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ABSTRACT 

The present paper is an investigation of the jet devel¬ 

opment, the velocity profiles, and the wall shearing stress 

in a two-dimensional, incompressible, turbulent wall jet. 

Experimental data concerning velocity profiles, decay of the 

maximum velocity and the jet growth are presented over great« 

ranges than previously available. The shearing stress, maxi¬ 

mum velocity decay and jet thickness are predicted analytic¬ 

ally by momentum-integral methods and the shear stress is 

measured experimentally by a hot-film technique. The hot- 

film values are checked by the wall shear stress computed 

from the measured velocity profiles. 

Velocity profiles, velocity decay, and Jet thickness 

agree weil with previous investigators and the wall shear 

stress measurements help to resolve a wide divergence be¬ 

tween the experimental values of the other investigators. 
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Arable Symbols 

NOMENCLATURE 

A 

b 

B 

c 

C 

Ci 

D 

gc 

k 

K 

& 

L 

M 

P 

q 
q" 

Q 

r 

Re 

s 

t 

T 

constant defined by (20) 

dimension of hot-film transverse to flow 
direction; in. 

constant defined by (20) 

specific heat; Btu/lbm°F 

constant defined by (20) 

friction factor, 2gcTw/pU2 

constant defined by (20) 

proportionality factor in Newton's Second Law; 

ft-lbm/lbf-sec2 - 

thermal conductivity; Btu/hrft°F 

constant defined by (9) 

hot-film width; in. 

jet nozzle thickness; in. 

constant defined by (6) 

dimensionless velocity profile in the inner 
layer, u/u 

' m 

total heat transfer rate; Btu/hr 

heat transfer rate per unit area; Btu/hrft2 

dimensionless velocity profile in the outer 
layer, u/u 

/ m 

non-dimensional variable defined by (l6) 

slot Reynolds number, UL/v 

non-dimensional variable defined by (16) 

non-dimensional variable defined by (16) 

temperature; °F 

vi 



U velocity component in the x-direction; ft/sec 

u+ non-dimensional velocity, u/Vg t Tp 
' v c w' r 

U velocity in the uniform core, initial jet 
velocity; ft/sec 

v velocity component in the y-direction; ft/sec 

X coordinate along wall in the jet direction; in. 

X coordinate along wall (see appendix); in. 

y coordinate normal to wall; in.’ 

y+ non-dimensional distance, (y/v) VScTw/p 

Greek Symbols 

a thermal diffusivity, k/pc; ft2/dir 

ß defined by (39); in"2 

5 boundary layer thickness; in. 

Ç non-dimensional coordinate normal to wall in jet 

layer, (y - 6m)/(5 - 6m) 

3 non-dimensional coordinate normal to wall in 
inner layer, y/6m 

K constant in Prandtl's mixing hypothesis; ft/in 

v kinematic viscosity; ft2/sec 

Î non-dimensional coordinate alone wall, 
defined by (l6) 

p mass density; Ibm/ft^ 

o' defined in appendix as 9x/yJ 

T shearing stress; lbf/ft2 

vli 



Subscripts 

denotes condition at the maximum velocity point 

denotes condition at the value of x where 
maximum velocity begins to decay 

denotes condition at the wall 

denotes condition at outer edge of uniform core 

denotes condition in outer layer where u = u /2 
nr 

denotes condition outside thermal boundary laye£ 
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INTRODUCTION 

As part of a research program studying the heat transfer 

and fluid mechanics of two-dimensional air jets impinging on 

flat plates, the present paper reports the fluid mechanics 

of the wall jet. The wall jet, in which the fluid flow is 

tangential to the solid surface, represents the limiting case 

of the impinging jet. By first attacking this simplified 

problem it is hoped that insight can be obtained which will 

be useful in the more complex impinging cases. 

Although heat transfer between the solid wall and the 

fluid jet is the primary concern of the authors, it was felt 

that the friction factor should be measured since the experi¬ 

mental work previous to this paper has not been conclusive. 

Schwarz and Cosart1 have made some shear measurements in which 

they obtained results about twice those found by Sigalla2. 

