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Parametric Study of a Two-Dimensional Turbulent Wall Jet
in a Moving Stream with Arbitrary Pressure Gradient
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Georgia Institute of Technology, Atlanta, Ga.

Measurements of flow parameters for a two-dimensional turbulent wall jet are presented
in a range of ratios of slot stream velocity to external stream velocity with pressure gradients,
not previously investigated. These data are utilized for the calculations of wall shear and

shear distribution by numerical methods.

sidered.
Nomenclature
Cp = pressure coefficient
fGn) = similarity function for velocity profile in the jet layer
_in initial region
f(p2) = similarity function for velocity profile in the wake layer

in the initial region
f(ys) = similarity function for velocity profile in the jet layer
in main region

fta) = similarity function for velocity profile in the wake layer
in the main region

H = form factor or pressure gradient parameter

H = ratio of dissipation energy thickness and momentum
thickness’

M = Mach number

Pgr = wall static pressure, Ibf/ft2

Pr = Pitot tube total pressure, 1bf /ft2

P, = freestream pressure lbf/ft?

Rs = Reynolds number based on wall layer momentum
thickness

U, = velocity in the core layer in the initial region, fps

Ucsp = slotvelocity at the exit, fps

Uy = velocity at the edge of viscous layer, fps

Ue.n = velocity at the edge of viscous layer at the slot exit,
fps

Uwiy = velocity at the junction of jet layer and wake layer,
fps

Umy = velocity at the junction of wall layer and jet layer,
fps

U, = freestream velocity, fps

u = X component of velocity in viscous layer, fps

v = Y component of velocity in viscous layer, fps
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Relationships among the parameters are con-

z = distance measured from slot exit, in.

Y = distance measured from wall, in.

Yie = distance y in the wake layer above the wall in
initial region for f(3:) = 0.5, in.

Yae = distance y in the wake layer above the wall in

main region for f(4,) = 0.5, in.
5* = displacement thickness for wall layer in initial
and main region, in.

& 35
[ = vy or f* 1 - @U.ay
5** = dissipation energy thickness, in.

[7 @t - w/v dyor
[7 @/t = /v d

81,82,83,
54,05, ete. = distance shown in Fig. 1, in.
m = similarity parameter for velocity profile in the
jet layer in the initial region
12 = similarity parameter for velocity profile in the
wake layer in the initial region
13 = similarity parameter for velocity profile in the
jet layer in the main region
N = similarity parameter for velocity profile in the
wake layer in the main region
0 = momentum thickness for wall layer in initial re-
gion and main region, in.
5
[ wron — w/vdy or
fo“ w/UnL — @/Un)ldy
p = density of air, lbm/ft?
T = shear stress at a distance y above wall, Ibf/ft?
Tw = wall shear stress, Ibf /ft?

Introduction

THE behavior of wall jets is of practical interest because
of their application in film cooling or heating and in
boundary-layer control on airfoil sections and wings of STOL
aireraft. Detailed experimental investigations have been
carried out by prominent investigators such as Bradshaw and
Gee,! Kruka and Eskinazi,> Myers et al.,* Hubbart and
Bangart,* Birkebak et al.’ and Kacker and Whitelaw.®
Some of the investigators concentrated their efforts on very
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high values of velocity ratio Uewy/Ue), some confined their
attention to flow without pressure gradient, some did not
consider the initial region where the core flow exits, and some
confined their attention to slot exit velocity corresponding
to Mach numbers near unity when flow cannot be analyzed
aceording to incompressible assumptions. The reason for
concentration by the individual investigators on higher ve-
locity ratios and on flow without pressure gradient is quite
understandable, since in these cases the velocity profile be-
yond the initial region is composed of two layers only. This
type of flow then ean be analyzed approximately by methods
of similarity.

