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1. INTRODUCTION

7

y
The trend towards very large area ratio nozzles, which result in performance guins for
space propulsion applications, has increased the need for detailed knowledge of the momentum
losses due to nozzle viscous effects (i.e., boundary layer). These losses degrade overall system
performance, such as increasing system weight, decreasing useful puyload weight, and/or
decreusing effective system range. Another important factor in the>designing-of-propulsive
nozzles is the detailed knowledge of heat transfer at the wall for regeneratively cooled walls

und/or material performance, - - =

-

——

Because of the importance to rocket propulsion, the AL sponsored the Boundary Layer
Study Contract to improve the understanding and computational predictive capabilities for
boundary layers in rocket nozzles with very high area ratios. The contract consists of five
phases with Phase § being documentation of the work done in the four phases described
helow.

The first phase extends current boundary layer computationul technology und is
independent of Phuses 2 and 3. Phases 2 and 3 attack the problem of thick shear layers with
Phuse 2 being an assessment of the methods available for mupping out the effects of thick
shear layers on performance prediction and calculations of their impuct on performance. Phase
3 is aimed at producing new tools to analyze nozzle performance and will result in a new
generation computer program,

T Vo W TP

Phase 4 ,consists of preparing an experimental test plan, which, if executed, would -

supply the necessary experimental data to validate the analyticul efforts of Phases 1 to 3. This
report details the experimental test plan developed during Phase 4.

Some time ago, the experimental facilities for measurements of high speed flows were
limited to supersonic/hypersonic wind tunnels, shock tunnels, and shock tubes. The
instrumentation included pressure transducers, heat transfer gauges, Schlieren and
interferometry. These diagnostic instrumentations were able to provide limited data. With the
development of computers and laser technologies, the activity in Experimental Fluid Dynamics
(EFD) with sophisticated instrumentation has been uccelerated(l). However, detailed and
relinble measurements of complex flow phenomena, such as vortex interactions, boundary
layer parameters, as well as transition and chemistry, are not yet available,

[ S-S




The various performance losses are currently evaluated by computer programs, such as
TDK, BLM, BLIMPJ, etc. The JANNAF thrust chamber evaluation procedures are based upon
a physical model that accounts for the processes occurring in the thrust chamber, losses
associated with these processes and interactions among the processes(z).

In the model, propellants enter the combustion chamber through the injector, are mixed,
vaporized and combusted. Deviation from complete and homogeneous mixing vaporization or
combustion to equilibrium are referred to as energy release losses or injector losses,
Theoretically, these losses are modeled by Coaxial Injection Combustion Mode! (CICM) and
the Standard Distributed Energy Release Model (SDER) codcs(Z). Experimentally, the energy
release loss can be estimated from the characteristic exhaust velocity efficiency, ne..

The products of the chemical reactions are then expanded in the nozzle. The reactions
continue during the expansion, Deviation from the local chemical equilibrium are referred to
as the kinetic losses. There are no direct methods of measuring the kinetic losses.

The losses due to non-uniform expansion of the available momentum in the dircction
of thrust are referred to as two-dimensional or divergent lossesm. Theoretically, these losses
are evaluated from the difference between the ODK (One-Dimensional Kinetics) and MOC
(Method of Characteristics) modules of the TDK code.

Viscous effects are significant in the region near the nozele wall. The losses due to the
momentum decrement at the wall, because of momentum and heat transfer in the wall region,
are referred to as boundary layer losses, In theory, these losses are evaluated by codes such as
BLM and BLIMPJ. In real rocket engines, the boundary layer losses are estimated from global
measurenients of the heat transfer,

@ e ideal

Graphically, all of the above described losses are shown in Figure la
performance is based on ODE calculations.
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Systematic measurements to verify the predicted magnitude of the aforementioned
losses are sparse, and a high degree of uncertainty is assoclated with the available duta. For
both the kinetic and boundary layer losses, experimental validation of the predictive techniques
for real engines are not available. For low area ratio nozzles, the boundary layer loss has been
considered small enough that any errors associated with the predictions were ucceptable. The
magnitude of the boundary layer loss as a percent of total performance increases with area
ratio. Figure 1b shows the boundary layer losses as calculated by the SPP and TDK codes for
a variety of motors as a function of area ratio. The dependency of these results on the
particular turbulence model used in the calculation are on the order of £ 30-40%. That Is, «
predicted 10 second loss could actually be only 7 seconds or could be as high us 13 seconds.
Since a 1% change in Isp can result in approximately a 4% change in payloud, the accurate
knowledge of the boundary layer loss is very important. Hence, the boundary layer
calculations must be validated directly using experimental data.