It was felt that some clarification was needed before con¬ 

tinuing with the heat transfer work. This data would also 

provide a check on the analytical prediction of wall shear 

stress which must precede the heat transfer analysis. 

The only analytical work which resulted in a useful pre¬ 

diction of the wall shear stress is that of Schwarz and 

Cosart. Glauert's3 work with the turbulent wall jet, which 

is the only other analytical work on the subject found by 

the authors, does not include an analysis for the shearing 

stress in terms of convenient quantities. 
2 4 

Sigalla ’ has written two papers which include experi¬ 

mental shear data obtained by the method of Preston3. The 

Wd.ll shear results presented here, obtained by a hot-film 

technique, cover a more extensive range of variables and do 

not assume the flat plate "law of the wall" to hold for y+ 

greater than 30. Data is taken out to l8o slot widths 

(Sigalla's went to 65) and the slot Reynolds number range is 
7100 to 56.,500 (Sigalla1 s was 22,800 to 52,200). 

Schwarz and Cosart obtained their wall shearing stress 

1 



information by applying momentum-integral techniques to their 

measured velocity profiles. FÖrthmann^ also used the momentum- 

integral method to obtain the shear distribution normal to 

the flat surface but does not show a variation along the 
plate. 

As part of an investigation of a wall jet with an ex¬ 

ternal stream, Bradshaw and Gee7 have obtained some shear 
stress results for the ordinary wall jet. They find friction 

factors that are about six per cent higher than Sigalla's. 

Although the work of Schwarz and Cosart, Bradshaw and 

Gee, and Förthmann are in agreement concerning velocity pro¬ 

file shape, decay of the maximum velocity and growth of the 

jet, similar information is presented in this report to es¬ 

tablish confidence in the wall jet experimental apparatus 

and instrumentation. 

The primary purpose of this work is to supply an analysis 

for the wall shearing stress and also to check and extend " 

the previous experimental work on the wall Jet. This report 

will also provide the basis for an analytical and experimental 

investigation of the heat transfer to wall jets. 

2 



ANALYTICAL DEVELOPMENT 

Integral methods will be applied to the incompressible 

boundary layer equations to obtain a prediction for the wall 

shearing stress. The analysis will also give relations de¬ 

scribing the decay of the maximum velocity and the boundary 
layer growth with distance. 

The problem will be solved in two parts, (a) the "start¬ 

ing length" problem close to the nozzle exit where the maxi¬ 

mum jet velocity has not yet begun to decay and (b) the regior 

farther from the nozzle where the maximum velocity is decreas¬ 

ing. The solution for the first part will be used as the 

initial condition for the second part. 

In solving each of these parts the flow will be divided 

into two regions. The region next to the wall, termed the 

inner layer", will be assumed to behave very similarly to 

an ordinary turbulent boundary layer. The region away from 

the Wal1* 0r ,,outer layer", will be assumed to behave like a 
free jet. These two regions will be patched together at the 
point of maximum velocity. 

It should be pointed out that complete similarity of the 

velocity profiles across the entire wall jet will not be as¬ 

sumed. Instead each layer i?ill be taken.to be similar within 

itself. This has the added generality that information con- 
cerning the mixing in the fr^e let latrom k & Xu une J-1 -o jeu layer can be incorporated 
in the analysis. 

Figure X describes .these various areas and helps to 
define the nomenclature to be used. 

In each of these regions the momentum boundary layer 
equation will be used. 

5 T c y 
P = UUX + ™y 

as well as the continuity equation. 

u + V 
x Y 

(1) 

(2) 
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I, V: 

II: . 

III, IV: 

Inner or wall layer -- assumed to behave 
like a flat plate boundary layer 

Uniform core -- region where u = U which 
ends at x = x 

o 

Free jet region or outer layer -- assumed to 
behave like free jet mixing 

FIGURE 1. WALL JET NOMENCLATURE 



In the wall layer the Blasius+ relation, 

gcTw P 
= 0.0225u¿ 

P m 

u 5 
m m 

-1/4 

will be used to .relate t to u and 6 . in the free w m m j-1 cc 

jet layer the shearing stress will be assumed to be described 

by Prandtl's++ hypothesis, 

g T 
bc 

P 
KU ( 5 

nr (4) 

where k Is an empirical constant. 

