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Two-Dimensional Nonadiabatic Injection
into a Supersonic Freestream
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Turbulence and mean � ow measurements were acquired downstream of a normal, supersonic (Mach 1.6), two-
dimensional, slot injection into Mach 2.9 � ow (Re/m = 16 £ 106 ). An adiabatic (Tti/Tt1 = 1.0) and two nonadiabatic
injection cases (Tti/Tt1 = 1.11 and Tti/Tt1 = 0.93) were studied. Multiple-overheat cross-� lm anemometryand con-
ventional mean � ow probes, as well as instantaneous schlieren photography, were utilized to study the turbulent
mixing layer. The mean � ow data included the pitot, cone-static, and Mach number pro� les. The measured tur-
bulence data included Reynolds shear stresses and turbulence intensities (mass � ux and total temperature). The
� ow visualizations highlighted the physical phenomena of the � ow as well as the associated turbulent structure
that existed in the mixing layer. The injection and wall temperature were found to have a strong in� uence on the
near wall (the bottom-half of the mixing layer relative to the wall) mean and statistical turbulent � ow properties.

Nomenclature
a, b = hot-wire calibration constants
B = mixing layer width
C p = speci� c heat
h = enthalpy
M = Mach number
Nu = Nusselt number based on hot-� lm sensor diameter
P = pressure
Pr = Prandtl number
q = heat � ux
Re = Reynolds number
T = temperature
u, v, w = velocity components
v = velocity vector
W = injector throat width
X, Y, Z = Cartesian coordinates
d = boundary-layerheight
q = density
s = shear stress

Subscripts

i, j = Cartesian coordinate indices
inj = injector condition
t = total condition
wall = wall condition at X / W equals 72
y = Y component
1 = local freestream � ow condition at X / W equals 72
1 = wind-tunnel freestream condition
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Superscripts

F = Favre averaged
R = Reynolds averaged
¯ = time-averaged component
0 = � uctuating component

Introduction

N ORMAL injection into a supersonic cross� ow is of funda-
mental and practical interest. This interaction may be iden-

ti� ed in several areas including thrust vector control systems in-
side high-temperaturenozzles, boundary-layerand surface cooling
of high-temperature � ows, and fuel mixing in a supersonic ramjet
combustor. Because of the large number of practical applications,
two- and three-dimensionaljet � ows have been the subject of much
investigation.1

Mixing enhancement in supersonic � ow is a key enabling tech-
nology in the developmentof scramjet engines, where the available
time to mix the fuel with the incoming air, ef� ciently combust the
mixture, and exit the products will be on the order of milliseconds
(Ref. 2). Heiser and Pratt3 provide empirical mixing ef� ciencies for
threesimple mixingschemeswith a hydrogenandairmixture,where
normal injection was shown to have the potential for relatively high
mixing ef� ciency in the near � eld.

Computer resourcescurrently limit predictionsof complex, high-
speed, high Reynolds number, compressible turbulent� ows to solu-
tions of an approximate averaged form of the Navier–Stokes equa-
tions. Because of the nonlinear nature of the governing equations,
this procedure results in additional � uctuation correlation terms,
which require modeling. Although not the only limitation, turbu-
lence modeling is currently a controlling factor in the accuracy of
all viscous turbulent � ow� eld solutions.

The development of turbulence models relies heavily on experi-
mental data and physical intuition.A clear lack of quality turbulence
datasuitablefor turbulencemodeldevelopmentforhigh-speed� ows
has been identi� ed.4 This sentiment has been echoed for injection-
type � ows as well.1 The lack of compressible turbulence data has
lead to direct extensions of incompressible models for high-speed
� ow. Although these models provide reasonably accurate predic-
tions for zero pressure gradient thin-layer-type � ows, they have
proven unreliable for free mixing layers and shear layers subjected
to compression and expansion waves.5
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Motivated by scramjet propulsion,Bowersox and Schetz6 ¡ 8 per-
formed experimental studies aimed at providing detailed informa-
tion concerning the effects of compressibilityon the mean and tur-
bulent� ow propertiesof a two-dimensional,high Reynoldsnumber,
supersonic tangential mixing layer. Those studies exempli� ed the
importance of compressibility on the mean and turbulent structure
of high-speedmixing layer type � ow. Reasonably accurate numeri-
cal predictionswere obtained for this � ow using suitable extensions
to existing simple algebraic turbulence models.8

McCann and Bowersox9 and Bowersox10 investigated the mean
and turbulent� ow� elddownstreamof low-angledsingle-portsuper-
sonic injection into a supersoniccross� ow. Those studies con� rmed
the strong impact of compressibility; in addition, the numerous sec-
ondary vortex � ows were also found to signi� cantly alter the tur-
bulent shear stress contours in a nonlinear fashion. An extensive
turbulence model evaluation study was performed on this � ow us-
ing two-equationand Reynoldsstress transportmodelswith modern
compressibilitycorrections.11 In summary, the two-equationmodel
produced shear stress contours that were in poor agreement with
the measurements. Neither the contour shape or shear stress mag-
nitudes were accurately simulated. The Reynolds stress transport
model produced, at a notable increase in computational cost, a sig-
ni� cantly more accuratepredictionof the shear stress contourshape
and levels. However, signi� cant � ow� eld differences were present
even with this complex level of modeling; for example, the lateral
extent of the jet plume was under-predictedby roughly 25%.