In order to validate or extend analytical methods, the planned experimental effort must
include techniques to messure boundary layer parameters that will produce high quality data.
Quuality data on nozzle wall boundary layers it very limited at present. Perhapy, the best work
in this area is that of Back, et al, at JPL(B"G). which was for cold flow.

This report is an attempt to prepare an experimental validation test plan. Numerous
testing facilities were contacted and visited. After the discussion of available experimental
methods and facility and test requirements, recommendations are made to the Astronautics
I.aboratory, based on the facts that SEA, Inc. has received from the facilities (documented in
this report), for u test plan to validate the analytical methods for the boundary layer study.

Certain ground rules were used in preparing this test plan. The first ground rule was
that we wanted a program which would measure the desired data, we did not waunt to embark
upon u research program to develop improved boundary luyer dingnostic technigues.
Secondly, we wanted the test environment to simulate as close as feasible the conditions in o
real propulsive nozzle. The minimum requirements for this condition are shown in Table 1,
below. Last, and most important, we wanted accurate datu.



Table 1. Miminum Test Environment Criteria
0 The flow in the boundary layer must be turbulent from before the throat.

0 The boundary layer should encompass between 10% to 40% of the flow at the
exit plane.

0 The heat transfer to the wall should be high enough to simulate conditions in a
real rocket nozzle.

0 The expansion process should maintain, as realistic as possible, the conditions in
a real rocket nozzle. For example, axisymmetric instead of 2D nozzles, ratio of
specific heats < 1.4,

Some of the ground rules were found to be mutually exclusive. For example, accurate
data taking precluded using a real engine as a test bed. The environment in real engines is too
severe for many diagnostic techniques. We also found that off the shelf techniques were not
sufficiently accurate for all of the data measurements desired. With this in mind, the following
outline has been documented in this report.

Experimental Methods

Test Environment & Facilities Requirements

Contacting the Testing Facilities

Visiting the Testing Facilities

Recommendations for Experimental Validation Test Plan
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1.0 Experimental Methods
1.1 Parameters to be Measured

The primary interest is computing the boundary layer parameters in propulsive nozzles
is in determining the viscous thrust loss and wall heat transfer rate. The most fundamental
property in the thrust loss is the wall shear stress, The heat transfer to the wall is determined
by the temperature (enthalpy for reacting flows) gradient at the wall. While both the shear
stress and temperature gradient can be deduced from other quantities, a direct measurement of
these items is definitely preferred. In the absence of direct measurements, dingnostics
which require the least amount of assumptions are preferential.

Average velocity and temperature throughout the boundary layer and Reynolds stress
terms, ', v', are other parameters to be measured. Although the last two are less important,
their correct evaluation ylelds valuable data for validation of turbulent models. Briefly the
following measurements are to be made:

1. Local wall shear;

2. Local heat flux at the wall;

3. Average velocity and temperature in the boundary layer;
and

4. Reynolds stress terms.




1.2 Mgthodologics:
There are basically seven principal methods of measuring the local wall shear stresstD):

The Stanton tube

Direct measurement

Thermal method

The Preston tube

The electro—chemical techniques
Extrapolation of direct velocity measurement

S h W~

1.2.1 The Stanson Tube

The schematic of the Stanton tube is shown in Figure 2 (Ref. 1). The method consists
of meesuring the static pressure in the static hole with and without the blade. Then the
difference between these two pressures will be calibrated agairst the wall shear, The value of
AP can be quite small such that a micromanometer with an accuracy of £ 0.01mm should be

used. The results of this callbration for turbulent flow of air over a flat plate can be found in
Reference 1.

h by
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Figure 2. Design of Stanton Gauge [1)




1.22 Direct Measuramants

The need for measuring the local wall shear stress has led towards the development of
instrumentation for measuring small forces or deflections. These methods are referred to s
direct measurements. One of these instruments is Kistler gauge shown in Figure 3. Maybey
and Onudet(7) describo the use of this gauge in skin friction measurements.
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Figure 3. Construction of Kistler Skin-Friction Gauge
as Presented in Literature from the Kistler
Instrument Co.

1.23 Thermal Method

The relationship between the local wall shear stress and the rate of heat trunsfer from
small thermal elements mounted flush with the surfuce has been studied by lage and
Falkner(s). This method uses Reynolds analogy to obtain the wall shear from the Nussell
number. The main difficulty in using these heat transfer probes is that the heat is lost o the
substrate, us well us to the fluid, so that the effective length of the probe can be mwuch larger
than that of the heating element. Works by Rubesin, et al®, and Sandborn!!HD
methods to reduce this effect.

olfer




1.24 The Preston Tube

Theo;ctically. the Preston method relates the local wall shear stress to the velocity
(1,

variation as* :

w

Us |5

v, Y
(t./p)"?
f[y_p_\_v_"__} 0

m

and for distunces close to the wall:

f

(2)

1 !
yp(t, /0)2)  yor, /)2
m R

Details about the method and the most convenient system to calibrate the Preston tube ure
given in Reference 1. However, the application of the Preston tube and its calibration to
turbulent boundary luyer flows depends on the accuracy of the law of the wall model.