The first step Is solving the starting length problem 

to obtain information concerning conditions at x . First 

we integrate (1) across the inner layer (y=0 to y= 5 ) with 

the boundary conditions that T(öm) - 0 , u=v=0 at y=0 

and u=um=U at y = . when this integrated equation is 

combined with (3) the following expression is found for 5 : 

M 
U 

,V5 
Ï75 (5) 

where 

M 
5(0.0225) 

1 
11 / Pi1!) [1 - P( q) ]dq 

0 

4/5 

(6) 

P and r¡ being defined in the nomenclature section. 

In region III, Eq. (4) is assumed to describe the mix¬ 

ing mechanism. This actually replaces (3) which was used 

for the inner layer. In addition to integrating (l) across 

the jet layer from to 5 , it is necessary to find some 

way that will allow inclusion of mixing information in the 

solution. Multiplying (l) by u before integrating gives a 

-f "T? -- 

See Schlichting , page 432. 
++ 

. See Schlichting, page 484. 
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second equation in which the information contained in (4) can 

be lhere are now two equations for the two unknowns 

^ boundary conditions are that t( 5 ) = t(5) 

= 0 j = U and u(5) = 0 . ' 1 

These equations yield 

L 1 + 

and 

/ PhidT] 
1 5 

5-6. 

L 

0 

K 

m X 

L - K L 

X 

/ Q2(C)dC L 
0 

(7) 

(8) 

where Q and Ç are defined under nomenclature and 
1 0 1 

2k / Q1 (C)dC / Q2(c)dC 
0 

K 
0 

1 ? ■ T~:- 
/ Q (C)dC - / Q3(OdÇ 
0 0 

The conditions at xq are then found to be 

M A 

Re Ï75 
and 

L 

4/5 

(9) 

(10) 

0 rn 0 K X 

L 
1 

I Q2(Ç)dÇ L 
0 

(11) 

The value of x^l Is determined from (7) and(lo) by setting 

“l - 5m wilen x = xo ' Thusj xQ must satisfy 

1 
M / P( T]) dr) /X 

0 

Re W 
L 

4/5 
X 

= 1 - K 
L 

(12) 

1 rspresentative values for K , M ^ Re and 

/ PÍRÍdri are chosen, it can be shown that by changing Re 

6 



by a factor of ten the effect upon xq Is less than ten per 

cent. Therefore xq will be taken to be Independent of Re 
to simplify the analysis. 

Having solved the starting length problem^ the next 

step is to apply the same equations to regions IV and V using 

(lO) and (ll) as initial conditions. In this portion of the 

flow the maximum velocity, um , is a variable in place of 

51 whlch was used in the starting length problem-. Again- 

there are three unknowns (um , and 5 ) which means that 

three equations will be needed. 

In the inner layer we integrate (l) from y=0 to 

y~5m J using (2) and (3) as before. The boundary conditions 

are T(5m) ~ 0 J u(5m) = um and u(o) = v(o) = 0 . This 
gives 

(13) 

In the outer layer we integrate (l) from y = 5 to 
y 5 using (2).and the boundary conditions t(5 ) = t(ö) = 

0 J u(5m)’ = um and u(6') = 0 • ''This results in the follow¬ 
ing relation 

(14) 
. As in the starting length problem it was found nécessary 

to obtain the third equation by multiplying (l) through by 

u before integrating and using (4) to give 

(15) 
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equations (13), (l4) and (15) are the three equations 

which must be solved simultaneously. It was found convenient 

to Introduce the following non-dimensional variables: 

r = 

s = 

t = 

6 u 
m m 

5m U IUq 

(5-6 )u2 
3_nr m 

<6o - 6m0)u2 

m 
U 

(16) 

£ = — V 
•wo 

By so doing we arrive it the following set of equations 

At2 & +1 41 + s .¡*3 ■ dÇ dF (17) 

Bt 

Ct 

dr , ds 
dí + df 

dr 
df -r dir 

= 0 

r dt. = t2r-V4 

(18) 