The aim of the present study is to provide a characterization
of the mean and turbulent � ow for a two-dimensional, normal,
Mach 1.6 air injection into a Mach 2.9 airstream. In terms of � ow-
� eld complexity, this investigationlies between the aforementioned
tangential6 ¡ 8 and low-angled single-port9 ¡ 11 injection studies. In
addition to being of practical value, this con� guration has many
of the � ow� eld complexities of the three-dimensional study, e.g.,
compressibilityand the shock and expansioninteractions.However,
the two-dimensional geometry is simple enough to yield this study
attractive for turbulence model development efforts. For all cases,
air was injected into air. To assess the effects of the injectant tem-
perature on the � ow structure, three injection temperatures were
tested (T tinj / T t1 =0.93, 1.0, and 1.11). The mean � ow pro� les
(X / W = 72) include Mach number, velocity, mass � ux, and total

Fig. 1 Scale drawing of
the injector model.

Fig. 2 Schematic of the wind tunnel with the heated injector model.

temperature. The turbulence pro� les include mass � ux component
turbulence intensities, total-temperature turbulence intensities, tur-
bulent shear stresses, and turbulent heat � uxes. Detailed schlieren
� ow visualizations were also acquired to provide a clear depiction
of the overall � ow� eld.

Facilities and Instrumentation
Facilities

The experimentswere performedin a Mach 2.9 pressure–vacuum
wind tunnel located at Wright–Patterson Air Force Base. The
freestream Mach number and velocity turbulence intensity were
2.9 § 0.03 and 0.8%, respectively.The wind-tunnel test section was
6.35 £ 6.35 cm2 . Table 1 summarizes the � ow conditions for each
of the three experimental con� gurations. At the injection location,
the tunnel ceiling boundary layer, based on pitot pressure data, was
approximately 7.0 mm, i.e., d / W = 4.4. The undisturbed tunnel
boundary layers have been shown to be in equilibrium,and detailed
mean and turbulencedata for the in� ow are documented in Ref. 12.

A small two-dimensional converging–diverging nozzle was de-
signed to provide an injector Mach number of 1.6 (based on area
ratio). A schematic (drawn to scale) of the injector nozzle is shown
in Fig. 1. As indicated,the nozzle throat width W was 1.59 mm. The
injector nozzle spanned the center 80% of the tunnel test section,
which extended into the boundary layers on each side of the wind
tunnel.

A schematic of the experimental setup for the heated-injection
case is shown in Fig. 2. As indicated, the injector was located in
the tunnel ceiling. The coordinate system was de� ned such that
X was in the freestream � ow direction, Y was vertically up (in the
laboratoryreferenceframe), and Z completedthe right-handsystem.
The origin was located vertically on the tunnel ceiling, centered
axially on the injector exit, and in the spanwise direction, along
the tunnel centerline.With this coordinate system, the injectant was
directed in the negative Y direction, i.e., down, at the injector exit.

The injectant air was tapped from the tunnel stilling chamber
(1.3% of the available air supply). During the present normal op-
eration, the wind tunnel required 67% of the available continuous
air supply. Hence, tapping from the tunnel source had minimal af-
fect on the tunnel operation. The heater consisted of 30.5-cm-long
ReheatCompany, tube-coil-typeheater,which produced329 K con-
tinuous air� ow. For the cooled-injectioncase, the heater shown in

Table 1 Wind-tunnel operating conditions

Injection Pt , kPa Tt , K Re/m £ 106

Adiabatic 204 § 1.0% 298 § 0.5% 16 § 4.0%
Cooled 204 § 1.0% 295 § 0.5% 16 § 4.0%
Heated 202 § 1.0% 293 § 0.5% 16 § 4.0%
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Table 2 Injector operating conditions

Injection Pt , kPa Tt , K Mass � ow, kg/s u inj /u 1 q inj / q 1 ( q u) inj / ( q u) 1 ( q u2)inj / ( q u2) 1

Adiabatic 61.0 § 1.0% 298 § 0.5% 0.019 § 1.0% 0.74 1.25 0.92 0.68
Cooled 61.0 § 1.0% 273 § 0.5% 0.018 § 1.0% 0.71 1.35 0.95 0.67
Heated 65.0 § 1.0% 329 § 0.6% 0.018 § 3.0% 0.78 1.20 0.93 0.73

Fig. 2 was replaced by 15.2-m-long 1.27-cm-diam coiled copper
tube that was submerged into a 273 K saline slush. For both the
heated and cooled case, the injector and surrounding wall were al-
lowed to achieve and equilibriumtemperature before testing began.
The wall temperatures were measured during the tunnel operation
and were found to remain very close (absolute change of less than
1.5 K) to the equilibrium temperatures. For the adiabatic case, the
tapped air went straight into the injector.

