured from 
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of ~ and Reynolds number at sufficiently high Re ( ). 4 x 10 4 ), 

the value being equal to approximately 2250 for smooth 

cylinders. The maximum position of separation measured 
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^sep. maximum varied with -^  ratio and surface roughness 

and that it was reduced by approximately 40^ for the 

largest -̂  ratios. 

The experimental surface pressure, separation and 

relevant maximum velocity data tend to support the validity 

of Newman's universal flow model. 

Comparison of Newman's and Nakaguchi's analyses 

showed Newman's analysis to be the more useful. 

Further investigation is required, by taking 

measurements on cylinders having widely varying radii, to 

establish a more accurate value for the limiting Reynolds 

a0 number and a value for the limiting -r^  ratio, and to verify 

the growth law and the position of the hypothetical origin. 

An extensive investigation appears to be justified 

to establish with certainty the relative accuracy of velocity 

measurements made in highly curved flows by means of total-

static probes and by means of hot wires using a linearized 

anemometer. 

Comprehensive measurements of turbulence intensi-

ties and of the structure of turbulence would be valuable 

for comparison v/ith plane wall jets, especially since the 

non-dimensional velocity profiles and the turbulence 

measurements of the present investigation appear to show 

comparable results for plane and curved wall jets. 

8 sep • maximum varied with ~ ratio and surface roughness 

and that it was reduced by approximately 40 0 for the 

largest l ratios. 

The experimental surface pressure, separation and 

relevant maximum velocity data tend to support the validity 

of Newman's universal flow mode 1 0 

Comparison of Newman's and Nakaguchi's analyses 

showed Newman's analysis to be the more useful. 

Further investigat.ion is required, by taking 

measurements on cylinders having widely varying radii, to 

establish a more accurate vaIlle for the limiting Reynolds 

rnb d 1 f th l ' 't' ae t' d 'f nu er an a va ue or e :'.m.~ '~ng Kb ra ~o, an to ver~. y 

the growth law and the position of the hypothetical origino 

An extensive investigation appears to be justified 

ta establish with certainty the relative accuracy of velocity 

measurements made in highly curved flows by means of total~ 

static probes and by means of hot wires using a linearized 

anemometer. 

Comprehensive measurements of turbulence intensi~ 

ties and of the structure of turbulence would be valuable 

for comparison with plane wall jets, especially since the 

non-dimensional velocity profiles and the turbulence 

measurements of the present investigation appear to show 

comparable results for plane and curved wall jets. 
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APPENDIX I 

APPARATUS AND EXPERIMENTAL PROCEDURE -

NEWMAN'S APPARATUS 

Experimental Arrangement 

Newman's apparatus is shown in Figure (2) . I t 

consisted basically of a 6 in, 0,D. plexiglass cylinder which 

was very carefully selected for straightness and roundness 

and had a wall thickness of one half inch, two circular end 

plates of 24 in. diameter, and a surface ground steel bar 

which formed the outer lip of the slot. Th e contraction was 

formed by the plexiglass cylinder on one side and a sheet 

metal wall, extending backward from the steel lip, on the 

other. A  small plenum chamber preceded the contraction. 

Air was supplied to the plenum chamber through a deep cell 

honeycomb after the air had been decelerated through a 40^ 

diffuser. A  perforated plate was installed in the diffuser to 

prevent flow separation from the walls. A  45-gallon drum 

was used as a reservoir to damp out pressure fluctuations, 

and a bleed valve rather than a throttling valve was used 

between the reservoir and the centrifugal pump, to regulate 

the flow in order to reduce pressure fluctuations to a 

minimum. I n fact, the plenum chamber stagnation pressure 

was maintained within + 1^ of its mean value. 

Static pressure holes of 0.015 in. diameter were 

accurately drilled at 5^ intervals around the cylinder and 

they were located in two rows at one half inch to the right 
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and had a wall thickness of one half inch, two circular end 

plates of 24 in. diameter, and a surface ground steel bar 
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formed by the plexiglass cylinder on one side and a sheet 
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other. A small plenum chamber preceded the contraction. 

Air was supplied to the plenum chamber through a deep cell 

honeycomb after the air had been decelerated through a 40 0 

diffuser. A perforated plate was installed in the diffuser ta 

prevent flow separation from the wal1s. A 45-gallon drum 

was used as a reservoir to damp out pressure fluctuations, 

and a bleed valve rather than a throttling valve was used 

between the reservoir and the centrifugaI pump, to regulate 

the flow in order to reduce pressure fluctuations to a 

minimum. In fact, the plenum chaffiber stagnation pressure 

was maintained within ~ 1% of its mean value. 