(19) 

with the Initial conditions that r(l) = s(l) = t(l) = 1 

A , B , C and D are constants . depending upon the assumed 

choice of velocity profiles [P(r|) and Q(£)] and upon 

5m0 and 50 *whlch are determined from the starting length 

problem. It can be shown that 
,1 

Jmr 

A 

P( 4) dr) 

(5o " ômn) ' / Q3(C)dÇ 

^m ■0 
B 

0 

1 
I Ph)dT] 
0 ■ 
1 ~ 

(5o - 5mo) / Q (C)dÇ 

/^•(riidr) - /1P2(ri)dT) 

C = 
0 0 

1 
/ P2h)dTl 
0 

/VuK - /VíOdÇ 
0__ 0 

1 
D 

(20) 

/ Q3(C)d£ 
0 



Although (17) to (19) show no explicit Reynolds number 

parameterj this effect Is found Implicitly In the constants 

A and B which contain 5mo and 5o „ The value of 

and 6o are determined by solving (10), (ll) and (12). 

Taking k = 0.014 ft/l2 In which Is given by Schlichting+ 

for free jets and assuming 

m0 

P(r|) = t]1/? Q(0 = (1 - Ç2)2 Re = 45,000 

an example solution of Eqs. (17) to (19) was obtained 

numerically. 

obtained was within 

00 or 
6m0 = 0 

and 5 de- 

It was observed that the solution so 

2 per cent of the one found by taking k = 

The conclusion is that the behavior of u _ 

pend largely upon the free jet characteristics. By approxi-’ 

mating = 0 /or A = B =-0 , an analytical solution can 

be Obtained, thus avoiding a numerical solution. This approxi- 

matl0n 'becomes better at higher Reynolds numbers. It does 

huove the disadvantage that some information is lost which 

might be gained from a more detailed solution but this is 

not considered a drawback since the numerical solution is so 

close to the approximate one. 

The solution to Eqs. (17), (18), and (19) under this 

simplifying assumption is 

1 • 

(21) 
t = 

AA ~ 2D/; - 17 

r = 1 - 
D[I + 5/4C) 

-5/4C 
ÏÏU + 5/4C) 

.-1 4/5 

(22) 
3 ^ -L / V 

(23) 

To obtain the shear stress prediction, Eqs. (10) and 

(16) are used in (3) to replace um and 5m by r and t 

+See Schlichting , page 492. 
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After defining a friction factor we obtain 

,1/5 = 0.04¾ CfRe- 
XTT (x /1)175 ( 24) 

When (21), (22) and (23) are unraveled the foU 3 
5 S R 1 nn R p   expressions .are found for u and 5 

in g 

^ = t = 

U 1 + 2D 
'X IX 

r/r - 1 

(25) 

_2 

L 

M 
lx 
L 
o 

{ 

Re 

1 

0 

1/5 

.2 1 
/ Q (C)dÇ 
0 

1 
M(Xo/L) / P( T])dT] 

■ . 0 

1 

- 1 + 

J 

rt / Q'“(C)dC 
0 
1 ' 

J' p( rl)drl 
0 

(26) 

■is given by. 
where r is still givîen by (22) and f 

e(c2) = 1/2 . 2 

share'of "tb1160633^ ^ ^ “ aSS“Ptlon «—hing the 
ape the velocity profile and also xA in order to 

obvain a numerical' réunit- q1 ^ 
layer to behn , ’ assumlnS the inner dyer to behave much like a flat niafp .+., 
assume P(l) = „1/7 Rn„H Plate “ ls to 
,u M; r) . Baoed on experience with free lef- 
the outer layer nrnfnp +. , J 13 work^ 

y r Proiile is assumed to be ofn = h _ r2^2 
Experimental evidence is inconclusivp 
of x /r Q elusive concerning the value 
H ¿ °/ ; f0“ Prell”>inary results Indicate that 

r “ A ^ 14 ' We have tak“ x A = y slhce lt ls 

°0^: * -4- - - our data 
With these assumptions the analysis gives 

10 



CfRe = O.O39I t2r'1//¿l (30) 

These are the equations shown In Figs. 7, 8 and 9. 
Asymptotic solutions can be found for large values of 

X where the similarity approximations become more valid.' 

