The Influence of a Mainstream
Thermal Boundary Layer on Film
Eftectiveness

D. E. Paxson A theoretical and experimental investigation on the effect of a mainstream thermal
boundary layer on adiabatic film effectiveness is presented. The theory is based on a

simple model which accounts for mixing between the injected flow and a

R. E. Mavle mainstream flow with a viscous and thermal boundary layer. In order to apply this

theory, the adiabatic film effectiveness in a flow with uniform temperature must be
known either from experiments or from another theory. Experiments are de-
scribed for an injection geomeiry having a simple two-dimensional slot. These tests
were conducted with an insulated lip having a lip-diameter to slot-height ratio of 0.6.
The mainstream thermal boundary layer was produced by heating the surface in
contact with the mainstream flow upstream of the slot. Velocity and temperature
distributions were measured at various distances downstream of the slot, along with
measurements of the adiabatic wall temperatures. All tests were performed af a
secondary to mainstream mass flux ratio of 0.7, but with different amounts of
mainstream heating. While a comparison between theoretical and experimental
results shows a discrepancy near injection, the trend is correct, and the agreement
downstream is good.
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Introduction

Within the last twenty years, film cooling has become a
common method of protecting mechanical components from
hot gaseous environments. Examples abound in modern gas
turbine engines, as described by Metzger and Mayle (1983),
where combustor linings and components in the first two
stages of the turbine are usually film cooled. In many cases,
film cooling is combined with conventional convective cooling
methods so that the air, after passing through the cooling
channels, is used for film cooling.

Usually, heat transfer with film cooling is determined by
using a film heat transfer coefficient A - and an adiabatic wall
or film temperature T,,, as described by Goldstein (1971), i.e.,

qr=h (T, —T,)
where T, is the component wall temperature. Introducing the
adiabatic wall or film effectiveness 5 defined as
To—T,,
T,-T,
where T, and T, are the mainstream and secondary or in-

jected air temperatures, respectively, the surface heat flux with
film cooling is obtained from

T,-T,
wenr oo 2

n=
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Both & and % must be known before the heat flux can be ob-
tained and both depend, at least, on the injection geometry,
coolant-to-mainstream mass and momentum flux ratios, and
the distance measured from injection. They are usually ob-
tained experimentally and, in the past, most effort has been
spent in measuring the film effectiveness 5. Effectiveness ex-
periments are conducted under nearly adiabatic conditions
where the mainstream air temperature is uniform.

Difficulties do not usually arise in using the adiabatic effec-
tiveness determined in this manner unless coolant is used to
cool the surface preceding injection, injection is preceded by
another film injection, or simply stated, the mainstream ther-
mal boundary layer is thick compared to the ‘‘equivalent slot
height”’ of the injection scheme. In this case, the mainstream
temperature profile at injection does not resemble that
under which the effectiveness measurements were obtained,
namely, constant and equal to 7T,. As a result, when the
measured effectiveness distribution is used together with the
perceived mainstream temperature, the heat flux is
overestimated.

Sellers (1963) was first to make this point and proposed a
method to account for the case of multiple film injections. The
method is simple in that the mainstream temperature is re-
placed by the local adiabatic wall temperature, which results
from all preceding injections. In order to predict the correct
result, the method requires that the temperature profiles
should be relatively flat near the wall and up to the height of
injection, Its simplicity however, has made it a mainstay in
design systems for multiple film injections.
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Situations without previous film injections, but with a
significant thermal deficit in the mainstream boundary layer,
remain to be analyzed. It is this problem that the present paper
addresses.