Static pressure holes of 0.015 in. diameter were 

accurately drilled at 50 intervals around the cylinder and 

they were located in two rows at one half inch to the right 
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and to the left of the mid-point of the cylinder. 

The slot width could be adjusted by moving the 

ground steel lip by means of two screws, the maximum slot 

width obtainable being 0.120 in. Sinc e the cylinder length 

was 24 in. between the end plates, the slot aspect ratio varied 

from 200:1 to 2400:1 as the slot width was changed. Th e 

uniformity of the slot width could be kept to within a — 
a 

of i 0,001 over the middle portion of the cylinder. Th e con-

traction ratio from plenum chamber to slot ranged from 17:1 

to 200:1. 

A two-inch wide cut-out was made along the length 

of the cylinder between the end plates, starting at an 

angular position of 245^ from the slot to vent the flow to 

atmosphere after separation. Thi s reduced the probability 

of interference between the air supply box and the flow. 

Metal spacers were glued in place in the cut-out to prevent 

the distortion of the cylinder. 

An aluminum beam was attached to the end plates by 

means of friction pads. Thi s beam supported a dial indicator 

traversing gear. Probe s were mounted on the traversing gear 

by suitable supports, and could be positioned with an accuracy 

of 0.001 in. from the wall in the radial direction. Th e beam 

could be moved along the edges of the end plates, thereby 

making it possible to position the attached traversing gear 

and probe at any angular distance from the slot around the 

cylinder. Th e probe support could be tilted, perm.itting the 
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and probe at any angular distance from the slot around the 
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alignment of the probes with the flow direction. 

An inclined multi-tube alcohol manometer was 

connected to the surface static pressure holes by tygon 

tubing, and a single tube manometer was used to measure the 

total pressure. Th e experimental arrangement is shown in 

Figure (3,a) . 

Experimental Procedure 

In order to check two-dimensionality the total 

pressure was measured along the slot at several positions 

at the mid-point of the gap width. Whe n no deviation from 

two-dimensionality could be detected, a further check was 

made by taking velocity profiles far downstream from the slot 

in the fully developed turbulent wall jet. Thes e measure-

ments showed a marked deviation from two-dimensionality. 

Examination of the ground steel lip showed several small 

nicks and areas where the sharp edge of the lip was slightly 

rounded. Whe n the end of a steel ruler was pulled along the 

front face of the slot lip, thereby scraping the edge slightly, 

the two-dimensionality changed somewhat. Thi s showed tha t 

even a small imperfection of the slot lip will have a 

detrimental effect on two-dimensionality, due to Coanda 

effect. Afte r the sharp edge was restored by grinding, two-

dimensionality was improved but was still not satisfactory. 

In order to see whether this was possibly due to uneven slot 

width caused by waviness of the plexiglass wall, measurements 
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In order to check two-dimensionality the tota.! 

pressure was measured along the slot at several positions 

at the mid-point of the ga.p width o When no deviation from 

two-dimensionality could be detected, a further check was 

made by taking velocity profiles far downstream from the slot 

in the fully developed turbulent wall jet. These measure~ 

ments showed a marked dev.iation from two-dimensionality. 

Examination of the ground steel lip showed several sma!! 

nicks and areas where the sharp edge of the lip was slightly 

rounded. When the end of a steel ruler was pulled along the 

front face of the slot lip, thereby scraping the edge slightly, 

the two-dimensionality changed somewhat. This showed that 

even a smal1 imperfection of the slot lip will have a 

detrimental effect on two-dimensionality, due to Coanda 

effect. After the sharp edge was restored by grinding, two­

dimensionality was improved but was still not satisfactory. 

In order to see whether this was possibly due to uneven slot 

width caused by waviness of the plexiglass wall, measurements 
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were made first with the slot width kept uniform and then 

with the slot width being much larger at one end of the 

cylinder than at the other. Figure s (42) and (43) show 

the results of these measurements. Th e effect of non-

uniformity of slot width was as expected, but the dominant 

feature was still the previously exhibited lack of two-

dimensionality superimposed on that due to non-uniformity of 

slot width. Examinatio n of the sheet metal contraction wall 

showed some, but not conspicuous, unevenness. Afte r it was 

very carefully smoothed, satisfactory two-dimensionality was 

obtained (Figur e 4). 

The flow temperature was measured at the slot with 

a mercury thermometer. Th e measured temperature was assumed 

to be the static temperature since the difference between 

static and total temperatures was calculated to be only of 

the order of one degree Fahrenheit, Th e Reynolds number 

was calculated on the basis of these measurements, and the 

atmospheric pressure read on a mercury barometer. 