In this region Eqs. (21) to (23) give the solutions 

_ 1 (x/L)-!-(2 
V2D (x0A)-1/2 

(31) 

(g/D)2/5 (x/L)2/5 
(1+5/40)^75 (x0/L)2/5. 

(32) 

s - 1 

From these it can be shown that 

5 ~ x?/10 m 
’ • 

5-5 ~ X1 
m - 

and 

11 

(33) 

(34) 

1 

. 

i 



IA 0.045 
CAe1/^ = _ 

f 4A 
1 5 
— + — 

2 8c, 

1/5(^|9/10,x 
2DL/ 

-11/10 

(35) 

Slnct the analysis for 5g does not show a strong de¬ 

pendence upon Reynolds number (see Pig. 8), Eq. (26) can be 
simplified by letting Re 00 . Thls glves 

1 ? 
L /Q(C)dÇ 

0 

(36) 

which means that for large x , 6, 

12 



EXPERIMENTAL APPARATUS AND PROCEDURE 

The wall jet was formed by a converging nozzle with one 

side of Its exit section flush with a hydraulically smooth 

plate 96 Inches long, as shown In Fig. 2. The nozzle had a 

contraction ratio of 40:1 and a nozzle exit measuring 1/2 by 

60 Inches. Velocity profiles taken at the nozzle exit section 

showed the velocity to be uniform to within ±1.5 per cent 

ior ninety per cent of the 1/2 inch slot width over the en¬ 

tire 60 inches. 

In order to maintain two-dimensionality in the flow, 

nine inch high sidewalls were installed along the outer edges 

of the plate. Since it was found that the velocity was within 

10 per cent of its centerline value for a distance of I5 

inches on either'side of the centerline, the wall jet was 

considered to be sufficiently, two-dimensional. 

The velocity measurement’s near the wall utilized a 

flattened, total-head tube with an opening about 0.002 by 

0.020 inches. Further, from the wall a Kiel probe was em¬ 

ployed to avoid the sensitivity_to flow direction which the 

other probe exhibited. The results of the velocity surveys 

are discussed in the next section. -, ' ■ ' 

The- shearing stress was measured by a hot-film technique. 

This method, proposed by Ludwieg^ and developed further by 

Liepmann and Skinner10, is based on the principle that the 

heat transfer from a small heated element flush with the sur¬ 

face of a wall is related to the shearing stress at that • 

point. This relation is developed in. the appendix. 

A photograph and a drawing of the hot-film plug'are 

shown in Fig. 3. The narrow platinum film is baked on a 

hollow glass stem. The stem is then isolated from the plate 

by a Kel-F retainer.of very low thermal conductivity. 

The film has energy losses by conduction through the 

stem and by radiation which are not included in the convec- ' 

tion problem analyzed in the appendix. These and other 

13 
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PLATINUM FILM 

FLOW i J/4 

FIGURE 3. PHOTOGRAPH AND DETAILED DRAWING OF WALL SHEAR PLUG 

15 



deviations from the idealized model are included by calibrat¬ 

ing the film and its immediate surroundings in a flow very 

similar to the flow in which the actual shear measurements 

are to be made. The calibration for the turbulent wall jet 

measurements was performed on a flat plate with a turbulent 

boundary layer and a zero pressure gradient designed by 

Lisin . »Velocity profiles taken on this plate were standard 

and the shear at the point of calibration was computed from 

an empirical fit+ to numerous data taken on such plates. 

The calibration curve was taken at constant film re¬ 

sistance. The shear was varied by changing the free stream 

velocity over the flat plate and a meter reading related to 

the voltage drop across the film was obtained at each wall 

shearing stress. The entire plug is calibrated in the flat 

plate configuration and then transferred to the wall jet. 

The plug was calibrated before and after each run of data as 

a precaution against drifting of the electronic equipment. A 

typical calibration curvej with data from several days, is. 

shown in Fig. 4. The assumption which is made in using a 

standard flat plate to calibrate the hot-film for shear mea¬ 

surements to be made with the wall jet is yiat the velocity 

profiles are similar over the thickness of the thermal bound¬ 

ary layer. Since the maximum thickness of the thermal bound¬ 

ary layer was about y+ =10 (see appendix)^ this assumption 

is well substantiated as discussed later in regard to Fig. 11. 