Theory

Consider the control volume shown in Fig. 1. Consider the
upper boundary of the control volume to be a streamline and
assume that, for any such control volume that can be drawn
downstream of the slot, the fluid from the slot has completely
mixed with the mainstream fluid up to the height y as shown.
If the specific heats of the fluids are considered identical and
constant, an energy balance can be written in the following
form:

y ¥
SO Pl Tdy+p UTs=T,, [SO pmumdy+psUss]

where the subscripts o and s refer to the mainstream and
secondary fluid, respectively, u, =u, (¥) is the streamwise
velocity, U, is the average velocity in the slot, T is the
temperature, s is the slot height, and T, is the adiabatic wall
temperature. In addition to the above assumptions, it has also
been assumed that the conduction of heat across the upper
streamline boundary of the control volume can be neglected
compared to the slot energy deficit p,U,c(T,, — Ty)s, where ¢
is the specific heat. Thus, the theoretical model simply con-
siders the downstream increase in the adiabatic wall
temperature to be the result of a progressively upward mixing
of the slot fluid with a hotter mainstream fluid. As such, y, the
distance up to which mixing has occurred, and T,, are in-
timately connected, as will be shown later. Although a flat,
completely mixed-out temperature profile has been assumed at
the downstream boundary of the control volume, it is only
necessary to assume that the profiles for every such control
volume are similar (such as done by Wieghardt, 1964) and that
the mixing occurs as previously described. For these more
realistic conditions, the results will be identical to those
presented below. The above expression may be rearranged to
yield

y T,—T
S Mo [————“ ]dy+Ms
T,-T, 0 U,L T.—T,
n= =
T,—T, y
) S i°°—dy+MS
0 U,

where the mainstream velocity U, and the coolant mass flux
ratio M=p,U,/p,, U, have been introduced.

For the case where no thermal deficit in the mainstream ex-
ists, one has T= T, everywhere in the mainstream, and the in-
tegral in the numerator is zero. Therefore, the adiabatic film
effectiveness, 7, is given as

Nomenclature

!

ADIABATIC WALL

Fig. 1 Control volumes for energy balance with y <4, and y=é;
u —1
—Z dy+ Ms]

¥
17"=jws[go U,

This expression is identical to that obtained by Goldstein
(1971). Substituting this into the original effectiveness equa-

tion provides
e e AR)
=g — — == ldy+1
7 n“{Ms U, LT -1, 1Y

A lip effectiveness ¢ may be defined as
Too - TL
T,—T.

s

M

o=

where T is the lip temperature on the surface adjacent to the
mainstream. The above expression then becomes

_ o (7 u, T-T, ] }
K "”{Ms So U, [1 T.-T, dy+l
This expression can only be evaluated if the mainstream
velocity and temperature distributions at the slot, i.e., x=0,
and the streamwise distribution of the adiabatic film effec-
tiveness, n,, are known. In what follows, it will be presumed
that 5, is known from either experiment or another theory. In
order to assess the effect of a mainstream thermal boundary
layer, it will be assumed that both the mainstream velocity and
temperature profiles at the lip obey a simple power law ap-
y

proximation, i.e.,
1 1
U Y ] v " [ Y ] n e

—=|— and —=|— =(y/n"
U, [5 ¥ -1, 3, (y/n
where r is the ratio of the thermal to viscous bounday layer
thickness, r=4,/6.

Substituting the above expression for the velocity profile in-
to equation (1), integrating, and rearranging, one obtains

@

1

I

¢ = specific heat . , A, = enthalpy thickness
h; = heat transfer coefficient with U = free-stream or average n = adiabatic film effectiveness
film cooling velocity n, = adiabatic film effectiveness
M = secondary-to-mainstream mass x streamwise distance measured without heated lip surface
flux ratio o from slot exit p = density
q; = surface heat flux with film y = distance measured normal ¢ = dimensionless lip temperature
cooling from upper lip surface
r = Thermal to viscous boundary Yi distance measured normal SlleCl‘iptS
layer thickness from adiabatic surface aw = adiabatic wall
s = slot height v dimensioniess distance normal L = Lip
T = temperature to upper lip surface § = secondary air
u = local streamwise 8, displacement thickness w = wall
velocity = u(y) 5, momentum thickness oo = mainstream air
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T e

This may now be regarded as the height in the mainstream
flow above the lip to which mixing occurs for a control volume
that extends to x=x(»,), i.e., this expression relates the
height of any one control volume to its length. Note that in the
following any single control volume is not changing, but that
numerous control volumes are being considered.