A very flexible tuft (down from a bird's wing), 

attached to a thin wire probe, was used to traverse the flow 

to find the approximate flow direction. Th e accuracy 

obtained was not very great. Th e results of the survey 

were conclusive enough, however, to permit the positioning of 

a chamfered, round, 0.028 in, O.D. total pressure probe with 

accuracy sufficient to measure the stagnation pressure, 

i.e. ± 15^(^5)^ 
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with the slot width being much larger at one end of the 

cylinder than at the other o Figures (42) and (43) show 

the results of these measurements o The effect of non-

uniformity of slot width was as expected, but the dominant 

feature was still the previously exhibited lack of two~ 

dimensionality superimposed on that due to non-uniformity of 

slot width.. Examination of the sheet metal contraction wall 

showed sorne, but not conspicuous, unevenness. After it was 

very carefully smoothed, satisfactory two-dimensionality was 

obtained (Figure 4). 

The flow temperature was measured at the slot with 

a mercury thermometer. The measured temperature was assumed 

to be the static temperature since the difference between 

static and total temperatures was calculated to be only of 

the order of one degree Fahrenheit CI The Reynolds n'urrtber 

was calculated on the basis of these mea.surements, and the 

atmospheric pressure read on a mercury barometer. 

A very flexible t'uft (down from a bird 1 swing) , 

attached to a thin wire probe, was used to traverse the flow 

to find the approximate flow direction. The accuracy 

obtained was not very great~ The results of the survey 

were conclusive enough, however, to permit the positioning of 

a chamfered, round, 0.028 ine O.D. total pressure probe with 

accuracy sufficient to measure the stagnation pressure, 

Le.±15%(15). 
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The uncertainty of the flow direction, the high 

degree of turbulence, and the relatively large diameter of 

the available probe could give rise to fairly large errors 

if static pressure measurements were made in the curved flow 

^ ^  ^  {  N o attempt was made, therefore, to obtain the 

static pressure distribution across the flow and it was 

thought best to assume that the static pressure rose linearly 

from the accurately known wall pressure to atmospheric 

pressure, at a distance from the wall where the total pressure 

fell to zero with reference to atmospheric pressure. Th e 

assumption of a linear static pressure distribution was to 

(4) some extent justified by Newman's^ ^ measurements. Velocitie s 

were calculated from the total pressures measured and from 

the assumed linear static pressure distribution. 

The tuft traverses also showed, in spite of their 

relative inaccuracy, that the direction of the mean velocity 

vector did not deviate substantially from the direction 

tangential to the cylinder until it became somewhat larger 

than ̂ 13 . 'Th e measured velocity was therefore assumed to 
2 

represent the tangential component of velocity fairly 

accurately. 

When velocity measurements were made at the slot 

the slot static pressure was assumed to be atmospheric, 

because the surface pressures registered at the slot did 

not give conclusive evidence that there was a deviation from 

atmospheric pressure, although downstream from, but close to 
(if)) the slot, higher than atmospheric pressures were measured,^ ^ 

- 47 -

The uncertainty of the flow direction, the h.i.gh 
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static pressure distribution across t,he flow and it was 
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assumption of a linear static pressure distribution was to 
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were calculated from the total pressures measured and from 

the assumed linear static pressure distribution. 

The tuft traverses al.so showed, in spiteof their 

relat.ive inacc'uracy, that t:'he direction of the mean velocit.y 

vector did not deviate substantially from the direction 

tangential to the cylinder until it became somewhat larger 

than Ym. The measured velocit.y was therefore assumed ta 
2 

represent the ta.ngential component of velocity fairly 

accuratelyo 

When velocity measurements were made at the slot 

the slot static pressure was assumed to be atmospheric, 

because the surface pressures registered at the slot did 

not give conclusive evidence t.hat there was a deviation from 

atmospheric pressure, although downstream from, but close to 

the slot, higher than atmospheric pressures were measured.(l6) 
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Before static pressure measurements were made the 

cylinder was carefully wiped and the static pressure holes 

were cleaned and reame d with a nylon bristle. Thi s was 

(k) 

necessary because Newman^ ^  found that even a slight imper-

fection of a static hole (due to dust or burrs) results in 

erroneous pressure readings, expecially close to the slot, 

Down from a bird's wing, mounted at the end of a 

fine wire, was moved along the surface of the cylinder and 

its oscillations were observed in order to find the mean 

position of separation, Th e tuft showed very clearly the 

flow direction at the surface before the point of separation, 

and also the back flow well past it. A s the point of 

separation was approached from either direction, the tuft 

began to osci^llate back and forth. I t was assumed that 

the mean position of separation was located where the time 

average of the forward and backward oscillations equalled 

zero. Thi s is the same method as Newman used. 
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Before static pressure measurements were made the 

cylinder was carefully wiped and the static pressure holes 

were cleaned and reamed with a nylon bristle. This was 

necessary because Newman(4) found that even a slight imper­

fection of a static hole (due to dust or burrs) results in 

erroneous pressure readings, expecially close to the slot o 

Down from a bird's wing, mounted at the end of a 

fine wire, was moved along the surface of the cylinder and 

its oscillations were observed in order to find the mean 

position of separation. The tuft showed very clearly the 

flow direction at the surface before the point of separation, 

and also the back flow. weIl past it. As the point of 

separation was approached from either direction, the tuft 

began to osci_llate back and forth~ It was assumed that 

the mean position of separation was located where the time 

average of the forward and backward oscillations equal1ed 

zero. This is the same method as Newman used. 
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APPENDIX II 