The present paper describes detailed behavior of the vis-
cous flow, its mean properties, and the relation between
various boundary-layer physical parameters for a two-
dimensional, incompressible wall jet flow in a moving stream
and in the presence of various pressure gradients of practical
interest. The measurements are confined fo velocity ratios
Uo/Uew in the neighborhood of 1 to approximately 2.0.
The measurements are performed from the exit of the slot to
approximately 160 slot heights downstream. The spacing
between two X locations where the velocity profiles were
measured was kept small for two purposes, namely, 1) to
determine accurately the beginning and end of various re-
gions shown in Fig. 1, and 2) to determine accurately the rela-
tion between various physical parameters of importance by
the use of numerical methods with the aid of digital compu-
ters. The measurements for zero pressure gradient and ve-
locity ratios greater than one were performed to check experi-
mental results with other investigators such as Kruka and
Eskinazi,? Kacker and Whitelaw,® and Patel and Newman.”
The measurements for zero pressure gradient and velocity
ratio less than one were done with a view to supplement the
investigation of effectiveness of film cooling results performed
by Hartnett et al.? and also by Seban and Back.s

The primary purpose of the present investigation is to
study downstream development of the viscous flow when
flow through the slot, with initial boundary layer, mixes with
the parallel stream, also having initial boundary layer, in the
presence of adverse pressure gradient. When the initial
velocity ratio is such that 1 < Uxp/Ueny < 1.7, then the
wake layer shown in Fig. 1 exists quite far downstream of slot
exit. This complex flow has not been studied in detail
previously, even though it exists on multicomponent airfoils.
This paper reports the results of measurements of velocity
profiles and investigations of the relations among important
physical parameters. Establishment of relations between
physical parameters is of vital importance in the solution of
this type of viscous flow on airfoil surfaces by integral tech-
niques.
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Fig.1 Wall-jet configuration.
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Fig. 2 Pressure distribution for initial velocity ratios of
1.12, 1.29, and 1.62.

Related Investigations

Glauert® used a similarity solution approach for the solu-
tion of the wall jet in a still medium. Based on physical
reasoning in this simpler type of flow, he was the first to
postulate that the entire flowfield of the wall jet cannot
conform to one over-all similarity solution. He divided the
flow into wake layer and jet layer on either side of maximum
velocity and treated the two regions separately. Myers et
al.? conducted an analytical and experimental study of the
wall jet with no external stream. They treated the flow in
both initial region and main region by integral methods.
The velocity profile was divided into wall layer and jet layer.
The velocity profile in the wall layer was assumed of the
1th power law type, and the velocity profiles in the outer
layer were assumed to be similar, having the same similarity
function as for a free jet. The wall shearing stress was mea-
sured by a hot film technique, and the results were general-
ized as a function of Reynolds number and slot height.
Kruka and Eskinazi® have studied experimentally and
analytically wall jet flow with an external stream at a large
distance from slot exit. The ratios of injection to freestream
velocity considered by these authors were greater than 2.5,
and only zero pressure gradient was considered. The flow
was again divided into inner and outer layers, and similar
velocity profiles were found to exist in both layers. Experi-
mentally, the friction factor was found to be proportional
to the inner Reynolds number raised to a power and conse-
quently not constant with z. Thus,

C/ = }r{'l[ljmsl/V]K2

where K, and K, are constant but depend on the initial ve-
locity ratio. Good agreement was found between calculated
shear stress distribution across the viscous layer and that
experimentally determined from Preston probe and hot-wire
anemometer readings. Kacker and Whitelaw® investigated
wall jet flow experimentally for zero pressure gradient and
in the range of velocity ratios of 0.75-2.74. Measurements
were made of mean velocity profiles and turbulent shear dis-
tribution across the viscous layer. It was found that the
shear work integral decreases exponentially for flows with
velocity maxima and that the point of zero shear was closer
to the wall than that of zero velocity gradient. The char-
acteristic of the shear distribution profile measured by these
authors is similar to the one calculated numerically under
the present investigation. The authors obtained the values
of skin friction coefficient at a distance greater than 50 slot
heights from the slot exit by the use of Clauser* charts, in
which the constant shear lines are plotted from the equation

Ut =K 'tlhn@g") + ¢
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Fig. 3 Velocity profiles for initial velocity ratio of 1.12.
where with results reported by Hartnett et al.® and by Seban and

U* = u/(ru/p)"?

and K and C are constants.

