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CHAPTER 1

INTRODUCTION

Hypersonic flight in the atmosphere, which has long been a sought after capability
of the aerospace field, requires a propulsion system capable of operating at flight speeds.
Supersonic combustion ramjets, or Scramjets, have historically been the preferred
solution to this problem, owing to their reduced mechanical complexity and relatively
high efficiency, especially in cruise conditions. However, to achieve supersonic
combustion, which by definition is the basis of Scramjets, the air entering the combustion
chamber, having undergone natural compression because of the geometry of the inlet,
must mix effectively and efficiently with fuel in the limited chamber length available.

Although past research into mixing in compressible shear layers has established
that the growth rate of the shear layer, where the majority of mixing occurs, decreases
rapidly with the convective Mach number (especially below approximately 0.6)!'/, the
reasons for this occurrence have not been fully determined. In particular, the effect of
compressibility on the efficiency of mixing has not been completely understood, although
some studies have determined that the compressibility effects on mixing are less
pronounced than the effects of velocity and density ratios.”) Past studies have also shown
that mixing efficiency improves with increasing Reynolds number, which is a flow
parameter that describes the ratio of inertial to viscous forces."!

Mixing is usually quantified by measuring the concentration of either a particular
substance in the shear layer or the product of a chemical reaction. Several studies have

been conducted by measuring the former. This technique, known as the ‘passive scalar’




technique requires imaging systems with a sufficiently high spatial resolution. The
required resolution is on the order of the Batchelor scale, which describes the size of a
droplet of the scalar in question.! Of the studies done thus far, several have utilized
charge-coupled device (CCD) array cameras which did not have a sufficiently high
spatial resolution.”! Some of the misunderstanding of the effects of compressibility on
mixing can be attributed to incorrect results obtained using such cameras.

Consequeﬁtly, an opportunity exists for a more accurate study of mixing in
compressible shear layers using the ‘passive scalar’ technique. This study investigated the
effect of convective Mach number on the efficiency of mixing, on the order of the
Batchelor scale. The results obtained will have direct implications for the determination
of the effects of compressibility on mixing and may ultimately lead to the development of
an efficient combustion system, and subsequently an efficient propulsion system, for

supersonic vehicles.




CHAPTER 2

LITERATURE REVIEW

One of the most important parameters investigated by studies on mixing is the
growth of the mixing rate of mixing layers with different variables such as the Mach
number and the density ratio of the flows. This growth rate decreases exponentially with
Mach number'®, as evidenced in Figure 1. Further, as Brown and Roshko showed in their
study of density effects turbulent mixing layers, in compressible shear layers, the growth
rate is approximately one fourth of the growth in incompressible shear layers with similar

density ratios.|”!
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Figure 1: Mixing layer growth rate with Mach

stmber.© in 1983), which is essentially a

measure of the convection velocity of large-scale motions in the mixing layer relative to
the average speed of sound in the flows on either side of the mixing layer (the primary
and secondary flows).!®! Therefore, this Mach number is defined as
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Two commonly used techniques to quantify mixing are the ‘passive scalar’ and
‘cold chemistry’ techniques. The latter technique is used as an alternative to chemical
product methods requiring fast chemistry and has been used extensively by Island (1997)
and by Clemens and Paul (1995).>! Rossmann et al. used a modified version of the
traditional cold chemistry technique which yielded more accurate results than the
traditional technique which tended to under-predict the quantity of mixed fluid."*! They
confirmed the results of prior cold chemistry experiments by showing that mixing
efficiency improves with Reynolds number (for Reynolds numbers higher than 1x10°)
and with increasing compressibility. While this study justifies its very robust
methodology well and provides a clear context in which its results may be interpreted,
experiments were conducted only at one specific convective Mach number (2.64) and
hence are not widely applicable.

Contradicting the conclusions of Rossmann et al., Bonanos et al."! found mixing
efficiency to decrease with increasing convective Mach number. Using a chemical
product technique based on the hypergolic hydrogen-fluorine reaction with an expansion-
ramp configuration, it was shown that mixing was higher than in free shear layers.