APPARATUS AND EXPERIMENTAL PROCEDURE -

IMPROVED APPARATUS 

Experimental Arrangement 

Measurements on Newman's cylinder indicated that 

the flow was affected by the wall of the plenum chamber. I n 

order to see whether the flow would separate earlier or would 

flow further around the cylinder when this wall constraint 

was removed, an improved cylinder without an external plenum 

chamber was designed. A n 8 in. diameter, very accurately 

machined, steel cylinder formed the main part of this improved 

apparatus shown in Figures(5). Th e cylinder was fitted with 

4 ft. diameter end plates and it was supplied with air from 

a plenum chamber located within the cylinder, the air 

reaching the plenum chamber through bulkheads located at the 

ends of the cylinder. Thi s arrangement permitted the smooth 

cylinder surface to extend to 290o from the slot, and the 

outer wall of the contraction, which started there, and 

the slot lip protruded only slightly above the cylinder 

profile. Th e jet was thus free to flow 360° or more around 

the cylinder. 

A centrifugal blower supplied air to the apparatus 

and a bleed valve was used for flow control. Whe n hot wire 

measurements were made, the air was passed through a bag-

type air filter mounted at the suction side of the blower. 

A semi-cylinder made of perforated sheet metal formed the 
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plenum chamber within the main cylinder; it served to 

reduce the supply pressure pulsations and in particular to 

distribute the flow uniformly along the length of the cylinder 

The cylinder surface static pressure holes were 

0.015 in. in diameter and were positioned around the cylinder 

at its centre line at angular positions shown in Figure {5o2) . 

Tygon tubing led from the pressure taps through the plenum 

chamber to the pressure bulkheads at the cylinder ends, and 

from there to a multitube manometer. 

The inner wall of the contraction was formed by a 

small semi-cylinder, the surface of which was tangential to 

the surface of the main cylinder at the slot. Th e outer wall 

of the contraction was formed by a segment of a large diameter 

pipe, its surface being parallel to the tangent of che main 

cylinder where the outer wall formed the slot lip. Th e pipe 

segment was bolted to the main cylinder and the slot width 

could be varied by inserting shims of various thicknesses 

between the two. 

Slot aspect ratio varied from 650 to 1200 with 

changing slot width, and the slot width uniformity was kept 

to within a — of ± 0.001 over the whole 36 in. length of the 
a 

cylinder and was considerably better than this over its 

middle portion. 

Stagnation pressure and temperature in the cylinder 

were measured respectively by means of a pressure probe and 

the sensing element of a tele-thermometer inserte d through 
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one of the bulkheads into the area behind the small semi-

cylinder . 

The cylinder ends rested in bearings mounted in the 

end plates and the whole cylinder assembly could be rotated 

to any angular position about the cylinder axis. I t was, 

therefore, possible to mount the traversing gear support 

permanently at a certain position on the end plates and align 

it accurately with the cylinder. A  dial indicator traversing 

gear could be moved axially and radially while the whole 

cylinder assembly was rotated about its axis when the angular 

position was changed. 

A simple probe support was incorporated in the 

traversing gear, which permitted probe alignment with the flow 

while maintaining the sensing point of the probe in a particu-

lar position (Figure 3.c), 

Pressures were measured by vertical and inclined 

manometers and hot wire measurements were made using a DISA 

constant temperature anemometer^ ' ̂ , by means of a 0.000226 in 

diameter platinum plated tungsten (N7 ) and a 0.000423 in. 

diameter 80^ platinum-20^ iridium (N2 ) wire. Th e experiment3.1 

arrangement is shown in Figure (3.b) , and details of the hot 

wire anemometry are given in Appendix III. 

A low temperature oven, in conjunction with a 

potentiometer, was used to calibrate hot wires as resistanrre 

thermometers. A  short length of pipe with a bellm.outh entrŷ , 

fed by air from a large reservoir, was used for velocity 

calibrations (Figure 44). 
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Experimental Procedure 

Tests were carried out to see if rotation of the 

cylinder to various angular positions, or asymmetry of the 

air supply ducts would alter the flow. Surfac e static pressure 

and total pressure measurements and tuft surveys were made, 

while the cylinder was rotated to extreme angular positions 

and the air supply ducts were severely distorted. N o change 

could be detected i n the flow due to these manipulations. 