The heater power limited the jet mass � ow rate. However, it was
desired that the conditions also be representative of scramjet fuel
injectors.13 Hence, a compromise between the available total tem-
perature and total pressure resulted in the present test conditions.
The injector � ow conditions are summarized in Table 2.

Note that the present paper focuses on the in� uence of injector
temperature. However, as indicated in Table 2, the pressure was
held nominally constant between the three test cases. Hence, the
more conventional correlation variables, namely, the velocity, den-
sity, mass � ux, and momentum ratios (also listed in Table 2), varied
between each � ow condition. Although some of the observed phe-
nomenamay correlatebetterwith thesevariables,the jet temperature
and heat transfer were the main focus. Also, injecting a dissimilar
gas could be used to increase the variation in the more conventional
parameters. However, the present hot-� lm instruments prohibited
that option.

Downstream mean � ow and turbulencepro� les, traversing in the
Y direction, were acquired 72 throat widths (114.5-mm) down-
stream of the injection, i.e., X / W =72, at Z =0. X / W = 72 was
chosen because the � ow angles were small, and thus the measure-
ment uncertainties were minimized. An Y – Z plane Mach number
contour was acquired at X / W =82 to document the � ow� eld two
dimensionality.

Instrumentation

The tunnel stagnation conditions were monitored during each
run using an Edevco 0.69-MPa pressure transducer and an Omega
type-K thermocouple. The conditions were held constant to within
the variations shown in Table 1. Similar instruments were used to
monitor the injector stagnation conditions. The injector conditions
are included in Table 2. The wall temperature at the measurement
location was measured with a type-K thermocouple mounted � ush
with the wall surface. The wall temperatures are summarized in
Table 3. Uncertainty analyses, accounting for probe position and
transducer calibration uncertainties,were performed for each mea-
surement technique. Table 4 summarizes the uncertainty estimates
for the present data.

A conventional single-pass schlieren photography system, with
a vertical knife edge, was used. A 10-ns Xenon Corporation light
source was used to freeze the � ow in the image. Type-57 Polaroid
� lm was used.

Conventionalpitotandcone-staticpressurepro� leswere acquired
to measure the Mach number. The pitot probe was constructedfrom
a 1.59-mm-outer-diameterstainless steel tube, which was inserted
into a 3.18-mm-outer-diameterstainless steel tube. The outer tube
was used for reinforcement of the inner tube. Despite this mea-
sure, the probes � exed by nominally 0.04 rad during each tunnel
run, which was accounted for in the data analysis by assuming that
the probe shaft between the support and tip was rigid ( » 10 cm).
With this assumption, the axial and transverse tip displacements
were estimated as 0.41 and 0.016 mm, respectively. The vertical
probe positions were found to be repeatable to within §0.1 mm.
The opening of the pitot tube was crimped so that the horizontal
dimension was approximately twice as large as the vertical dimen-

Table 3 Local � ow conditions, X/W = 72

Adiabatic Heated Cooled

Macha 2.8 2.8 2.8
u1 /u 1

a 0.98 0.98 0.99
q 1 / q 1

a 1.04 1.03 1.03
Twall / Tt 1 1.02 1.06 0.95

aY / W = 13.

Table 4 Uncertainty estimates

Parameter Uncertaintya

d , B, mm §0.9
P, Pt ( ) , % full scale §0.5
Tt ( ) , Twall , K §2.0
Y , mm §0.1
M §0.05
u , m/s §20.0
q u, kg/m2s §6.0
Tt / Tt 1 ,% §2.0
First-order turbulenceb §0.007
Second-order turbulenceb §0.0006

aRepresentative values at a nominal Mach 2.0.
bNormalized by local mean � ow.

sion. The cone-static probe had a 10 § 0.03 deg semivertex angle
axisymmetric cone machined from stainless steel. The cone tip had
four 0.34-mm pressure taps at 90-deg intervals around the circum-
ference and 4.3 mm from the tip of the cone. The pressure taps met
in a common chamber, where they were averaged to account for
misalignment errors up to §6.0 deg (Ref. 14). Both the pitot and
cone-static pressures were each measured with a 103-kPa Endevco
pressure transducer. The combined pitot and cone-static pressure
were used to calculate the local Mach number across the mixing
layer.14 The frontal area of each probe was approximately1.9 mm2.
The measurement uncertaintiesare listed in Table 4.

The probes were traversed at a rate of 0.3 cm/s, and the probe
position was monitored with a TransTek, Inc., linear voltage dis-
placement transducer.The data were sampled at a rate 200 Hz with
a 12-bit Nicolet data acquisition system. The plotted data points
were obtained by averaging blocks of 100 samples.