Bradshaw and Gee! conducted experiments on wall jets in
still air on flat and curved surfaces and beneath an external
stream. They measured the wall shear for the case of no
external stream and without any pressure gradient and
formulated an expression for it as a function of Reynolds
number based on peak velocity at the edge of the wall layer
and wall layer thickness. Thus,

Tw/30Un? = 0.0315[U ,8;/v] 0182

They found that Reynolds shear stress was not zero at the
velocity maximum, thus invalidating the simple assumptions
of layer independence made by other workers.

Escudier and Whitelaw® reported results on boundary
layers with adverse pressure gradients of injecting secondary
flow normal to the main stream through a strip of porous ma-
terial placed across the test plate flush with its surface. The
authors reached the conclusion that pressure gradient has
relatively little influence on effectiveness up to the condition
of separation. Their conclusion seems to be in agreement

yt = y(ru/p)*/v

Table 1 Designation of experimental runs

M:©) 5flap, 5 plate, Pressure

Case  Runs M. Moy Meoy deg deg gradient

1 1-24 0.1 0.3 3.0 0 Zero

2 25-43 0.2 0.3 1.57 0 e Zero

3 48-66 0.23 0.17 0.74 0 N Zero

4 67-85 0.195 0.325 1.67 3 3 Mild adverse

5 86-96 0.25 0.425 1.7 4 4 Mild adverse

6 97-106 0.25 0.185 0.74 4 4 Medium

adverse
7 107-119  0.25 0.325 1.3 7 7 High adverse
8 122-133 0.25 0.28 1.12 7 7 High adverse

Back.15.19

Nicoll and Whitelaw investigated the wall jet in the
range of slot to freestream velocity from 0.467-2.26 using
helium as a tracer gas. The authors proposed a prediction
technique that gives good correlation with experimental data
when the upstream boundary layer is small and at a distance
greater than 10 slot heights downstream of slot exit.

Experimental Facility

Figure 1 shows schematically the geometry of the test sec-
tion, along with important over-all dimensions. Measure-
ments were confined to the range of velocities through both
the slot and freestream at slot exit where the flow can be
considered incompressible. The range of the slot velocities
at the exit was confined to 120-307 fps, and the range of ex-
ternal stream velocity at the exit of slot was confined to 80~
250 fps. Desired pressure distribution was obtained by de-
flecting both the flap and the hard boundary from 0° to
approximately 7°. Static pressures were measured both on
the flap upper surface and on the surface of the hard bound-
ary. The same values of static pressure were obtained on
the flap and the boundary at the same X locations except at
approximately 140 slot heights downstream, where local
separation was observed. Table 1 shows the list of conditions
for which measurements were performed.

Results and Discussion

A computer program was formulated for data reduction
and analysis of the experimental data taken under the present
investigation. As mentioned previously, experimental mea-
surements consisted of wall static pressures on the flap, wall
static pressures on the hard boundary, total pressures across
the viscous layer, and ambient temperature and barometric
pressures. The foregoing measured information at two
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Fig. 4 Velocity profiles for initial velocity ratio of 1.29.

closely spaced X locations constitutes the input to the com-
puter program which calculates the following information:
1) velocity profiles at two stations; 2) wall shear stress be-
tween two stations; 3) shear stress distribution across the
viscous layer between two stations; 4) for the wall-layer at
both the stations Reynolds number based on momentum
thickness, displacement thickness, wall layer thickness,
form factor H, ratio H of energy thickness 6** and momen-
tum thickness #; 5) turbulent dissipation for the wall layer
and entire viscous layer, wall shear calculated by expressions
such as Nash’s, Bradshaws, Kruka and Eskinazis, Clauser’s,

Sigalla’s,!? ete., e.g., for the main region,

7 O U
2f0 PUn® a./ (;;;) W

and for the initial region,

5 T O u
2f0 puc? oy (u—) %
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O REPRESENTATIVE EXPERWMENTAL DATA FROM ALL
\ CASES — MAIN & INITIAL REGION

O REPRESENTATIVE EXPERIMENTAL DATA FROM ALL
CASES — ORDINARY TURBULENT BOUNDARY LAYER
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Fig. 6 Relation between H and H for wall layer in the
initial and main region and ordinary turbulent boundary
layer.

and wake layer at both stations; 7) various integrals at each

of stations such as
y1 u \2
S (G
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ww) [ () a

n U
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where ¥, is any distance above wall in the viscous region, and
u(ys) is the velocity at distance y; above the wall.
All mean velocities were calculated using the following equa-
tion: :
Py = PST+%PU2 (1)

where Pr is Pitot tube total pressure, and Psr is wall static
pressure.