There are now at least two cases to evaluate: that for y<r
and that for v =r. The first is for all control volumes where the
mixing height y is less than the thermal boundary layer
thickness §,. This generally corresponds to small distances
from injection, say 0=x=x,. The second case is that where
mixing has occurred beyond the thermal boundary layer, into
the region where the mainstream temperature is constant. It
corresponds to large distances from injection, xzx,. In addi-
tion, one may have either r=<1 or r=1. Substituting the
assumed form for the velocity and temperatures profiles into
equation (2) and integrating yields

5 n n+1 n 1 n+2

9 JAont2

N
. o MNmst nt2 i

which upon substituting into equation (3) provides

A

Na

1 1

1—n, n+1 r_T[n+1 Ms l—na]_‘_H, }

-
T

n+2 n & na

@

This expression implicitly relates the film effectiveness with a
mainstream thermal deficit, , to the streamwise distance x
through the functional %,=7,(x), which in turn has been
assumed known. The restriction y<r=<1 requires (see equa-

tion (1))
- -1
] =[]

In other words, equation (4) is valid for the region between the
slot (x=0) and the distance x=x,, which corresponds to the
position where 5, equals the first expression in the above
restriction. Beyond this point 4 continues to decrease as mix-
ing continues. In this region, however, mixing occurs with air
at the free-stream temperature 7,,. Thus, the integrand in
equation (2) is zero for y=4, or x<x,. The upper limit to the
integral becomes v =r and one obtains
n+1
] n T

—_ 6 n . =

P N ) ¢(Ms>r P =) ©
This result is valid for y=r(y=4,) provided that r=<1 (§,<6)
and implies that beyond x=x,, the film effectiveness with a
thermal boundary layer is a simple multiple of that without.
This completes the necessary analysis for all of the cases cor-
responding to r=1,

The cases corresponding to r=1 are as easily determined as
those above, but result in somewhat more complicated expres-
sions. Integration of equation (2) with the assumed velocity
and temperature profiles, noting that u, = U,, for y =4 yields

n+1

>[1+ " 6 r’
1= 10 1 Ms

1

1
_n__=1+¢1—17a{1_ n+1 r—T[n+l Ms l—na]',,’;f}
Na N4 n+2 no & 1,
for

et
Ta = n+1 Ms
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which is identical to equation (4) and corresponds to y <§é.

1_
SRS e
Na Na
1 n+1
NI Ny LU SR I |
n+1 Ms n+l &6 7, n+2
(6)
for
R I o
MsL 7+l =M= Ms
which corresponds to 6 <y =§,, and finally
1
6 ~1 -
Lotp [T )
Mg MsL n+1 (n+1)(n+2)

which corresponds to y=34,.

All of the above equations show that there are four
parameters on which the actual, or corrected, effectiveness
depends. The first is the ratio of thermal to viscous boundary
layer thicknesses, r=4,/6; the second is the mainstream
boundary layer to secondary mass flow ratio, 6/Ms; the third
is the dimensionless lip temperature ¢; and the last is the
power of the assumed velocity and temperature profiles, 1/x.
From either equation (4) or (5) it is obvious that (3/9,) — 1 is
directly proportional to the dimensionless lip temperature ¢,
which suggests plotting the theory in the form 1/¢ (3/9,—1)
versus 7,. Such a plot is shown in Fig. 2, where the values for
r, 6/Ms, and n are 0.9, 2, and 7, respectively. These values are
similar to those for the present experiment. A decrease in the
abscissa (decreasing %,) corresponds to an increase in the
distance from the slot. The regions corresponding to x=x,
and x=<x, are marked in the figure. For typical gas turbine
conditions ¢=0.75. Thus the maximum gain in film effec-
tiveness resulting from a mainstream thermal boundary layer
having the conditions used in Fig. 2 would be about 12 per-
cent. Maximum gains for other conditions can be readily ob-
tained from either equation (5) or (7). A maximum gain of
about 20 percent is predicted from the more realistic ratio of
thermal to viscous boundary layer thicknesses, r=1.4.