Turbulencedata were acquiredusing TSI, Inc., 1243-20platinum
cross-� lm probes. The cross-� lm probes were instrumented with
two 1.0-mm-long, 51-l m-diam wirelike cylindrical hot-� lm sen-
sors. The cross-� lm cross-sectionalcapture area was 0.7 mm2 . The
uv probe was aligned to measure � ow in the X –Y plane. Limited
uw-probe (X – Z plane) data were acquired for the heated injection
(model 1243-20AN). Probe attritionpreventedadditionaluw -probe
measurementsfor the adiabaticand cooled-injectioncon� gurations.

Multiple-overheat hot-wire anemometry requires at least three
overheat ratios to solve for the turbulence intensities and corre-
lations.15 To obtain accurate turbulence results with multiple-
overheat cross-wire anemometry, six overheat ratios, acquired over
a series of six tunnel runs (one for each overheat), were used. This is
more than the required three and allowed for a least-squaresanalysis
to be applied to the data.The overheatratios rangedfrom1.3 to 1.95.
The hot-� lm probeswere traversedat a rateof0.3 cm/s; datawere ac-
quired at a rate of 20 kHz and averaged into blocks of 4096 samples.
The anemometer frequency response was optimized to nominally
120 kHz via the square wave technique in the tunnel freestream.

The cross-� lm data reduction techniques used were devel-
oped from the early work of Kovasznay15 and Spangenberg.16
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Bowersox17,18 provides a complete description of the data reduc-
tion procedure for multiple-overheatcross-wire anemometry.

In summary, for normal Mach numbers greater that 1.0, experi-
mental cross-wiredata have been found to collapseonto the follow-
ing semi-empirical heat transfer curve:

Nu =
¡
aRen

e + b
¢

(1)

where Ree is the effective cooling Reynolds number based on the
wire diameter. For the relatively high Reynolds numbers expected
in this study (Ree > 100), n = 1

2 and the cosine law has proven
accurate.18

Calibration runs were required for each overheat ratio and con-
sisted of placing the probe in the center of the test section with
the injector off and then varying the tunnel total pressure from ap-
proximately 10–285 kPa. A linear regression was used to obtain
the calibration constants a and b in Eq. (1). The minimum linear
correlation coef� cient was 0.99.

The multiple-overheatcross-wireanemometrydata were reduced
into scienti� c form using the generalized least-squaresmethod.17,18

This method provided the mean mass � ux and total temperature,
total-temperature and mass � ux component turbulence intensities,
mass � ux component � uctuation cross correlation, and mass � ux
component total-temperaturecross correlations.

The compressible Reynolds shear stress (to second order) given
by

s R
i j = ¡ %̄u 0

i u
0
j ¡ ū i %0 u 0

j ¡ ū j %0 u 0
i (2)

has been shown to be equivalent (to second order) to the following
expression6,17,18:

s R
i j = ¡

(%ui ) 0 (%u j ) 0

%̄
+ %̄ūi ū j

³
%0

%̄

2́

(3)

The � rst term on the right-hand side of Eq. (3) is directly measured
with thecross-wireprobe.For thin-layer-type� ows, the secondterm
on the right-hand side is usually much smaller than the � rst. Thus,
a direct measurement of the full compressible Reynolds turbulent
shear stress, i.e., the summation of the three terms on the right-hand
side of Eq. (2), is possible. The relative magnitude of the two terms
on the right-hand side of Eq. (3) were compared by applying the
uncouplingproceduredescribed in the next paragraph.For all three
cases investigated, the second term was only 1–2% of the total;
hence, that term was neglected.

Uncoupling the cross-wire results allowed for all of the Reynolds
shear stress terms in Eqs. (2) and (3) to be inferred. This proce-
dure involved assuming that the normalized static pressure � uctu-
ations were small compared to those of the density and temper-
ature. Kistler19 has suggested that the pressure � uctuations were
second order and, hence, negligible for wall boundary layers up to
Mach 4.7. Furthermore, Bowersox and Schetz6 demonstrated that
the density � uctuation turbulence intensity estimated from cross-
wire anemometry,where pressure � uctuationswere neglected,were

Fig. 3 Vertical knife-edge schlieren photograph of the injector � ow (heated injection).

in very good agreement (§5%) with optical measurements. How-
ever, the assumption regarding the pressure � uctuations remains
controversial. Hence, for the present study, it was only invoked to
assess the relative magnitudes of the two terms in Eq. (3) (as dis-
cussed in the preceding paragraph).

The transverse component of the turbulent heat � ux that results
from mass-weighted, i.e., Favre, averaging of the energy equation
has been shown18 to be given by

q F
y

¯q ūCp T̄t

=
( q v) 0 T 0

t

q uT̄t

(4)

The right-hand-sideof Eq. (4) is a direct result of multiple-overheat
cross-wire anemometry.