Similar measurements were made to study the effect 

of cylinder and slot aspect ratio by progressively moving 

additional end-plates inwards towards the centre. Th e 

results are shown in Figure (45) . I t can be seen that the 

maximum variation in the pressure coefficients was only 3^% 

when the aspect ratio was changed from 8 to 2.75. Th e 

pressure coefficients tended to constant values at high 

aspect ratios, showing that the cylinder and slot aspect 

ratio was sufficiently large. 

Two-dimensionality was checked by taking velocity 

profiles at various spanwise positions and at an angular 

position of 110^ from the slot. Typica l results are shown 

in Figures (6 ) and (7 ) for a Reynolds number of 4.0 x 10 ^ 

^^^ ^ h  rati o of 0.0531. Th e maximum spanwise non-dimensional 
a 

^(uj^ax^ ) 
velocity gradient at the centre line "  ^  wa s found 

uz 

to be 0,01/in,, and this was considered sufficiently small 

for the flow to be effectively two-dimensional. 
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while the cylinder was rotated ta extreme angular positions 
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Similar measurements were made to study the effect 

of cylinder and slot aspect ratio by progressively moving 

additional end-plates inwards towards the centre. The 

resul ts are shown in Figure' (45) . It can be seen that the 

maximum variation in the pressure coefficients was only 3~% 

when the aspect ratio was changed from 8 to 2.75. The 

pressure coefficients tended to constant values at high 

aspect ratios, showing that t'he cylinder and slot aspect. 

ratio was sufficiently large. 

Two-dimensionality was checked by taking velocity 

profiles at various spanwise positions and at an angular 

position of 1100 from the slot. Typical results are sho~n 

in Figures (6) and (7) for a Reynolds number of 4.0 x 104 

and a ~ ratio of 0.0531. The maximum spanwise non-dimensional 
a 

velocity gradient at the centre line was found 

to be OoOI/inca, and this was considered sufficiently smail 

for the flow to be effectively two-dimensional. 
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Calculation of the Reynolds numbers was based on 

plenum chamber total pressure and temperature, and the 

barometric pressure. 

The surface static pressure holes were carefully 

cleaned before readings were taken and the measurements were 

repeated three times in order to increase accuracy. 

Slot velocity profiles were measured with hot 

wires because probe size limitations prevented the measure-

ment of the static pressure in the region of greatest interest, 

very near the walls. Th e hot wires were calibrated in the 

slot in order to eliminate temperature effects due to the 

temperature difference between calibrating flow and the flow 

in the slot. Firs t a hot wire profile was taken, then a 

static pressure profile using a 0,020 in. diameter static 

probe. Th e radial position of the maximum jet velocity was 

established from the hot wire data, and the static pressure 

at that position obtained from the static pressure profile. 

This static pressure with the plenum chamber pressure was 

used to establish the maximum jet velocity. Th e hot wire 

reading corresponding to this maximum jet velocity was then 

used with the zero velocity reading to obtain the wire 

calibration^ '^. Th e velocities obtained using this calibra-

tion were in error near the wall, however, because of 

fl4) additional heat loss to the wall. Wills ^ '  investigate d 

this problem and the corrections obtained by him were applied 

to find the boundary layer velocities. Thi s procedure was 
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used in the case of all slot widths investigated except in 

that of the smallest ( b = 0,0295), which was too small to 

permit the use of the static probe. I t was found, however, 

when the static pressures used for the large slot width 

maximum jet velocity calculations were extrapolated, that 

the static gauge pressure for the smallest slot width would 

be of the order of 1.5^ of the plenum chamber gauge pressure. 

It could be assumed, therefore, that the slot static pressure 

at this gap width was equal to atmospheric pressure, and it 

was permissible to calculate velocities from total pressure 

profiles obtained by the use of the 0.007 In. high flattened 

total pressure probe for comparison with the hot wire 

profiles. 

The mean flow direction at various angular 

positions was established by mounting a very flexible tuft 

at the end of a thin wire probe on the traversing gear and 

observing its oscillations in the vertical plane with the 

aid of a protractor device and a mirror (Figur e 3.c) . 

The mean position of the oscillations was taken as the mean 

flow direction. Figur e (46 ) shows the results. Th e angles 

so found were used to calculate the tangential velocity 

components from the hot wire velocity measurements. 