The total pressures were measured by means of a probe
with external dimensions of approximately 0.007 X 0.03 in.
MacMillan’s!'? correction was applied to all values of velocities
computed by Eq. (1).

In order to calculate the wall shear and shear stress dis-
tribution across the viscous layer, use of following basic
equations was made:

y OU
o Or

udu/0xr + vdu oy = —(1/p)dP/dx + (1/p)01/dy

dy @

Y= —

3
OP/oy =0 ?
and
dP/dx = —pUdU./dx @
0.0104 —— EQUATION{9)
. ﬁ.a_{ = 0.246 x1070-678H (_%2>‘0-258
0.008

0.004

0.002

o 1000 2000 3000 4000 5000 6000 7000 8000

Fig. 7 Wall shear coefficients.
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Fig. 8 Difference between wall shear and shear at edge
of wall layer and wall-layer dissipation integral.

By integrating Eq. (3) from y = 0 to y = 8, making use of
Eqs. (2) and (4), and using Leibnitz’s rule and integration by
parts, the following equation can be derived after some
algebraie simplification:

A1 )]
(oS o) e {2 -} )+
[U,ddg‘-foy‘ (% — 1) dy:| +2 :Uedg;-ﬂw % X
(7.~ ¢ ]+ Lo fy G

[0 )& - pow-r @

In the preceding equation, the symbols have the following
meaning: y; = distance above wall; U, = velocity at edge
of viscous layer; 7, = shear stressaty = y:; and r, =
wall shear stress.

The left-hand side of Eq. (5) was programed to compute
(Twy — Tw) at various distances y; above the wall. Shear
stress was assumed to be zero at very large distances from
the wall in order to obtain wall shear. The same equation
and the same numerical procedures were used to compute
shear distribution, wall shear, and turbulent dissipation for
initial regions and main regions for the conditions listed in
Table 1.

Figure 2 shows the pressure distribution that was imposed
on the viscous flow for ease numbers 8, 7, and 4, respectively,
shown in Table 1. Here the pressure is plotted as pressure
coefficient vs X measured from slot exit in inches. These
pressure distributions were obtained by deflecting the flap
and hard boundary as shown in Fig. 1. The favorable pres-
sure distribution from slot exit to approximately % in. down-
stream was due to the curvature effect near the knee of the
flap. As seen in Fig. 2, the pressure becomes constant near
the rear end of the flap where incipient separation was
observed.

Tigures 3-5 show plots of velocity profiles for cases 8, 7, and
6, respectively, shown in Table 1. These experimental data
for the velocity profiles at the various distances downstream
of the slot exit are in agreement with the mathematical
model of the viscous flow shown in Fig. 1. The length of the
initial region for different velocity ratios and different flow
conditions and pressure distributions is between 1 and 2 in.,
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which is approximately 10 to 20 slot heights. The condi-
tions at the end of the initial region such as wall layer mo-
mentum thickness, form factor, jet layer thickness, wake
layer thickness, etc., vary with the velocity ratio Ucwy/ U
at slot exit and pressure distribution. The distance down-
stream of slot exit up to which the minimum velocity point is
observed increases as the initial velocity ratio approaches
the value of one. At lower values of initial veloeity ratio
Uooy/Ue of 1.12 and 1.29, the velocity profile becomes that
of an ordinary turbulent boundary shown in Figs. 3 and 4,
respectively. Inecipient separation occurs for Ueq/Uewm =
1.12, as seen from the velocity profile in Fig. 3. The existence
of incipient separation was also verified by observation of
movements of tufts that were attached to the flap surface.
At higher values of initial velocity ratio, a wall-jet type of
velocity profile still exists at the end of the flap, as seen in
Fig. 5.