Results
Flow Visualization

Shown in Fig. 3 is the schlieren photographfor the heated-injec-
tion case.The adiabaticand cooledphotographswere virtuallyiden-
tical to that of the heated case; hence, only the heated result is an-
alyzed. Figure 3 provided a highly detailed qualitative view of the
salient � ow features. First, the injection is visible in the upper left-
hand corner of the image, where the injector plume continued to
expandas it left the nozzle, and was surroundedby the familiar bar-
rel shock. The jet-induced boundary-layer separation is annotated
justupstreamof the injection.As indicated,this interactioncreateda
strong jet-induced oblique shock. In addition, a second jet-induced
shock formed on the upstream side of the plume, which merged
with the main oblique shock. The lighter region below the injection
plume is the resultof theexpansionexperiencedas the jet � ow turned
downstream. Through this expansion process, the � ow was turned
toward the upper surface(or tunnelceiling). The expanded� ow then
encountered a recompression shock, which turned the � ow parallel
to the tunnel ceiling. A second weaker recompression shock was
also present and is annotated in Fig. 3. The turbulent mixing layer
region de� ned as the viscous region between the wall and the lo-
cal freestreamand depicted by the large-scale structures that nearly
spanned the entire layer is indicated in Fig. 3. The mean � ow and
turbulencemeasurements were acquired in this region of the � ow.

To clarify for later discussion, the freestream local to the mea-
surementlocationwas de� ned to be the regionbetweenmixing layer
and the recompression shock (annotated in Fig. 3). The measured
local freestream � ow conditions in this region are summarized in
Table 3.

Mean Flow Measurements

The mean � ow pro� les for each injector condition at X / W =
72.0 are plotted in Fig. 4. As the mean Mach number (Fig. 4a), ve-
locity (Fig. 4b), and mass � ux (Fig. 4c) pro� les indicate, the injec-
tion produced a thick mixing layer, where the thickness was similar
for all three of the injection temperatures (B / W »= 9.0, based on
pitot pressure pro� les). An interesting feature of the Mach num-
ber and velocity data was the smooth pro� le shape that was simi-
lar to a laminar boundary layer. The heated injection (squares on
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a) Mach number pro� le, X/W = 72 c) Mass � ux pro� le, X/W = 72

b) Velocity pro� le, X/W = 72 d) Total-temperature pro� le, X/W = 72

e) Mach contour, X/W = 82

Fig. 4 Mean � ow data.
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Fig. 4a) produced the largest Mach number defect across the entire
mixing layer. The cold-injection pro� le overlapped with the adia-
batic case for Y / W < ¡ 3.0. Closer to the wall, however, the cooled
injection produced a larger Mach number defect. The velocity pro-
� les (Fig. 4b), calculated from the Mach number data coupled with
the measured total-temperature data (Fig. 4d), show signi� cantly
smaller differences between the three cases, which was expected
because the momentum ratios were all very similar (last column
in Table 2). However, the trend seen in the Mach number plot was
conserved.Because both the cooled and heated injection resulted in
heat transfer to and from the wall, respectively, the larger velocity
defect for each case, i.e., the Reynolds analogy, as compared to the
adiabatic injection was expected.

The mean mass � ux pro� les acquired with the cross-wire probes
(Fig. 4c) showed many of the same featuresmeasured with the pitot
probe. Again, in the outer-half of the mixing layer (Y / W < ¡ 7.0),
the mass � ux pro� les were independent of injection temperature.
However, near the wall signi� cant differences are notable. First, as
with the velocity pro� le, the heated injection (open symbols: tri-
angles, diamonds, and circles) produced the largest defect, and the
adiabaticcase (half or heavy lined diamonds) produced the smallest
defect. Starting from the freestream and moving toward the wall,
the cooled-injectionpro� le (solid diamonds and triangles) � rst fol-
lowed the adiabatic case, and then at Y / W »= ¡ 6.0, the cold-case
defect increased to a level that was more consistentwith the heated
injection. This trend in the mass � ux pro� les, when taken with the
velocity pro� les, suggest that the density defect was largest for the
cooled-injectioncase.The multiple symbols shown in Fig. 4c for the
heated and cooled injection demonstrate that the results were both
repeatableand independentof probe type, where the axialmass � ux
was measured with two uv probes and a uw probe.

The total temperature, for the three injections, varied across the
mixing layer as plotted in Fig. 4d. Starting � rst with the adiabatic
case (diamonds), it is apparent that the total temperature increased
by 2.0% as the wall was approached. As mentioned earlier, the
wall temperatures were measured during each run (summarized in
Table 3). The wall temperature, which was equal to the room tem-
perature at the beginning of the run, did not change signi� cantly
during the tunnel operation (decreased by nominally 1.5 K). As
Table 3 indicates, the wall temperature was 2.0% above the wind-
tunnel freestream total temperature.Hence, the increase in the total
temperatureover thenear-wallhalfof the mixing layerwas the result
of heat transfer from the wall to the mixing layer.