Since it was known that the turbulence level is 

high in the curved flow, and that there exists a radial 

pressure and temperature gradient, and since the eddy 

structure was unknown, it was expected that the hot wire. 
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the total pressure, and especially the static pressure 

readings (mainly due to yaw effects) would be in error 

^ "  •* .  Explorator y measurements were made, there-

fore, at 0 = 120^ at a Reynolds number of 8.25 x 10^ with 

all the available probes, in order to assess these errors. 

The probes included a O.O6O in, diameter double probe, the 

total pressure tube being chamfered and the static pressure 

tube having two horizontal holes, i.e. holes aligned with 

the cylinder axis, a 0.028 in. diameter chamfered total 

pressure tube, a 0.039 in. diameter static pressure tube 

having two holes in the horizontal direction and two in 

the vertical, a similar probe having only two holes in the 

horizontal direction, and the two hot wires (Figure 3»c). 

The velocity traverses taken with the hot wires and the 

double probe were repeated and one profile each of the 

two-hole static, four-hole static-total tube combinations 

was obtained. Th e results, plotted in Figure (8), show 

remarkable consistency for the- hot wire data and for the 

total-static probe data, but show considerable discrepancy 

between the two. I n order to find which of these is likely 

to be more accurate, an attempt was made to linearize the 

anemometer output signal and thereby eliminate errors due 

to turbulent fluctuations in measuring mean velocityo Th e 

linearizer could not be stabilized, however, with the 

available equipment. On e test was made, nevertheless, to 

get some indication of the errors associated with the high 
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turbulence. Thi s was done by taking a mean velocity profile 

in the cylinder flow, noting the anemometer output signal 

and the linearizer output signal. A  calibration was made 

immediately after this, followed by the measurement of the 

same velocity profile again. I t was found that the two 

profiles as measured by the anemometer were in agreement, 

that portions of the linearized readings taken just before 

(outer part of velocity profile) and just after the calibra-

tion (inner part of velocity profile) agreed with the 

anemometer readings (Figure 9) - I t is clear that this test 

cannot be considered conclusive, yet it could be assumed 

that the effect of turbulence on the accuracy of the non-

linearized hot wire readings was very small or negligible 

for the flow investigated, and that the total-static probe 

measurements were in error. Thereafter , all the velocity 

traverses were taken by means of hot wires. 

The position of separation was established in the 

same manner as in the case of Newman's cylinder, . except that 

for the smooth wall measurements an array of tufts mounted 

on the surface was also used. Whe n tests were made to find 

the effect of surface roughness on the position of separation, 

the cylinder surface was covered with garnet papers of 

various grit sizes for 0 > 40^. 
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APPENDIX III 

HOT WIRE ANEMOMETRY 

General 

There is a divergence of opinion about the use of 

hot wires for mean velocity measurements, Kovasznay ^ -  does 

not recommend the use of hot vires for mean velocity mea5ire-= 

ments mainly because dust accumulation on the wires changes 

their calibration and gives rise to an output signal which 

is in considerable error. 

Temperature variations affect hot wire calibration, 

and errors made in reading the anemometer output voltage are 

magnified when the correspondin g velocities are calculated. 

The errors associated with ambient temperature change 

became evident when a simple calibration was made when the 

flow temperature was varied. Th e calibration scatter was 

unacceptable. 

(22) In spite of these difficulties, Collis^ '  obtaine d 

very good results by keeping the wires always clean, by very 

careful experimentation, and by modifying the functional 

(2S) form of King'ŝ  -^*  law. 

It is recalled that Collis found a universal 

relationship 

-m 
Trr, n 

*̂U ( ~ ? ~ ) = A + B Rev,- . . . (A Jb J k 1) 
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than 103, it was expected that the constants. A, B and n in 

Collis' law would change due to conduction to the metallic 

wire supports. 

Since A, B and n were to be evaluated experimentally 

to give only a calibration and not a universal relationship, 

no corrections were made for metallic conduction or molecular 

effects in order to simplify the calculations. 

It was known from preliminary measurements that the 

maximum ambient temperature variation in the flow around the 

cylinder was about lO^F, and that the maximum tertperature 

difference between calibrating flow and cylinder flow did not 

exceed 10 ^F. A  test was therefore made by calibrating the 

wires by the use of Equation (A.III . l) in two flows having a 

temperature difference of lO^F, in order to see if measurements 

using Collis' law would give satisfactory results over the 

expected experimental temperature range. Figure s (47) and (48) 

show the results of these calibrations for wires N2 and N7 

respectively. I t can be seen that the results lie on a 

straight line for each temperature and that the two straight 

lines deviate only slightly from each other. Examinatio n of 

Collis' equation shows that the maximum error in velocity due 

to this deviation, and hence due to temperature variation, is 

of the order of 3^. Thi s was thought to be acceptable and 

Collis' formula was used for hot wire measurements. 
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Detailed Procedure for Use of the Hot Wires 

