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Fig. 2 Vertical velocity and static density profiles at the nozzle exit
for CO, test gas (R=31.75 cm).

operation. ? Values of flow velocity at the two earliest times

agree within the experimental uncertainty (denoted by barred -

symbols), whereby a decrease in velocity occurs between the
earliest and the latest times for both test gases. Thus, the flow
velocity is essentially constant during the later half of the
quasisteady pitot-pressure period and decreases during the
period of decreasing pitot pressure and high-frequency
variation in pitot pressure. The flow velocity increases as it
traverses the distance between the nozzle entrance and exit,
this increase being 4 to 5% for air and 2% for CO,. For
hypersonic flow, the pitot pressure is approximately equal to
pU?; hence, the results of Fig. 1 imply that freestream density
and velocity are essentially invariant with time just down-
“stream of the nozzle exit for about 300 psec following the
initial peak in pitot pressure. These results also confirm that
the flow density undergoes an appreciable decrease in
magnitude as the flow traverses the nozzle, with the density at
the nozzle exit being about 0.02 times that at the nozzle en-
trance for both air and CO, test gases. (Inversely, the ratio of
" density at ‘the nozzle entrance to that at the nozzle exit is
approximately equal to the nozzle geometric area ratio.) The
relatively small increase in flow velocity and large decrease in
density as the flow traverses the nozzle is expected, since most
of the flow energy is kinetic at the nozzle entrance, and the
continuity of mass and energy relations show that the density
will decrease as the nozzle area ratio increases.

The vertical profile of the axial component of flow velocity
and the density is shown in Fig. 2 for CO, test gas. The
velocity is nondimensionalized by measured velocity on the
nozzle centerline over the interval 11.82 to 15.63 cm down-
stream of the nozzle exit, and the density also is non-
dimensionalized by the nozzle centerline value downstream of
the nozzle exit. Velocity and density profiles were obtained
during the period of quasisteady pitot pressure. A uniform
core of the flow velocity (within 2%) exists about the nozzle
centerline, the diameter of which is approximately 0.7 times
the nozzle exit diameter. Outside of this core of uniform
velocity, the flow velocity was observed to decrease rapidly in
the direction of the nozzle wall. Values of freestream density
are within 20% in a region about the nozzle centerline, and the
diameter of this region is about half the nozzle exit diameter.
A toroid of high-density flow surrounds this inner region of
relatively uniform density, but the flow velocity is constant
across this region and the toroid. Outside the toroid, the
density diminishes rapidly in the direction of the nozzle wall.
Vertical profiles of flow velocity and density for air were
similar to those observed for CO,. These findings are in
agreement with previously measured pitot-pressure profiles,
which showed a relatively uniform pitot-pressure inner-core
region surrounded by a region of higher pitot pressure. The
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diameter of this uniform pitot-pressure region was ap-
proximately 0.5 times the nozzle exit diameter for CO, and air
test gases. A similar expansion tunnel flow model was ob-
served in the Langley pilot model expansion tunnel.® The
toroid of high-density flow is believed to be caused by shocks
(weak disturbances), as predicted for hypersonic flow in
conical nozzles.® As a point of interest, the value of centerline
density obtained from measuring the charge collected by the
ion probe is about twice the density inferred from the
measured velocity and pitot pressure. In view of the
assumptions required to cobtain a value of density from the
measured charge, this difference in centerline density of a
factor of 2 is believed to be quite reasonable.
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Cooling Effectiveness of Slot Injection
into a Turbulent Boundary Layer

Floyd G. Howard* and Andrew J. Srokowskit
NASA Langley Research Center, Hampton, Va.

Introduction

YSTEMS studies show that lighter and less expensive
structural materials can be used if the operational surface
temperature of a high-speed vehicle can be reduced below the

‘normal radiation equilibrium temperature. Transpiration

cooling, which is the process of releasing a coolant gas
through a porous surface material, has been demonstrated as
an effective means of maintaining the surface temperature
below a required level.'? However, a porous material may
not be structurally practical for the skin of high-speed
vehicles. A second technique for cooling a surface is to inject
coolant gas through a discrete slot into the boundary layer. A
considerable number of investigations* having been con-
ducted on the cooling effectiveness e for a single slot. Cooling
effectiveness for high-speed flow usually is defined as

€= (Tl—Teq)/(Tl— Tj)
where T;, T, and T; are the stream stagnation temperature,
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surface equilibrium temperature, and stagnation temperature
of the injected coolant, respectively. '

Numerical and experimental investigations®® have shown
that, for a given total mass of coolant, cooling performance
can be enhanced by use of multiple siots. Some investigations
have not determined e directly from measured 7., but have
inferred the value of ¢ indirectly from heat-transfer
measurements and estimated heai-transfer coefficients
downstream of one or more slots. The experimental data
shown in this Note were determined from direct temperature
measurements of the surface at equilibrium conditions. The
purpose of this Note is to show experimentally the influence
on cooling effectiveness of injection through multiple flush
slots at an angle of 10° into a turbulent Mach 6 boundary
layer.

Experimental Approach

The tests were conducted in the Langley Mach 6 high
Reynolds number tunnel.® This tunnel is a conventional
blowdown type with an axisymmetric contoured nozzle
followed by a 30.48-cm-i.d. pipe section, into which in-
strumented slot segments (schematically shown in Fig. 1) were
installed at various axial stations. For present tests, the
nominal operating conditions were total freestream pressure
=3.55x10% N/m?; T, =505K; Mach number =5.96; 0.53 <
T;/T,<0.68; and 60 x 10® <Reynolds number < 110x 105,
Wall temperatures were measured on a thin wall liner located
downstream of the last slot. Equilibrium surface temperatures
T,, were obtained by allowing the tunnel to run as much as
7.5 min; by this time the temperatures had leveled off at some
constant value, taken as T,,. The validity of this approach
was substantiated by plotting surface temperature 7', against
the reciprocal of time ¢ and extrapolating to 1/r=0.