Experimental Facility

The tests were performed using a low-speed test facility with
separate mainstream and secondary air supply systems. The
mainstream air supply system was an open-circuit wind tunnel
powered by a centrifugal fan. A plenum containing baffles
and screens followed by a nozzle insured a uniform
mainstream flow in the test section. Thermocouples located
upstream of the nozzle were used to measure the mainstream
air temperature. The mainstream flow velocity was measured

0.2
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l
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e X>Xl" X<Xr
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ADIABATIC EFFECTIVENESS Tla
Fig. 2 Theoretical result for r=0.9, iMs =2, and n=7
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HEATED SURFACE

Fig. 3 Test section with slot injection and a lip with a heated surface

using a Kiel probe, and a static pressure tap located within the
test section. The secondary air supply consisted of a cen-
trifugal fan, a heating chamber, and a secondary air plenum
chamber. The latter was directly attached to the test section.
The heating chamber contained four individually regulated
heating units of stranded nichrome wire sandwiched between
sets of filtering screens. The plenum contained a series of
screens and baffles, which provided a uniform injection flow.
The secondary mass flow rate was obtained using a calibrated
nozzle positioned between the heating and plenum chambers.
The secondary air temperature was measured directly at the
slot exit.

The test section is shown in Fig. 3. It was composed of a top
wall, a heated-lip model, and an ‘‘adiabatic’’ test plate at-
tached to plexiglass sidewalls. The width of the test section
was 30.5 cm and its height before the slot was 12.7 cm. Four
trip wires were mounted at the slot entrance to insure tur-
bulent flow within the channel. The heated-lip model is 37 cm
long and had a lip diameter of 0.64 cm. The model was de-
signed to provide an injection angle of 6 deg and was posi-
tioned to provide a slot height of s=1.02 cm. The model was
made primarily from plywood and balsa wood. The upper sur-
face of the model (that in contact with the mainstream flow)
was covered with a heating unit, which consisted of a con-
tinuous 2.54-cm steel foil strip folded back and forth to create
a ‘“‘heating sheet’’. The foil was sandwiched between two
layers of fiberglass, bonded to the upper surface of the model,
and connected to an a-c power supply. Thermocouples posi-
tioned at various locations throughout the model were used to
measure the upper and lower lip surface temperatures. The en-
tire model was painted with a flat black enamel finish that had
an emissivity of 0.985.

The test plate was 30.5 cm wide and 64 cm long. It was con-
structed from a 1.27-cm-thick plywood support plate covered
with a 2.54-cm-thick balsa wood layer. This arrangement pro-
vided a nearly adiabatic wall for measuring film effectiveness.
Seventeen thermocouples, mounted in the surface from
x/s= —13.75 to 36.25 along the center of the plate, were used
to obtain the adiabatic surface temperatures. Thermocouples
located to either side of center were used to check the two
dimensionality of the flow. In addition, thermocouples
located on the back of the test plate were used to evaluate the
conduction losses through the test plate. In order to further
reduce back loss, the space behind the test plate was filled with
fiberglass insulation, All of the thermocouples were connected
to junction blocks located within the test plate. As with the
model, the entire test plate was coated with flat black enamel.

All tests were conducted with the mainstream air velocity
and temperature nominally maintained at 18.3 m/s and 19°C,
respectively. The mass flux ratio was maintained at a constant
nominal value of M=0.7. The secondary air and lip
temperatures depended on the value of ¢ and varied between
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Fig. 4 Velocity profiles at different downstream positions, M =0.7

30=T¢=50°C and 25=< T, <50°C, respectively. It should be
noted that with a heated secondary flow, 75 =T, and no sur-
face heating, the lip temperature was always somewhat greater
than the mainstream air temperature, i.e., ¢ =0, because of
conduction through the lip.

The velocity and temperature profile measurements were
obtained using a vertical traversing mechanism, which could
be moved in the streamwise direction to various x/s positions.
Velocity traverses were performed using a miniature boundary
layer total pressure probe. These traverses were taken with the
mainstream and secondary air at the same temperature. For
each x/s position traversed, a static pressure tap was mounted
in the sidewall at the same x/s location. Temperature traverses
were made using a small thermocouple probe with flow condi-
tions matching the effectiveness tests. The temperature
traverses performed with the lip surface heated were con-
ducted with the lip temperature equal to the secondary air
temperature, i.e., ¢ =1.0.