The wire was placed under a 100-power microscope 

and its physical condition, including straightness, condition 

of the support welds and cleanliness, examined. Th e v/ire was 

then washed in chromic acid, rinsed in distilled water and 

alcohol, and examined again under the microscope. I f found 

completely clean, the wire was placed into a low temperature 

oven and connected to the anemometer. Th e wire was retained 

in a plastic cap very close to a permanently-installed copper 

constantan thermocouple so that the thermocouple and the wire 

were alway s at the same temperature. Th e resistance of the 

wire could be measured by the anemometer and the wire tempera-

ture by a potentiometer. Th e oven temperature was varied and 

the wire was calibrated as a resistance thermometer. Fo r 

velocity calibration the wire was placed into the laminar 

core of a jet emanating from a short piece of pipe (Figure 44), 

Air flowed from a large plenum chamber through a suitable 

contraction to this pipe and the total pressure in the laminar 

jet core was known for all jet velocities from previous calibra-

tion of the drum pressure against a total pressure tube placed 

in the jet core. Th e resistance of the wire corresponding to 

the flow temperature was measured first, then the output of 

the anemometer, the wire overheat ratio being kept constant. 

This was repeated for various flow velocities covering the 

whole range of velocities to be measured using this calibra-

tion. Fro m these data the constants for Collis' law were 
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determined, using an IBM 1401 computer. Whe n velocities were 

measured in the flow around the cylinder, the wire resistance 

corresponding to the flow temperature was measured at each 

point of the traverse before the corresponding anemometer 

output reading was taken. Th e wire overheat ratio was kept 

constant and identical to the calibration overheat ratio. Th e 

velocities were calculated from this information, using Collis' 

law with the constants established from the previous calibration 

One set of six velocity profiles was measured after 

each calibration. 

The wire was then examined under the microscope, 

washed and the whole calibration procedure repeated before 

further measurements were taken, in spite of the fact that 

very little, if any, dust accumulation could usually be 

detected on it, owing to the efficiency of the upstream 

filter system that had been installed (see Appendix II) . 
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TABLE I 

RANG£ OF SXP£RIMSNTS AND BXPECTED ACCURACY 
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a 

b 
"a 

G 

Re 

Ym 

a 

a 

* ""Pcx) 

Poo'"Ps 

U 

U 

K 

®sep. 

Improved Cylinder 

Range 

4.0 in. 

0.0074 
0.531 

250O 

0.25x10^ 
a.ooxio^ 

0.073 
1.59 

-

-

-

-

Accuracy 
± ^ 

0.2 

2 
0.5 

10 
0,2 
2 
1 

3 
4 

'2 
2 
0.2 
2 

0.4 

5 

10 

3 
7 

Newman'B 
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3.0 in. 
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5° 
o 

240 0,50x10^ 
4,45xl04 

1 
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1,26 

-

mm 

•Bf 

Wf 

«V 

-

-

Cylinder 

Accuracy 

1 

5 
2 

10 
0.2 
4 
2 

6 
7 

15 
2 
0,2 
5 

1 

10 

-

5 
7 

Notes 

i 
i 

1 

i 
1 
! 

at Low RQ 

at High R̂  
at Low Re 
and e ̂ ISÔ Î 
at High R̂  
and G <ItO^ 

- 67 -

TABLE l 

RANGE OF EXPERIMENTS A~ EXPECTEQ ACCURACY 

Improved Cylinder Newman's Cylinder 
Quantity 1 

Accuracy Notes 
'Range Accuracy R1ange ± % ± % 

a 4.0 in. 0.2 3,0 in. 1 
------- -.- --

b O.ûü74 2 O,v2CJO 5 -a 
0.531 0.5 0.0400 2 

~--- - - -

e 2!0 10 50 10 2 
2l1-0 0 250 0 0.2 0.2 

--

Re ü.25x10 4 2 Q,50xlO4 4-
1 

8.00x104 1 4.45xlO4 2 i 
1 

Ym 1 

1 

~ 
1 0.073 3 0,1 6 -a 
! 1.59 4 1.26 7 
! 71 15 Cl - 2 -

-

P-Poo - 2 .. 2 at Low Re 

0,'2 ,.. 0.2 at High Re 
--

Poo-Ps - 2 ., 5 at Low Re ' 
and e <: 180°! 