The slot mass flow ratio is defined as

A= (pu);/ (ptt) o,

where p and u represent density and velocity, respectively, and |

subscripts j and o denote slot exit and freestream conditions,
respectively. The range of A for this experiment was from
approximately 0.05 to 0.28.

Air was injected from one to four slots into a turbulent
Mach 6 boundary layer at an angle of 10° with the surface.
The slots were spaced equally at 67.5 slot heights, with a slot
height s of 0.254 cm.!® The boundary-layer thickness at the
location of the most upstream slot was approximately 4.32
cm.

Results

Slot injection reduces equilibrium surface temperature by
modifying the boundary-layer temperature profile. Mixing
between the coolant and the external boundary-layer flow
begins immediately at the point of injection and continues
downstream. The mixing between the slot flow and external
boundary layer is most rapid for lower slot mass flow rates,
and hence the downstream extent of high cooling effectiveness
with the lower slot flow rates is reduced significantly.
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Fig. 1 “Schematic of two-slot arrangement and thin wall liner.
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Fig.3 Cooling effectiveness for one-, two-, three-, and four-slot case
for the same total mass injection (M, =5.96, Tj/ T, =0.6).

Figure 2 shows examples of how experimental values of ¢
vary with A downstream of a single slot and three slots. For
x/s of 4.36, the level of ¢ for the single slot is approximately
equal to the level of ¢ for three slots at all values of A. At x/s
of 22.36 and 36.36, ¢ for three slots is noticeably higher than
for the single slot, but the improvement in e as A is increased
(de/dN) is about the same. At the more downstream locations
(x/s>60), € for three slots is only slightly higher than ¢ for
the single slot at the lower values of A. However, the increases
in € with increase in \ for three slots is significantly better than
for the single slot.

Figure 3 shows experimental values of ¢ downstream of
single- and multiple-slot (two, three, and four slots) injection,
where the total mass injection (total mass =sum of flow rates
from each slot) is the same for each case. The surface area
maintained above a given ¢ increases as the number of slots is
increased from one to four. For example, if operating con-
ditions required ¢=0.5, the single slot with A of 0.24 would
protect the surface to about 140 slot heights (x/s). Two,
threc, or four slots with the same total mass injection would
protect the surface for a distance of more than 280, 340, and
400 slot heights, respectively. If an ¢ of 0.75 or 0.80 were
required, the slot spacing would have to be closer than the
present arrangement; with A=0.06 a second slot would be
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required at approximately x/s of 17 (see Fig. 3) to maintain ¢
=0.8. As illustrated by numerical studies,” the slot spacing
can be increased with each additional slot because of the
“multiple slot effect.”” However, it should be obvious that the
slot spacing will reach some asymptotic value (although not
shown in this Note).

In summary, the current study shows that, for a given
coolant mass flow rate, thermal protection over the maximum
surface area can be accomplished best by injecting the coolant
flow through multiple slots. It is of interest to note that
numerical studies!! indicate that skin-friction reduction by
slot injection is most effective when the total available mass is
injected from one slot as far upstream as possible.
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Nomenclature
a, =overheat parameter (R, —R,)/R,
d =wire diameter
E =wire voltage
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=film coefficient

=thermal conductivity

=d R,/ AT,

=wire length

=dbop/dnT

=Mach number

=dk/dT

=Nusselt number, hd/k

=static pressure

=resistance

s =series resistance in anemometer bridge
Re; = Reynolds number, pud/u
Re, = Reynolds number, p,ud/y,
S =sensor sensitivity coefficient
T =temperature
u
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=streamwise velocity

=distance normal to wall

=1/{1+[(y-1)/2]1M?}

=boundary-layer thickness

=recovery factor 7, /T,

=viscosity

=density )

=temperature overheat (7, —7,) /T,
Ly =100t mean square

Superscripts

)’ = fluctuating value

() =time-averaged value
Subscripts

e =boundary-layer edge

r =recovery or adiabatic wall

t =total or stagnation conditions
u =velocity

w =wire

0 =density

ou =mass flux

Introduction

WO instrumentation systems are presently practical to

use in turbulence measurements. The laser velocimeter
can measure fluctuating velocities while the hot-wire
anemometer, in principle, can be used to obtain both
kinematic and thermodynamic fluctuations. In addition, the
hot-wire anemometer gives an analog signal output that is
convenient for use in time-space correlation studies and
spectral analyses. The laser velocimeter has been used suc-
cessfully in all flow regimes, whereas the hot wire has not been
exploited in transonic flows, where the wire response has not
been well-understood. The purpose of this Note is to examine
the response and calibration of a constant-temperature, hot-
wire anemometer in transonic flow and to present turbulence
measurements, obtained in a transonic boundary layer.

Results and Discussion

Any discussion of hot-wire anemometry in transonic flow
must consider past work in that area of interest. In particular,
one must consider how little activity has existed in an area of
such technological importance. Twenty years have passed
since the significant work of Morkovin' was published which
outlined the basic considerations of hot-wire anemometry
applied to transonic flows. Although Morkovin indicated the
possible difficulty in interpreting the wire’s signal, he cer-
tainly did not indicate that it was impossible to do so.

In order to recount the problems discussed by Morkovin,
the following discussion is presented. The nomenclature used,
and the ideas considered, follow those of Morkovin and
Kovasznay? closely. Generally, the fluctuating voltage given
by a hot-wire anemometer E’ referenced to its mean value E is
a function of the heat transfer from the wire, which is directly