The total temperature for the heated case (squares in Fig. 4d)
also approached the wall temperature (listed in Table 3) in the near-
wall half of the mixing layer. Recall the heater and tunnel walls
were in a state of thermal equilibrium before the tunnel opera-
tion. As with the adiabatic injection case, the wall temperature was
nearly constant over the duration of the run (1.5–2.0 K decrease).
The cooled-injection (circles in Fig. 4d) total-temperature pro� le
was signi� cantly different than either the heated or adiabatic cases.
The total-temperature pro� le did not level out to the wall value by
Y / W = ¡ 3.0 (as was the case for the heated and adiabatic injec-
tions). Instead, the total temperaturedecreasedalmost linearly in the
mixing layer for Y / W = ¡ 7.0 to ¡ 3.0, and if this trend is linearly
extrapolated to the wall, the measured wall temperature (Table 3)
is obtained. Hence, d(Tt / Tt 1 ) / d(Y / W ) was approximately ¡ 0.01,
which was very small. In addition, the slight increase in the total
temperatureon the freestreamside of the plume (near Y / W = ¡ 8.0)
that resultedfrom theheat transferbetweenthecooled-injection� ow
and freestream was expected. Hence, the heating on the freestream
side of the plume resultedin a mixing layer that was slightlywarmer
than the wall and, thus, explains the total temperature gradient near
the wall.

Shown in Fig. 4e is a contour plot of the Mach number at
X / W =82. As the contour indicates, the � ow� eld was two dimen-
sional over the center 60% of the test section. The variations no-
ticeable in this contour are within the uncertaintieslisted in Table 4.
Thus, the assumption of two dimensionality is reasonable for the
present investigation.However, Görtler vortices that frequently re-
sult fromstrongaxial pressuregradientscouldhave also contributed
to the slight variations noticed in Fig. 4e.

Turbulent Flow Measurements

The mass � ux componentand total-temperatureturbulenceinten-
sities for all three injector temperaturesare given in Fig. 5a. A probe
independenceand � ow repeatabilitystudywas performed,andas the
data in Fig. 5b indicate, the turbulenceintensitymeasurementswere
repeatableand independentof probe type to within the measurement
uncertainties listed in Table 4. Referring back to Fig. 5a, and con-
centrating � rst on the axial mass � ux turbulence intensities (open
symbols), it was noticed that, overall, the turbulence levels for the
presentstudywere consistentwith the tangentialresults(peakvalues
of 0.15–0.16) of Bowersoxand Schetz6 and the low-angledinjection
data (0.10 peak along the centerline) of McCann and Bowersox.9

However, a systematic in� uence of the injection temperature on the
axial mass � ux turbulence levels is discernable in Fig. 5a. First,
the heated injection (open squares) produced the highest axial tur-
bulence intensity levels; the peak value was approximately 0.16 at
Y / W = ¡ 5.7. The adiabatic injection (open diamonds) produced
the lowest levels, where the peak value at Y / W = ¡ 5.7 was 0.13.
With the exceptionof the near-walllevels(Y / W > ¡ 7.0), the pro� le
shapes were very similar for these two cases. The roughly constant
axial turbulenceintensity differenceof 0.04 across the near-wall re-
gion corresponds to a 0.04 difference in the total-temperature ratio.

An examinationof the energy equationprovidesa correlationbe-
tween the turbulence intensity levels and the � ow total temperature.
Assuming negligible heat transfer, as suggested by the nearly zero
total-temperature gradients (Fig. 4d), the energy equation can be
written as

h t = h + (v ¢ v/2)

Further, assuming a thermally and calorically perfect gas, small
static pressure � uctuations, and that v2 / ū2 and w 2 / ū2 are second
order and then performing a binomial expansion for the � uctuat-
ing component about the mean and retaining only � rst-order terms
resulted in the following relation between � uctuating components:

T 0
t

T̄t

=
T̄

T̄t

³
( q u) 0

q u
¡ (1 ¡ M̄2)

q 0

¯q

´
(5)

Although this equationdoes not explicitlyexplain the observedcor-
relation between the axial turbulence intensities and the mean total
temperature, it does suggest a relation albeit complicated by the
inclusion of two additional � ow properties (namely, q 0 and T 0

t ).
The cold injection (open triangles) produced a differently

shaped axial mass � ux turbulence intensity pro� le. Near the wall
(y / W > ¡ 5.0), the cold-injectionpro� le followedthat of the heated
case. However, near Y / W = ¡ 5.7, the cold-injection pro� le expe-
rienced an apparent jump to levels that were closer to the adiabatic
case. This trend was also noticed, although not quite as discontin-
uous, in the mean mass � ux pro� le (Fig. 4c). Referring back to
Fig. 4d, the location of this jump also corresponds to the where the
adiabatic and cold-� ow total-temperaturepro� les crossed. Because
the total temperature � uctuationswere nearly the same for all three
cases (discussed subsequently), Eq. (5) is applicable to all three
cases. Thus, wall heat transfer plays a important role in determining
the turbulent � ow properties.