Despite the several studies of mixing that have been performed using a variety of
techniques, a definitive trend has not been established for the variation of mixing
efficiency with convective Mach number. Bonanos et al.l’! reported an inversely
proportional relationship while Rossman et al.l®! reported a proportional one. Yet others,
such as Island et al.l'%), also utilizing a cold chemistry technique, reported no change or a
slight increase in mixing, which may have been a result of increasing Reynolds number

and not increasing convective Mach number. A summary of the findings of the
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compressibility effects from Reynolds number effects, differences between axisymmetric
and planar shear layers and limitations of the measurement techniques used. Passive
scalar techniques require very high spatial resolution, the magnitude of which is dictated
by the Batchelor scale.*] Experiments performed with insufficient spatial resolution tend
to under-predict the quantity of mixed fluid, or mixing efficiency. Chemical product
techniques require fast chemistry, which can lead to inaccurate predictions of mixing
efficiency at supersonic speeds where chemical time scales are not as fast, relatively,
when compared to fluid mechanical time scales.!'"!

This study employed a passive scalar technique and use imaging devices with
sufficient spatial resolution, thus enabling measurements on the order of the Batchelor
scale. The experiments wer repeated at different convective Mach numbers, ranging from
0.1 to 1.3, with the goal of determining and understanding the effects of compressibility
on molecular mixing and the underlying mechanisms thereof, specifically in supersonic

shear layers.




CHAPTER 3

METHODS AND MATERIALS

Experimental Setup

Figure 3: Picture of wind tunnel used in experiments

All experiments were conducted in a conventional blowdown supersonic wind
tunnel at the Benn T Zinn Aerospace Combustion Laboratory in the Daniel Guggenheim
School of Aerospace Engineering, Georgia Institute of Technology. The wind tunnel had
a test section with a cross-sectional area of 8cm x 8cm and was run at a Mach number of
2.5 with the Mach number of the secondary stream being varied to achieve a range of

convective Mach numbers from 0.1 to 1.3,
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Figure 4: Schematic of test section

The secondary (fuel) stream was injected at a backward facing step, behind which
the height of the test section increased to 10.54cm, resulting in an overall cross-sectional
area increasing to 10.54 cm x 8 c¢cm. This stream was injected parallel to the primary
stream to prevent shocks when the two streams interact and mix. The downstream end of
the test section featured a reattachment tamp. The stagnation pressure and temperature of
the flow were varied between 0.41 MPa and 1.0 MPa and between 290K and 600K,
respectively. A picture of the wind tunnel is shown in Figure 3 and a schematic of the test

section is shown in Figure 4.

The top and bottom of the test section each had 3 circular ports of 70mm diameter
on which quartz plugs were mounted to provide optical access and to attach wall pressure
taps. Pressure transducers measured the wall pressure at a total of 51 stream-wise
locations and the pressure distribution normal to the flow was measured using a probe

mounted on a motorized traverse.




Schlieren Imaging System
A spark Schlieren system was used for flow visualization. A beam of light from a
Xenon lamp, with a spark duration of 1 ps, was collimated, refocused on a pin hole and
made to pass through the test section. A second lens then focused the beam on to a
knife’s edge and projected on to a screen, with the resulting image being captured by a
Photron high speed camera (FASTCAM SA 3). A schematic of the system is shown in

Figure 5.
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Figure 5: Schematic of Schlieren imaging system

Acetone PLIF system

The degree of mixing in the shear layers is quantified using the Planar Laser
Induced Fluorescence (PLIF) technique. The secondary (fuel) stream is seeded with
acetone which, upon application of the laser, is caused to fluoresce. By imaging the test
section and examining the degree of fluorescence, the quantity of mixed fluid was
calculated. The laser used was a frequency quadrupled Nd:YAG laser (Continuum
Powerlite 8000) which produces a 266 nm beam with a pulse energy of 100mJ and a
pulse width of 10 ns at a 10 Hz repetition rate. The beam produced by the laser was

reshaped into a sheet of dimensions 45 x 200 pm by a system of 2 lenses and 2 mirrors,




before it entered the test section. The mirrors used were dichroic mirrors and the lenses
were a -400 mm cylindrical and a 1500 mm spherical lens. A schematic of the PLIF
system is shown in Figure 6.
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Aiar Flow
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Figure 6: Schematic of the acetone PLIF system

The acetone fluorescence from the test section was imaged using an intensified
CCD camera (Photron FASTCAM SA3, 1024 x 1024 array with 17 pum pixels), equipped
with a Micro-Nikkor 55mm /2.8 lens. This lens filters the scattered UV light (266 nm)
while allowing the broadband fluorescence emission (350 to 550 nm) to pass through.
The camera was set up such that it would be automatically triggered 10 ns after each

pulse of the laser.