Shear data were taken on the plate centerline by insert¬ 

ing the calibrated hot-film assembly at prepared locations 

six inches apart. Runs were taken both by holding the jet 

velocity constant while varying the plug location and by 

holding the plug location constant while varying the jet 

velocity. 

^See Schlichting . page 438. 
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FIGURE 4. TYPICAL CALIBRATION OF WALL SHEAR PLUG 



WALL JET DEVELOPMENT RESULTS 

The experimental investigation of the wall jet develop¬ 

ment was undertaken to insure that the velocity profiles were 

consistent with those measured by Schwarz and Cosart\ 

Sigaila , and Bradshaw and Gee^. Confidence would then be 

established in the present wall jet apparatus. This investi¬ 

gation was also expected to show similarity over an extended 

x/L range at different Reynolds numbers. 

. . The velocity profiles, as shown in Fig. 5, were similar 

for the two Reynolds numbers and for x/L greater than 24 

out to x/L of l8oj the limit of the data. These profiles 

agreed with those published by other workers. A plot of the 

inner layer, as shown in Fig. 6, also agrees with a similar 

plot by Schwarz and Cosart and further supports their con¬ 

tention that, for regions away from the wall, the best fit 

to the data in the form „/«„ = (y/t^)1/" is for n closer 

to 14 than to the more common value of 7. 
The' decay of the maximum velocity is an important factor 

m the wall jet development. The data seemed vO show a slight 

Reynolds number effect with the higher Reynolds numbers ex¬ 

hibiting a 'slower velocity decay. The analysis, however, 

predicted no Reynolds number effect and a special test to * 

measure um for several jet velocities and distances from 

the nozzle failed to show any clearly defined variation of 

the decay with Reynolds number. The decay of u versus 
x/L is shown in Fig. 7- 

The wall jet growth. Fig. 8, was predicted quite well 

by the analysis. The effect of Reynolds number on this 

growth was predicted to be small by the analysis and no ef¬ 

fect could be observed in the data. In common with other 

investigators, no correction was made in the velocity mea¬ 

surements for turbulence since these measurements were not 

made for the conditions reported. The turbulence level in 

the outer layer at y = 62 is rather high as indicated by 
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FIGURE 5. 
WALL JET VELOCITY PROFILES 

FIGURE 6. VVAI I iitt , 
W LL JET INNER LAYER VELOCITY PROFILES 
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FIGURE 7 WALL JET MAXIMUM VELOCITY DECAY 
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the 4o per cent value given by Bradshaw and Gee, and the 

correction is on the order of eight per cent of the velocity 

The effect of this correction would be to lower 5 /L 

It was concluded from the agreement of the velocity 

profiles, the maximum velocity decay and the jet growth 

with the measurements of other workers that the wall jet 

investigated in this report was representative of two- 
dimensional wall jets. 
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WALL JET FRICTION FACTOR RESULTS 

Wall let friction factor information^ obtained with the 

hot-film, is presented in Fig. 9 which covers a more exten¬ 

sive range of x/L and Re than has been previously re¬ 

ported. The data extends out to l8o slot widths and the 

Reynolds number varied between 7100 and 56,500. It should 

be noted that the friction factor used throughout this report 

differs from that defined by previous workers in that the 

normalizing velocity is U and not um . It is felt that 

this has more engineering usefulness since a second plot is 

not now required to first find u before evaluating t . 

An attempt was made to correlate the shearing stress 

data in the form CfRen as a function of (x/L)Rem in order 

to include the Reynolds number effects. The best correlation 

is shown in Fig. 9 where n = 1/4 and m = -1/6 . These 

compare with values from the'analysis of n = 1/5 and m =-0. 

The difference between the best fit and the analysis is on 

the order of This was thought, .in part, to be due' 

'to the assumption that ,v was not a function of Re . 