Figure 6 shows the relation between the quotient §**/0
= H and the thickness ratio H = 6%/0. This figure shows
that all velocity profiles for the wall layer in the initial and
main region constitute a one-parameter family, and the
same is true for velocity profiles when the viscous flow be-
comes of the ordinary boundary-layer type. The relation-
ship between H and H for the wall layer in the initial and
maln regions is given by

H = 4411 — 23.9/H + 33.11/H* (6)

whereas the relationship between H and # when the viscous
flow becomes of the ordinary turbulent boundary-layer
type is given by

H = 16.133 — 56.91/H + 54.54/H*? (7

Both of the preceding expressions have been obtained from
experimental data by least-square curve fit. Figure 6 also
shows the points obtained from experimental results by

Rotta?10 for ordinary turbulent boundary layers. Figure 6
also shows values calculated from the expression
H=H/GH - 4 )

The foregoing relation can be derived with the assumption
of power-law velocity profile.

Figure 7 shows a plot of 7.,/3pU,? vs momentum thick-
ness Reynolds number R, for various values of form factor.
This figure indicates a peculiar characteristic of skin friction
for wall-jet type of flow in that it increases with momentum
thickness Reynolds number for constant value of form factor

up to the point where the peak velocity disappears and the
boundary-layer profile becomes of the ordinary turbulent
boundary-layer type. Downstream of the point where the
profile becomes of the ordinary boundary-layer type, the
wall shear decreases with increasing momentum thickness
Reynolds number for constant value of the form factor.
For comparison, in the ordinary turbulent boundary-layer
region the points calculated from the Ludwieg-Tillman'® skin
expression are shown plotted for various momentum thick-
ness Reynolds numbers for constant values of the form
factor. It is seen that the present indirect calculation of
wall shear from the velocity profile is in good agreement with
experimental skin friction law in the region where the wall-
jet velocity profile has changed to an ordinary turbulent
boundary-layer profile.

Figure 8 shows a plot of turbulent dissipation in the wall
layer plotted as a function of local wall layer momentum
thickness Reynolds number with form factor H as the param-
eter. These curves display characteristics similar to the
wall shear, i.e., the value of the turbulent dissipation in-
creases with local wall layer momentum thickness Reynolds
number as long as a wall-jet type of velocity profile is present
downstream of slot exit. This holds true for any initial ve-
locity ratio at slot exit and pressure distribution. The
magnitude of the turbulent dissipation then decreases with
Reynolds number when velocity profile in the viscous region
is of the ordinary boundary-layer type. KExperimental data
of Rotta for turbulent dissipation are shown as a band that
includes velocity profiles having varying form factors.

Figure 8 shows the difference between wall shear and shear
at a distance y above the wall, where the velocity is a maxi-
mum, vs wall layer momentum thickness Reynolds number.
These curves illustrate that the shear at the maximum ve-
locity point, when correlated with the usual parameter, does
give good correlation. Analytical expressions have been
obtained for the values of wall shear, turbulent dissipation
for the wall layer, and difference of shear between the wall
and the edge of wall layer. These expressions have been
calculated by means of least-square fit of the points calcu-
lated from experimental velocity profiles and known pressure
distribution. These expressions are as follows:

Tuw/1/2pU 2 1.964 exp[—1.819H 4 35.68 In(R.) —

1.365{In(R.s)} 2}[In(R.g) ] 71148 X 10%
9

wall skin-friction coefficient
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Fig. 10 Similarity for wake-
layer velocity profiles in ' the
initial region.
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dissipation (10)

[Tw - 7(55)]/1/2pUm2 = 2.518 exp[—OQlSH +
17.21 In(Ry) — 0.743{In(R.p)}?] X
[ln(Rca) ] —45.79

= difference between shear stress
at the wall and at the edge of
wall layer

(11)

Figures 9-12 are nondimensional plots of veloeity profiles ob-
tained from experimental velocity profile data in initial and
main regions. Iixperimental points shown in these figures
are for various conditions at the slot exit as well as for different
pressure distributions and different X locations.