RESULTS
Preliminary Schlieren Results
Figures 7 through 10 show Schlieren results from 4 different preliminary runs
conducted at different convective Mach numbers 2. The convective Mach number was
varied by injecting helium or nitrogen at Mach 1 into either a heated (530K) or an

unheated air stream (300 K) at Mach 2.5. Figure 11 shows the shear layer growth rates

for these 4 runs.

Figure 7: Helium and heated air (M. = 0.09)

Figure 8: Helium & unheated air (Mc = 0.29)




Figure 9: Nitrogen & heated air (Mc = 0.45)

Figure 10: Nitrogen & unheated air (Mc = 0.73)
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Average Conditions

The average conditions measured during each of the 5 runs conducted are
tabulated in Tables 1-5 (Appendix A). Data was acquired from 34 channels
simultaneously at a frequency of 1000 Hz during all 5 runs. Tables 1-5 includes the
means and standard deviations of the values measured by each channel at each of the 4
conditions (convective Mach numbers) that experiments were conducted at. A description
of what each channel measured, along with the channel name, is provided in Table 6,

below:

Table 6: Description of measured channels

Channel Name Description

Other 03 (psia) Stagnation pressure - secondary stream

Other 02 (psia) Upstream static pressure - secondary stream
TS1 X-01 B (psia) Test section static pressure - plug 1, tap 1

TS1 X-09/Z-09 B (psia) Test section static pressure - bottom, z direction
1 (psia) Upstream static pressure - primary stream

NS 1 (mV) Photodiode voltage

SC (psia) Pressure in vertical stagnation chamber - primary stream
NS 4 (psia) Nozzle section static pressure at throat

3 (psia) Differential pressure - primary stream

2 (psia) Upstream static pressure of secondary stream

4 (psia) Differential pressure - secondary stream

To He (°C) Stagnation temperature - secondary stream

T Other (°C) Upstream static temperature - acetone

T He (°C) Upstream static temperature - secondary stream

12




Mass Flow Rate Calculations
The mass flow rates of air and acetone were calculated using the iterative method
outlined below!!*], and are tabulated in Tables 7-11 (Appendix B), corresponding to runs
1 through 5, respectively:
(i) Initially, assume discharge coefficient, C = 0.6
(i) Make initial guess for mass flow rate:
in=(52) S22 pap
1-f where D2 = 0.036007 m and Y1 = 0.9645

(iii) Calculate new discharge coefficient based on calculated mass flow rate guess:

m
Ny
4uD, where p = 1.84 x 10”° Ns/m?
e
- "R where Co, = 0.5959 + 0.0312 (B**) — 0184(8°) and

b = 91.706(B%5)

(iv) Use C calculated in (iii) to calculate new mass flow rate, using the equation in
(ii), which becomes the mass flow guess for the next iteration. Continue to
iterate until (figuess / Mactual) — 1 < 0.000000000000001.

13




DISCUSSION

Preliminary Schlieren Results — Shear Layer Growth Rate

From figures 7 through 10, it is evident that, as the convective Mach
number increases, the thickness of the shear layer decreases significantly. Therefore, the
shear layer growth rate decreases with increasing convective Mach number. This is
summarized in Figure 11. This result is in accordance with that reported by Bonanos et

al.l’],

Average Conditions and Repeatability

The means of the test conditions measured are consistent with
expectations and provide verification that the experiments were designed and conducted
correctly. The experiments conducted were also highly repeatable, as evidenced by the
low standard deviations of the mass flow rates of both streams and the acetone mole

fraction (Tables 6-10, Appendix B).

Mass Flow Rates and Convective Mach Numbers

The mass flow rates calculated will be used, according to the following
relation, to calculate the true convective Mach number, M, achieved during each run. An
accurate measure of the convective Mach number actually achieved is vital to being able

to establish a relationship between mixing efficiency and compressibility.

AU

a, +a,
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