• 1 

0.4 .. 1 at High R~ 1 

and e <;: 1cOo i 
--

u - 5 .., 10 

~u '2 10 - -- -u 

3 5 
1 

K - ., 
1 

8sep . - 7 .. 7 
----------

"------------ -
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TABLE II 

CONSTANTS IN EQUATION 6.1 

INVESTlGATOR PROBE C Cl 

sigalla(16) Pitot 0.0638 8.33 

+J 
Q) 

Myers et al. (32) t-:l 
Klel 00076 605 

.-1 
r--« 
rt1 
~ 

Q) Schwarz and cosart(31 ) Hot Wire 0~0851 702 ~ 
rt1 0.0694 15.5 .-1 

Cl.4 000561 12.9 
000607 8.97 

~ Newman (4) Pitot Ooll 0 -
.tJH 
(l) (1) 
~ro Pitot 001004 2.93 c Present Investtg'ation 
r-f . ..-1 Hot Wire 0.0731 7043 .-lM 
rt1>t 
~CJ 

k 

..., 

.., 

-=> 

.., 

-
-=> 
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1.839 
30185 

u. r ·b 
R = J0 

e V 
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FIG. 3 

F I G . 3 . a 

EXPERIMENTAL ARRANGEMEN T -  NEWMAN' S CYLINDE R 

F I G . 3 - t ) F I G . 3 . C 

EXPERIMENTAL ARRANGEMEN T -
IMPROVED CYLINDE R 

TRAVERSING GEAR , PROTRACTO R 
DEVICE. AN D PROBE S 

FIG. 3 

FIG. 3.a 

EXPERIMENTAL ARRANGEMENT - NEWMAN1S CYLINDER 

FIG. 3.b 

EXPERIMENTAL ARRANGEMENT -
IMPROVED CYLINDER 

FIG. 3.c 
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TWO-DIMENSIONALITY CHECK-IMPROVED CYLINDER 
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TWO-DIMENSIONALITY CHECK-IMPROVED CYLINDER 
~~" ( D a t a of F i g 0 6 r e - p l o t t e d ) 
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44»44(-f4t--4;45-(45.( 

X'44t'''X''''4 iXZlXXlXX^XX 
_(-!--!-(4f {-.M-(-i--i-;-H-

545:5:55: 
-(->-(-(--}-;-r-y(-

-.»-(-4-(-(-^<-

!-^4-;4 , ( 
. .44( - 4 

- ( 4 ( - ( -M - rT ( 

4-l-)-!-4;-M-( 

454454 I-, 4 

.1X4;XX'XX xxixxixxx. xix4:vX..4XX-44Xi4.'::43: 
4445445:54':545:545-44'5:44-445-4454: :(-45:544t45-
:!4i4:B!X4h4!'i44:44::4:444.r444:i:x'45:54B45:: 

14^'i:4t4;4"4txl'tX!' 
15'tx4i4ri"i4xi4i4i.t 

•:i:54544(44 

545:545:544: 
l-:-(-(•^(-^-^-^ 

!45"44.5." *4(-(-(-', 

| : ; x ; : ^ ^ ] . , , . , . ^ , 
..441-4.44 

ttZXX'''^'' 

•^BB' 
44:4454-f-t:i--
^.^4^^«^-^^•^» 

h-W-t-

xt4xt:B.444 ,-.-.,.. 
> 4 r4 445 4 r.5. • -44 •(• (V: • v.- V 

^yi^ZiZXlX 

44(44454 
41 '̂Xt'X?."?: 
5- - i4- : - (4- l -

XXX:X: 
-,'^4(44(44! 

.X;X+x;:;:4x 
: '.ZXZ^ZVZXXI 
. .44:444;4;:4 

zm 
XXiXx^ZAiXXi 

;: ::xxtxxtr;:txi:rxi: B i t B B -

..^.;.^..;.».^^.i.;4^.^.;•i.^.i.^.^.;.^.><•••> 

: BEHBBnHBBxBTBBB 
• - ( 4 ( - H - ( - 4 4 ; 4 . - .;-.- i . 4 -

,:tB:BB.-(4.-5-H-(-H-(-

x[ilXi4t444J:ixB4iB: . 

rtBe^-

.44-44J-»-i B } B'}^' '4 'i'T'T"''' t":''' *'"'̂ ''' '""'"'"f"4»5-4-| 444•'•-

,.,X,-.r.-»4<-(-)-->-i-n-( 

• 4-4(-;-(-*-y-(4 t 

Bxt4i4B4|Bt4t44x::BB::44"i;:Bx;xB44 
I 1 • • I • I 1  - j T i I 1 • 1  I  1 • I  1  ' • I  i  I  i  I  I  i  I 

I 
\\; iV. i B ; ; ; h ('X \\\\A^  • ' i lX' 5iiil.ii5 ^ - j : • ' • 1 • •4 ' i'̂  • ' I-'- ' ' " " 4 - 5 : •i-:~i-4-i-

SharkNinja Ex. 1025 
Page 109 of 140