Figure 9 shows the similarity of velocity profiles for the jet
layer in the initial region. The similarity parameter and
similarity function are defined as follows:

m= (8 — y)/(8; — &)

(12)
fen) = (Ue — w)/(Ue — Uuw)
2 3 4
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Fig. 11 Similarity for jet-layer velocity profiles in the

The least-square polynominal expression for f(»;) is given by
the following expression:

f(m) = 0.992 4 0.487(y) — 6.105(m)* + 6.796(m)® —
2.166(m)*  (13)

Figure 10 shows the curve for the similarity of velocity pro-
files for the wake layer in the initial region. The similarity
parameter and functions are, respectively, defined as

M2 = (y — 83)/ (W — 83)
f(’?z) = (Ue - u)/(Ue - Uw)

where y;. is the distance y in the wake layer where f(5,) =
0.5. The least-square polynomial expression for f(n.) is
given by

f(ne) = 1.032 — 0.416(ns) — 0.145(n2)? +

0.12(n9)% — 0.015(n5)* (15)
Figures 11 and 12 are the similarity curves for velocity pro-
files in the main region for the jet and wake layer, respec-

tively. The definitions of similarity functions and param-
eters are the same as in the case of the initial region. The

(14)

Lo
— f{n,) = 1.01940.450 61— 0.2029(n 7 + 0.1583 {13~ 0.024(x,)*
UATION (17
&tﬁ Ee onum oYww ., 29
08 ° Ueww
pew 112 FOR ALL X WITHIN
UVew
¢ WAKE LAYER
0.6 .
f(n,)
044
02
o 0.4 08 12 16 2.0 24 2.8 32

N

Fig. 12 Similarity for wake-layer velocity profiles in the
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least-square polynomial fit in the main region for the jet
layer is
f(ns) = 1.002 — 0.164(ns) — 1.967(n;)? +

1.338(7;3)® — 0.209(x5)* (16)
and for the wake region is

f(ns) = 1.0194 — 0.450(ns) — 0.2029(n.)? +
0.1543(n4)* — 0.024(n)* (17)

It is apparent by comparing the similarity curves for the
wake layer in the initial region and main region that.the
difference between these two curves is slight as compared
to that between the similarity curves for the jet layer in the
initial region and main region. It is also important to
notice that the experimental data for different velocity
ratios at slot exit and for different pressure distributions and
X locations fall very nicely on a single curve when the similar-
ity parameters are chosen as mentioned previously. It is
this fact that facilitates the transformation of Prandtl’s
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Fig. 14 Shear distribution for initial velocity ratio of 1.29.
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Fig. 15 Shear distribution for initial velocity ratio of 1.57.

boundary-layer partial differential equations®!* into ordinary
differential equations that are amenable to solutions by the
numerical techniques.

Figures 13-15 show plots of shear distributions in the
viscous layer from the wall to the edge of the viscous region
where shear stress is zero. These figures are for different
initial velocity ratios and different pressure distributions.
These curves are calculated from the experimental velocity
profiles and pressure distributions. They are similar in
shape and characteristics to those measured by various in-
vestigators such as Kacker and Whitelaw,®1® Kruka and
Eskinazi,? and Bradshaw and Gee.! A few salient features
observed from these calculated curves can be pointed out.
The value of the shear stress changes sign in the neighbor-
hood of the edge of the wall layer. The maximum value of
the negative shear stress which is reached in the neighbor-
hood of the wall layer depends greatly upon whether the X
location is in the initial region or main region or in the
ordinary turbulent boundary-layer region. The value of
negative shear stress is maximum for X locations in the initial
region and progressively decreases as the distance from slot
exit increases. It can also be observed that the value of the
shear stress in the viscous layer at the junction of jet and
wake layer changes in sign from negative to positive. The
shear stress in the core of the initial region remains approxi-
mately constant and near a value of zero.

Conclusions

As a result of the work described in this paper, some con-
clusions may be drawn:

1) Similarity of velocity profiles in the jet and wake layer
is observed based on certain similarity parameters and vari-
ables. This holds true even in the presence of different
pressure gradients.

2) Wall-layer velocity profiles can be represented as a one-
parameter family as in the case of normal turbulent boundary
layers.