A least-squares line was fit to the data for 

(x/L)Re”1greater than 4.5 . This line was found to be 
given by 

CrRe^12{x/L) = 0.1976 (37) 

Although the interval in which a future single data point 

would be expected to fall, at 20 to 1 odds, is ± 18 per cent, 

the average of future data points can be expected to be 

within ± 4 per cent of the line given by Eq. (37) for 

4.5 < (x/L)Re-1/6 <37.0 . 

As a check on the hot-film measurements a method de- 
12 

scribed by Clauser was used to obtain the wall shearing 

stress from the measured velocity profiles. In order to 

apply this method it was necessary to assume the validity of 
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FIGURE 9. WALL JET FRICTION FACTOR 
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the "law of the wall" In the region 10 < y+ < 30 for the 

wall jet. The values found in this manner agree very well 

with the hot-film data as shown in Fig. 10. 

It is also of interest in boundary layer studies to 

correlate velocity profile data in the dimensionless form 

u vs. y+ . These results are shown in Fig. 11 for the same 

profiles given in Figs. 5 and 6. Viscous1-3^1¿í and velocity 

gradient corrections were applied to the total head tube 

readings as in Fig. 6. Equation (37) was used to calculate 

the value of tw needed in the normalization. It is seen 

that the flat plate "law of the wall" correlation holds also 

for the wall jet for y^ up to about 30. The scatter in 

the data at low values of y+ 'is due to the larger relative 

uncertainty in probe location as the probe approaches within 

a few thousandths of an inch to the wall. 

• 
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FIGURE 10. COMFÄRISON OF FRICTION FACTOR VALUES OBTAINED FROM 

HOT-FILM METHOD WITH THOSE FROM VELOCITY PROFILES 

FIGURE II. COMPARISON BETWEEN WALL JET AND FLAT 

PLATE VELOCITY PROFILES 
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discussion 

Data have been presented for the Incompressible, tarbu- 

i o« Yet t0 show (1) veloclty proflles-(ii) veloc y decay with distance, (in) boundary layer growth 

■anCe’ and (lv) wal1 shear stress variation with 
distance. 

earlleTrYelYlty ^^1165 ^ Slmllar to of 
r investigators and confirm Schwarz and Cosart's1 

ment that the wall Jet Inner layer velocity profile Is 

Yfil ‘a iU/Um = (y/6) 7 than iy/6)1/7- The velocity 

lTl?l*Ul3h0W that T Clat Plate ”la'" °f ‘»e wall" holds for the wall let fnr> ,,1 
jet for y up to 30 but does not repre 

sent the wall jet over the extended v+ 7 ^ 

usually assumed valid for fl • ^ ^ ^ 
q , iia IOr nafc Plates in an Infinite stream. 

as x-0.555Vo?05°0art reported the maximum velocity to vary 

tion to be ;7°-49 1^03^ !h! PreSent work shows the varia- 
P , ' data also show no effect of 
Reynolds number upon the velocity decay. 

xO.95T+e0b03nd^ry layer thlckness ls shown to grow as 

io. x/L greater than 25. Again, no Reynolds 
number effect could be detected. Reynolds 

A comparison of the prpc!e^'',■ "’hA^r' ^n+- ,,, " pxesenu' snear aata with that of 

Schwarz and Cosart and Slgalla2 see Pic ,p n ^ 
tn hA id 12j shows the shear 
to be 15 per cent higher than Slgalla’s hut no 
fhAvo tDigdiia s but 50 per cent lower 
than Schwarz and Cosart. it is felt cm u , 
tuhp i-Ann 3 Sigalla's Preston 

technique may have produced low shear readings since 

e u e extended as far as ya . i50 . Thls ls ^0^ 

th wall" ! 13 dePendent UP°n the Pdada "law 
wall holding for the wall jet in this region With 

a smaller.Preston tube, Bradshaw and Gee? measured friction 

factors about six per cent higher than Slgalla. 

The high shear values reported by Schwarz and Cosart 

may be due to the sensitivity of their results to the de¬ 

tection of the x-derivative of u7 . A 2 per cent 
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COMPARISON OF EXISTING WALL JET 
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error in the value of the exponent they found for the veloc¬ 

ity decay would introduce a 20 per cent error in the frictio 
factor reported. 