Unlike the axial mass � ux turbulence data, the transverse mass
� ux turbulenceintensitylevels (closedsymbolson Fig. 5a) were vir-
tually identical between the three injector con� gurations across the
mixing layer. The thin-layer nature of the present � ow explains the
observedabsenceof a correlationbetween the transverseturbulence
intensitylevels in Fig. 5a and the total temperaturedata.Speci� cally,
for thin-layer � ows, where v̄ / ū ¿ 1, the transverse velocity drops
out of the � uctuating energy equation [Eq. (5)]. And, for thin-layer
� ows, the mass � ux and transverse velocity � uctuation are related
by

( q v) 0 / q v = v 0 / v̄

Thus, the lack of a relation between the total temperature and the
transverse mass � ux turbulence levels is reasonable.
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a) Turbulence intensities c) Reynolds shear stress

b) Axial mass � ux turbulence intensity: repeatability d) Reynolds shear stress: repeatability

e) Favre heat � ux

Fig. 5 Turbulent � ow property pro� les, X/W = 72.
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Spanwise mass � ux turbulencedata were acquiredfor the heated-
injection case only (vertically half-� lled squares on Fig. 5a). In the
outer mixing layer region, the spanwise and transverse turbulence
intensity levels were nearly identical. However, closer to the wall
(tunnel ceiling), the spanwise levels were noticeably higher, which
indicated that the usual wall damping effects found in boundary
layers on the transverse � uctuations were present for the present
injection � ows.

The total-temperature� uctuationlevels are denotedby the heavy-
line symbols in Fig. 5a. As the plot indicates, the total-temperature
� uctuation levels were nominally 4–5% across the mixing layer
and 2% in the freestream for all three injector temperatures. The
adiabatic-injectioncase appeared to have produced slightly higher
( » 1.0%) total-temperature � uctuation levels; however the differ-
encesbetween the three data sets are within the measurementuncer-
tainty (see Table 4). The present total-temperature� uctuation levels
across the mixing layer were nominally 2.0% higher than both the
tangential6 and low-angled single-port injection.9 This result signi-
� es an increased energy transfer between the jet and freestream for
the present normal injection.

The X –Y Reynolds shear stress pro� les acquired with the uv
probe [Eq. (3)] normalized by the local mean � ow properties are
presented in Fig. 5c. The chosen coordinate system resulted in the
negative Reynolds shear stresses shown. It was also found that the
turbulent shear stress measurements, i.e., second-order moments,
were repeatable (see Fig. 5d) to within the noted measurement un-
certainty (see Table 4). The data in Fig. 5c indicated a strong de-
pendencebetween the injection temperatureand the turbulent shear
stress. MultiplyingEq. (5) by ( q v) 0 / q u and averaging results in the
following relation:

( q u) 0 ( q v) 0

q u2
=

T̄t

T̄

³
T 0

t ( q v) 0

T̄t q u

´
¡ (1 ¡ M̄ 2)

q 0 ( q v) 0

¯q q u
(6)

which demonstrates the dependency of the turbulent shear stresses
on the total temperature, i.e., heat transfer, as well as an additional
� uctuatingcorrelation.The data in Figs. 5a and 5e (discussedsubse-
quently) indicatedthat the � rst term on the right-handside of Eq. (6)
accounted for roughly 40–70% of the total shear stress (left-hand
side). Hence, the total-temperaturepro� le, i.e., heat transfer,was an
important factor in determining the shear stress distribution.

Concentrating � rst on the adiabatic turbulent shear stress data
(diamonds in Fig. 5c), the magnitude of the turbulent shear stress
increased almost monotonically from near zero in the freestream to
a nominally constant value of ¡ 0.0055 over the bottom 50% of the
mixing layer (Y / W > ¡ 5.0). Referringback to Fig. 4b, note that the
velocity pro� le was nearly linear in this region. Hence, the nearly
constant turbulentshear stressmeasurementsare in accordancewith
the usual mixing length gradientdiffusionanalogy turbulencemod-
els. To qualitatively compare with the present turbulent shear stress
data, the mean � ow data shown in Fig. 4 were used to estimate the
X –Y Reynoldsshearstressusingthealgebraicturbulencemodel for-
mulation in Ref. 8 at Y / W = ¡ 4.0. The shear layer width (B / W )
was � xed at 9.0. The estimated shear stress with this simple model
at this point was within 25% of the present measurement. In addi-
tion, the overall levels measured in this study are in good qualitative
agreementwith those for the tangential6 and low-angledsingle-port9

injections. For those studies, the peak Reynolds shear stress mag-
nitudes were 0.004 and 0.006, respectively.Between Y / W = ¡ 6.9
and ¡ 5.0, the adiabatic turbulent shear stress pro� le experienced
a slight S-shaped variation. Although the magnitude of variation is
small and on the order of the measurement accuracy (see Table 4),
it is noteworthy because the location corresponds to a similar, more
signi� cant, variation in the nonadiabatic-injection shear stress pro-
� les (discussed next).