3) Wall shear and wall-layer shear dissipation integral
can be generalized as a function of local wall-layer momentum

thickness Reynolds number and form factor as in the case
of ordinary turbulent boundary layers.

4) Shear at peak velocity at the edge of the wall layer can
be adequately correlated when (7, — 75)/3pUn? is expressed
as a function of U,.8/v and H.

5) A correlation between H and H for the wall layer in
the main and initial regions was found, but the correlation
curve is different from that of ordinary turbulent boundary-
layer velocity profiles.

6) The distance downstream from slot exit for which the
wake layer exists is strongly dependent upon the initial ve-
locity ratio at slot exit. This distance increases when the
ratio Uewy/U.wy approaches a value of one from either side.

7) The length of the initial region is approximately 7 to
15 slot heights, depending upon pressure gradient and initial
conditions at slot exit.

References

! Bradshaw, P. and Gee, M. T., “Turbulent Wall Jets with
and without an External Stream,” Rept. 22, 008, June 1960,
NASA.

2 Kruka, V. and Eskinzai, S., “The Wall Jet in a Moving
Stream,” Journal of Fluid Mechanics, Vol. 20, Pt. 4, 1964.

8 Meyers, G. E., Schauer, J. J., and Eustis, R. H., “Plane
Turbulent Wall Jet Flow Development and Friction Factor,”
Journal of Basic Engineering, Vol. 85, March 1963, pp. 47-54.

¢ Hubbart, J. E. and Bangert, L. H., “Turbulent Boundary
Layer Control by a Wall-Jet,” ATAA Paper 70-107, New York,
1970.

5 Hartnett, J. P., Birkebak, R. C., and Eckert, E. R. G.,
“Velocity Distributions, Temperature Distributions, Effective-
ness and Heat Transfer for Air Injected through a Tangential
Slot into a Turbulent Boundary Layer,” Journal of Heat Transfer,
Vol. 83, Aug. 1961, pp. 293-306.

¢ Kacker, S. C. and Whitelaw, J. H., “Some Properties of the
Two Dimensional Turbulent Wall Jet in a Moving Stream,”
Journal of Applied Mechanics, Vol. 35, Dec. 1963, pp. 641-651.

7 Patel, R. P. and Newman, B. G., “Self Preserving Two-
Dimensional Turbulent Wall Jets in a Moving Stream,” Rept.
Ae. 5, 1961, McGill Univ., Montreal, Canada. )

8 Glavert, M. B., “The Wall Jet,” Journal of Fluid Mechanics,
Vol. 1, 1956, p. 625.



NOVEMBER 1971

® Townsend, A. A., The Structure of the Turbulent Shear Flow,
Cambridge University Press, 1956.

1 Schlichting, H., Boundary Layer Theory, 4th ed., McGraw-
Hill, New York, 1960.

1 Abramovich, G. N., The Theory of Turbulent Jels, MIT
Press, Cambridge, Mass., 1963.

12 Sigalla, A., “Measurements of Skin Friction in a Plane
Turbulent Wall Jet,” Journal of Royal Aeronautical Society,
Vol. 62, Dec. 1958, pp. 873-877.

1 MacMillan, F. A., “Experiments on Pitot-tubes in Shear
Flow,” R&M 3028, 1957, NASA.

14 Clauser, F. H., “The Turbulent Boundary Layer,” Ad-
vances in Applied Mechanics, Vol. IV, Academic Press, New
York, 1954,

15 Seban, R. A. and Back, L. H., “Effectiveness and Heat
Transfer for a Turbulent Boundary Layer with Tangential
Injection and Variable Free-Stream Velocity,” Journal of Heat
Transfer, Vol. 84, Aug. 1962, pp. 235-244.

TWO-DIMENSIONAL TURBULENT WALL JET IN A MOVING STREAM 2165

1% Fscudier, M. P. and Whitelaw, J. H., “The Influence of
Strong Adverse Pressure Gradients on the Effectiveness of Film
Cooling,”’ International Journal of Heat and Mass Transfer, Vol.
11, Aug. 1968, pp. 1289-1292.