The effectiveness tests were performed with the lip surface
heated and unheated. The secondary air and lip surface
temperatures (¢) were selected and the plenum and model
heaters set appropriately. When all the mainstream and sec-
ondary flow rates and temperatures were set, the facility was
run for a minimum of six hours in order to achieve a steady-
state condition. At the end of this period, temperature
readings from all of the thermocouples were recorded and the
flow rates checked.

The effectiveness measurements were corrected for heat
transfer losses by conduction through the test plate and radia-
tion to the surroundings. A one-dimensional model of each
surface element was used and a heat balance performed to ob-
tain the ‘‘adiabatic’” wall temperature. Radiation corrections
were particularly difficult to ascertain exactly because the test
surface radiates to the inside of the slot, as well as to the sur-
rounding surfaces. However, corrections to the measured
adiabatic film effectiveness due to radiation were always less
than 7 percent and those due to conduction were less than 4
percent.

Results

Velocity and Temperature Profiles, The measured velocity
profiles at several x/s positions are shown in Fig. 4, where the
origin of each profile is shifted by 0.7 along the abscissa. In
order to avoid confusion, the vertical distance y, is measured
from the test surface, and not from the top of the lip as in the
theory, i.e., ¥, =y + s+ lip thickness. The profile at the slot ex-
it is seen to have a region directly behind the lip where the
velocity is zero. The actual data gathered in this vicinity,
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Table 1
x/s 8y/s 8,75 H
0 1.07 0.30 3.57
2.8 0.53 0.37 1.43
5.6 0.49 0.36 1.36
11.9 0.45 0.34 1.32
22.5 0.43 0.33 1.30

however, registered a small negative pressure difference be-
tween total and static pressures. Because it was not certain
whether this was caused by a slight difference between the
mainstream and secondary static pressure, and because the
readings were very small (within the error range of the
manometer), the values were simply taken to be zero. The re-
maining profiles illustrate the mixing trend as the flow moves
downstream. The final profile at x/s=22.5 looks very much
like a typical flat plate turbulent profile. Values of the
displacement thickness, momentum thickness, and shape fac-
tor are provided in Table 1. The shape factor for x/s=22.5
agrees well with the generally accepted value for a fully tur-
bulent profile.

The temperature profiles for an unheated and a heated lip
surface, ¢ =0.34 and 1.07, respectively, are shown in Fig. 5.
As with the velocity, these profiles are plotted as functions of
/s, but each profile is shifted along the abscissa by 0.8. The
triangular symbol for each profile at y,/s=0 represents the
wall temperature measured by the thermocouples embedded in
the wall, as opposed to the probe thermocouple. (Actually, the
traverses were done at x/s positions that fell between wall ther-
mocouples; thus an interpolation was performed.) In all
traverses, this value was lower than the temperature measured
by the probe. The discrepancy illustrates the effects of back
loss through, and radiation from, the test surface. It is also
due, in part, to conduction along the probe stem. Both sets of
profiles exhibit behavior that is intuitively expected. At x/s=0
the profiles appear reasonably uniform up to the slot height.
Above this there is a region that seems nearly linear. Here, in
the wake of the lip, conduction appears to be the important
heat transfer mechanism. Finally, a typical heated boundary
layer profile is seen above the lip. Comparison of the profiles
at x/s =0 shows for the heated case that a substantial amont of
heat is contained both in the flow above the lip and in the
wake. The latter is presumably a result of the downstream
mixing and reverse flow in the wake. Moving downstream,
mixing occurs and the additional thermal energy introduced
by the heated surface becomes more and more diffuse.

The enthalpy thickness was evaluated for each traverse posi-
tion for both the heated and unheated cases. The average
value of A,/s for the unheated case is 0.72, with a deviation
from the mean of less than 10 percent. For the heated case, the
value is A,/s=0.79, also with a deviation of less than 10 per-
cent. Thus it appears as if the test facility represents a
reasonably closed control volume. If the lip were truly
adiabatic, it should be observed that the value of A,/s would
be equal to the mass flux ratio M. Recalling that a nominal
value for M of 0.7 was used for the traverses, the above ex-
perimental result for the unheated surface, A,/5=0.72, is fur-
ther reassurance for the accuracy of the data.