The analytical results are in agreement with the work 

of other investigators as shown below: 

5 

Plane free jet (Schlichting) 

Plane boundary layer (Schlichting) 

Plane wall jet (Schwarz and Cosart) 

Plane wall jet . (Glauert) 

Plane wall jet (present analysis, 

X 

8 0. 
X 

x-°.555 

x-0.583 

X 

X 

-0.5 X large x) X 

The solutions for um , Eq. (25), and , Eq. (26), 

are more complicated than the simple power relations found 

by other investigators. This arises from the fact that com¬ 

plete similarity between the inner and outer layers of the 
wall jet was not assumed. 

— ,It is seen that the variation of u^ in the present 

analysis is the same as for the plane free jet. This is a 

reasonable result in view of the fact that the assumption of 

infinite eddy viscosity in the outer layer, or A = B - 0 , 

let to a good approximation to the more exact numerical so¬ 

lution. Physically, this says that the free jet portion, or 

outer layer, of the flow plays a determining role in the waT 

jet. Bradshaw and Gee have also noted this fact. 
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APPENDIX: HOT-FILM ANALYSIS 

An energy balance is written for the differential element 

shown, assuming a steady state, two-dimensional problem with 

conductance in the y-dlrection and convection in the x- 

direction Included. 

All fluid properties are assumed constant, 

the differential equation 

òfr = 300 u ÒT 

ôy2 a òx 

This leads to 

(38) 

Now assuming a linear velocity profile. 

u (39) 

where ß = 25cTwgc/kv is assumed to be constant, Eq. (38) 

becomes 

82T 

8y2 
= ßy 

ÒT 

òx 
m 

with the boundary conditions on T(x,y) such that 

T(x,0) = T , T(x,w) = T^ , and T(0,y) = T , where T 
vv 00 YJ 

is constant. 

A similarity solution to Eq. (4o) of the form T = T(a) 

where a - 9xyn will be sought. When these are substituted 
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into (4o), taking n = -3 , the following ordinary differ¬ 

ential equation results. 

d2T 

da2 
+ Í— - £7 

13a 

dT 

da 
(41) 

with the boundary conditions T(0) = T and T(~) = T 

Integrating (4l) and applying the appropriate boundary 

dltions we obtain 

w 
con- 

where 

T - T 

T - T 
W co 

- b/qt1^) 
m/3) 

Va. 
ri/a(l/3) = / e-V2/3 da 

0 

(42) 

r( 1/3) = / e"V2/3da 
0 

^ _ 9x 

ßy3 

The heat transfer per unit area, qu , is given by 

ÒT q = -12k 37 y=o (¾) 

Differentiating (42) with respect to y and substituting 

into (43) we find that 

12k(T - T ) / 36 ' 
„ 11 _ 'W 00' 

r( 1/3) X 

1/3 

(44) 

Then the total heat transfer, P', from a small element of 

width b and length is given by 

£ 

q = / bq"dx 
0 

(45) 

Substituting from (44) into (4ß) and Integrating, 
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3b (46) 
2r(i/3) 

/ ? ? 
3 cgck r 

V 

1/3 
(T - T )t 1/3 

00' w 

The above equation gives a relation between the heat 

transfer from a hot-film and the shearing stress. This rela¬ 

tion is the basis for the hot-film technique used in this 

report. Assuming constant fluid properties^ we find for 

T - T constant that t ~ qJ . The temperature distribu- 

tion as a function of x and y in Eq. (42) allows the 

computation of the thermal boundary layer thickness for a 

specified wall shearing stress as a function of the film 

length £ . This relation aids in designing a film such that 

the thermal boundary layer is essentially inside the laminar 

sublayer. The films employed to obtain the reported data 

were 0.020 inches wide. If this width is used to compute the 

thermal boundary layer thickness, it is found that ninety 

per cent of the temperature drop in the thermal boundary 

layer occurs within a y+ of nine at the worst operating 

conditions. Since the wall jet flow was shown to be similar 

to the flat plate flow used in calibrating out to y of 

about thirty (Fig. 11), and since the layers close to the 

wall are of the greatest importance in the heat transfer, the 

films employed were adequate for the determination of the 

shearing stress. 
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