7 Nicoll, W. B. and Whitelaw, J. H., “The Effectiveness of
the Uniform Density, Two-Dimensional Wall Jet,” International
Journal of Heat and Mass Transfer, Vol. 10, 1967, pp. 623-639.

18 Kacker, S. G. and Whitelaw, J. H., “The Turbulence Char-
acteristics of Two-Dimensional Wall-Jet and Wall-Wake Flows,”
Paper 70-WA/APM-35, American Society of Mechanical
Engineers.

19 Seban, R. A. and Back, L. H., “Velocity and Temperature
Profiles in a Wall Jet,” Internattonal Journal of Heat and Mass
Transfer, Vol. 3, 1961, pp. 255-265.

» Rotta, J., “Schubspannungsverteilung und Energiedissipa-
tion bei Turbulenten Grenzschichten,” Ingeniur Archiv, Vol. 20,
1952, pp. 195-207.

NOVEMBER 1971

ATAA JOURNAL

VOL. 9, NO. 11

Fuel Droplet Burning Rates in a Combustion Gas Environment

G. M. Faere™* anp R. 8. Lazart
The Pennsylvanta State University, Unwersity Park, Pa.

Measurements were made of droplet burning rates in the combustion products of a flat flame
burner at atmospheric pressure. Various alcohols and paraffins were tested at ambient tem-~
peratures from 1660°K to 2530°K and ambient oxygen concentrations in the range 0-379%,.
Existing theories of droplet combustion (when corrected for flame zone dissociation) gave an
adequate prediction of the variation in burning rate with changes in the ambient tempera-
ture and oxygen concentration. However, the theories progressively overestimated the burn~
ing rate as the fuel molecular weight increased, with errors as high as 509, for the heavier

hydrocarbons.
Nomenclature
a,b = constants in the expression ¢, = a + bT
C, = specific heat at constant pressure
d = droplet diameter
H. = heat of reaction of liquid fuel and gaseous oxidizer
K = burning rate constant
m = mass evaporation rate
Pr = Prandtl number
Re = Reynolds number
S¢ = Schmidt number
t = time
T = temperature
V= gas velocity
Y. = effective ambient oxygen mass fraction
vo = ratio of the stoichiometric mass flow rate of oxygen to fuel
Al = fuel heat of vaporization
N = thermal conductivity
p = liquid density
Subscripts
I = droplet surface
o = pertains to no-flow conditions
o = ambient conditions

Introduction

ECAUSE of its importance as an elemental process in the
combustion of sprays, many investigators have studied the
burning of single fuel droplets. Most of these studies were
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conducted by burning droplets at low-ambient temperatures
with oxygen concentrations ranging from air to pure oxygen.
Studies of droplet combustion in an environment more repre-
sentative of combustion chamber conditions, however, have
been much more limited.

Wood et al.! considered the droplet combustion of hexa-
decane, kerosene and a number of beating oils within a gaseous
premixed flame. Droplet burning was observed for oxygen
mass fractions in the range 0~0.81. The gas temperature was
kept constant at 1775°K. Average burning rate constants
were inferred from measurements of the initial droplet di-
ameter and the total time of combustion luminosity. This
technique is of limited accuracy, however, due to uncertain-
ties in the relationship between the start and end of combus-
tion luminosity and the start and end of the steady burning
period.

Ingebo? has made measurements of ethanol evaporation
rates in a rocket engine combustion chamber and Bolt et al.?
considered the combustion of a number of hydrocarbons in a
burning spray. However, the state of the gas surrounding
the droplets in these experiments was not sufficiently well-
defined to allow comparison of the results with theoretical
predictions of droplet burning rates.

The present study provides more extensive measurements
of droplet burning rates at high-ambient temperatures. The
droplets were subjected to the combustion products of a flat
flame burner at atmospheric pressure. The burner was
operated with various gas compositions to yield temperatures
in the range 1660-2530°K and oxygen mass fractions in the
range 0~0.37, at the droplet location. The fuels considered in
the study included methyl, 1-buty! and 1-decyl alcohol as well
as the paraffin hydrocarbons n-pentane, n-heptane, iso-octane,
n-decane, n-tridecane, and n-hexadecane.