The heated injection X –Y shear stresspro� le (squareson Fig. 5c)
overlapped with the adiabatic pro� le for Y / W < ¡ 7.0. However,
moving closer to the wall from that point, signi� cant differences in
the shear stress magnitudes are notable. The heated-injectionshear
stress magnitude peaked near Y / W = ¡ 5.5 and then decreased in
the lower region (Y / W > ¡ 5.0) to a valueof ¡ 0.0065( » 20%larger

than the adiabatic case). The location of the peak corresponded
with upper peak in the aforementioned S-shaped variation in the
adiabatic-injection pro� le. The X – Z Reynolds shear stress levels
(acquired with the uw probe for the heated case only) were found
to be similar in magnitudeand opposite in sign to X –Y component.
However, the pro� le shape was slightly different, where the X – Z
peak was closer the shear layer freestream interface.

The cold injection produced the most complicated shear stress
pro� le. Like the heated injection, the cold-� ow shear stress levels
overlappedwith the adiabaticdata for Y / W < ¡ 5.5. The maximum
cold-injection shear stress was located near the lower peak in the
S-shape of the adiabatic-injection pro� le. Progressing toward the
wall, the shearstressmagnitudesdecreaseddramaticallywith a min-
imum magnitude value of ¡ 0.004 at Y / W = ¡ 4.4. The shear stress
levels then increased to a level consistent with those of adiabatic
case at Y / W = ¡ 5.0.

In summary, the shear stress pro� les were found to have strong
dependence on the injection temperature as suggested by Eq. (6).
The two nonadiabatic-injection shear stress pro� les were signi� -
cantly more complicated than the adiabatic-injection distribution.
The complications included local extrema and in� ection points.
Coupling these complicated shear stress pro� les (Fig. 5c) with the
monotonic nature of the mean � ow pro� les (Fig. 4a–4c) indicated
that the usual gradient diffusion models would not be adequate for
the nonadiabatic injections.

The mass � ux total-temperature � uctuation correlation [Eq. (4)]
data are plotted in Fig. 5e. A systematicdependenceon the injection
temperature was unattainable from these data. This lack of depen-
dence is reasonable considering that the turbulent heat � uxes are
often modeled as being proportional to total-temperaturegradient,8

which were very small for all three of the injection temperatures.
On the other hand, the relative magnitudes of the three components
are readily discernable.As indicated in Fig. 5e, the axial (open sym-
bols) and transverse (closed symbols) correlationcomponents were
positive across the mixing layer. The axial component values were
nominally twice the transversecorrelationdata. The spanwise com-
ponent data (heavy open squares) were negative across the layer,
which agreed with Ref. 7, and the magnitudes were similar to those
of the axial component.

Conclusions
An experimentalinvestigationof theeffectsof mild injectiontem-

peraturevariationson the mean and turbulent � ow� eld propertiesin
the far � eld (X / W =72) of two-dimensional supersonic (M =1.6)
air injection into a high Reynolds number supersonic (M =2.0,
Re/m = 16 £ 106 ) cross� ow was performedat three temperature ra-
tios (T tinj / T t 1 = 0.93, 1.0, and 1.11). In general, the results de-
scribe in detail the in� uence of injection temperature on the mean
and turbulent statistical � ow properties of a highly compressible
turbulent mixing layer, which are of both practical and theoretical
interests.In summary, the resultsdemonstratedthat the heat transfer
across the � ow signi� cantly in� uenced the mean and turbulent � ow
pro� les.

In particular, the followingobservationsconcerningthe in� uence
of the injection temperature on the mean and turbulent � ow proper-
ties for the presentstudywere drawn. First, the � ow propertypro� les
were found to be independent of the injection temperature in the
outer- (freestream side) half of the mixing layer. However, in the
lower-half (nearer to the wall) signi� cant differences were noted.
Speci� cally, the heated case produced the large defect in Mach
number, velocity, and mean mass � ux, where the adiabatic injec-
tion produced the smallest. Second, the total-temperature pro� les
demonstrated a strong and complicated dependency on injection
temperature,which was found to correlate with the observed trends
in the turbulence data. Third, heating the injectant increased the
axial mass � ux turbulence intensity levels across the lower-half of
the mixing layer by 30%. Cooling the injectant produced a compli-
catedaxialturbulenceintensitypro� le,wherea nearlydiscontinuous
jump in the turbulence levels was observed. Fourth, the transverse
mass � ux intensity levels were, as expected, unaffected by the in-
jection temperature.Fifth, limited spanwise data con� rmed the wall
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damping effect on the transverse data. Sixth, heating and cooling
the injectant produced complicated Reynolds shear stress pro� les,
as compared to the adiabatic injection. It is expected that current
gradient-diffusionturbulence models are not suited to model these
� ows. Finally, the turbulent heat � ux was found to be independent
of the injection temperature, which, because of the small observed
total-temperaturegradients, was the expected result.
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