Effectiveness Results. The measured film effectiveness
distributions for four different values of ¢ >0 are plotted in
Fig. 6 as functions of x/s. Here, as in the theory, n denotes the
adiabatic film effectiveness with a mainstream thermal
boundary layer. The data for ¢ =0.34 were actually obtained
without applying current to the heater strip on the lip surface
and is simply a result of heat transferred from the secondary
air by conduction through the lip.

Figure 6 indicates a rather significant effect caused by the
presence of a mainstream thermal boundary layer. All of the
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effectiveness distributions follow the same trend, for a given
value of ¢. Each begins at the exit with %=1, and maintains
nearly this value to about x/s=6. The effectiveness then drops
off rapidly as mixing near the wall begins. Farther
downstream the decay becomes more gradual. The effect of
the lip boundary layer is seen as soon as the mixing near the
wall begins. However, it is much more noticeable downstream
after most of the mixing has occurred. Furthermore, it is seen
that for a given x/s position, the effectiveness value increases
with ¢. A plot of 5 against ¢ for each streamwise position pro-
duces a linear correlation. This should be expected since the
energy equation is linear and the heated case can be considered
as the superposition of two thermal profiles, one of which has
a constant mainstream temperature. In heat transfer tests, a
constant mainstream temperature profile is impossible to
achieve. Nevertheless, the truly adiabatic film effectiveness 1,
can be obtained from these tests by a linear extrapolation of 5
versus ¢ to ¢ =0 for each x/s position. This result is also
presented in Fig. 6 and is denoted by the closed symbols as
¢ = 0-extrapolated, or simply 7,.

In Fig. 7, the film effectiveness 5 for two test conditions are
plotted. In this figure, however, the results are plotted in the
format suggested by the theory (Fig. 2). The solid symbols
represent the average of the data previously plotted in Fig. 6
for the two highest values of ¢. For this case, §/Ms=1.96. The
second set of data was obtained for a thickened mainstream
boundary layer having §/Ms=2.65 with ¢$=2.04 and 2.78. In
both cases, §,/6=0.76. In addition, the theoretical results ob-
tained from equations (4) and (5) are also shown.

In general, the overall trend at lower values of 5, (larger
x/s), and the effects of boundary layer thickness, are
reasonably well predicted. A major discrepancy between
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theory and experiment, however, is noted at the higher values
of 5, (smaller x/s). Theory consistently predicts a higher cor-
rected effectiveness  than actually exists. The reason for this
is presently attributed to the mixing process immediately
downstream of injection. While the theory assumes mixing
across the whole profile, the profile results indicate that the
mixing occurs away from the lip until the wall is encountered.
One may question why, contrary to the conventional notion, a
higher degree of mixing would yield a higher effectiveness.
The answer lies in the failure of conventional thinking to con-
sider the effects of a mainstream boundary layer with an
energy deficit, In this case, mixing more fluid with less energy
improves the effectiveness. In light of the present results, then,
it appears that the beneficial effect of the mainstream thermal
boundary layer is not immediately realized to the extent
predicted by the theory. As the mixing becomes more com-
plete, however, the effect is more fully realized and the ex-
perimental and theoretical results compare quite favorably.

496/Vol. 111, 0CTOBER 1989

Conclusions

It is apparent that the adiabatic wall effectiveness is
significantly altered by the presence of a thermal boundary
layer in the mainstream flow. Since, in an actual turbine
blade, this boundary layer always exists, one might question
the accuracy of previous analyses, which assume the conven-
tional adiabatic condition. In this respect, the effect studied
here helps the designer.

It also appears that the simple theoretical model presented
herein is quite adequate for estimating the effect of a
mainstream thermal boundary layer on the film effectiveness.
The model does, however require that the adiabatic wall effec-
tiveness without a thermal boundary layer, 7,, be known a
priori. In addition, one must also know the ratio of the
mainstream thermal to viscous boundary layer thicknesses,
8,/6, and the ratio of the mass flow in the mainstream
boundary layer to that injected, 8/Ms. Since 7, itself is used as
a measure of the mixing that actually takes place, it appears
that the model may be applied to injection geometries other
than the slot.
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