1.2.5 The Electro-Chemical Techniques

The electro--chemical probes(lz'”) are based upon the mass transfer analog of the

heated surface film.  An electro—chemical reaction takes place on the surface of an electrode
mounted flush with the wall, The basis of this method is that the current flowing through the
electrode circuit, which is proportional to the rate of mass transfer at the electrode surface, can
be related to the velocity gradient at the surface. This method has been used in liquid flows
and has not yet been applied to the gas flows.

1.2.6 Extrapolation of Dirgct Yelocity Measurements

Extrapolation of direct velocity measurements to obtain the velocity gradient is another
widely used method. The accuracy depends on basically two factors:

1. How close to the wall the measurements can be made; and
2. The accuracy of the velocity measurements.
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The methods of measuring the velocities in the boundary layer fall into two categories.
They are: ) ' h

a) intrusive probes (e.g. pitot static probes) ,
b) non or minimally intrusive probes (e.g. laser induced fluorescence)

The most widely used intrusive method of measuring flow velocities is the pitot static
tube. The Mach number of the flow is deduced from the ratio of the pressures measured at
two stations (nose point and side location). The static temperature and flow composition are
then required to determine the local flow velocity. The main advantage to this method is that
it is a widely available and understood method. For boundary layer measurements, the major
drawbacks are the size of probes required and the frequency response of the measurements.
The probe size limits how close to the wall the measurements can be taken and also influences
the values to be measured by obstructing the flow. The response time associated with pitot
.measurements is often significantly longer than the turbulent flow fluctuations, and hence it is

' not a good vehicle for measuring Reynolds stresses.

The static temperature measurements are usually performed by reading the output
signal of a thermometer when the fluid stagnates against the sensor surface and reaches to
thermal equilibrium with the sensor's surface. A variety of temperature probes have been
developed which are- cdpable of determining the temperature profile in the boundary layer (see
Section 2.2.2 and Appendix C). However, the temperature being measured is the stagnation
temperature and must be correlated to the static temperature. In Hypersonic flow, the
determination of the local static temperature can be a significant source of error.

With the advent of fast computers and powerful lasers, a tremendous amount of
laser—based experimental research activities in the field of fluid dynamics and combustion
have been investigated to allow measurements of properties without disturbing the local flow
environment. These activities include flow visualization and 2—-D planar imaging of velocity,

temperature, pressure and species conccntrations(m_”).

A non—intrusive method of two—wave Laser Induced Fluorescence Spectroscopy (LIFS)
seems to be promising in temperature profile measurements. The advantage of this method is
in the fact that it measures the static rather than total temperature directly, and the need for use
of pitot pressure and total temperature sensors are eliminated. This method consists of the
selective excitation of a chemical species of interest and detection of the resulting fluorescence



signal normal to the incident laser beam. Then the Boltzmann ratio can be used to correlate
the temperature to the ratio of number of ground state to excited state transitions.

Mean velocity measurements, as well as higher order fluctuation terms, have received a
Jot of uttention lately. Non-intrusive laser—based velocimeter techniques are generally divided
Into two groups: 1) those who measure the Doppler Shift of light scattering particles ussumed
jo be traveling with the flow; and 2) those who directly measure the Doppler Shift related to
the collective molecular motion.  Laser Doppler Anemometry (LDA), Laser Transit
Anemometry (LTA), and Laser Doppler Spectrometry (LDS) are among the first group, und
l.aser Induced Fluorescence (LIF) and Coherent Raman Spectroscopy (CRS) fall into the
second group.

Laser Doppler Anemometry (LDA) uses dual beams, one of which is a reference beam,
A sample volume will be produced by crossing two focused laser beams at the measuretment
location and forming a well defined set of interference fringes in the seeded flow. The
scattered light beam is modulated by a frequency which is proportional to velocity.
References 18-20 can be consulted for more details.

Laser Transit Anemometry (LTA) is based on the generation of two or more spatial
markers at the measurement points. The time of transit of the scatter centers through the
markers defines the instantaneous velocltyal). LTA, which is usuully applied in a backscatter
maxe, is self-contained, does not require coherence (and, therefore, is more tolerant to phase
distortions along its optical paths), and can cope with smaller particles for equivalent luser
power. Its superiority close to walls and surfaces has been established.

A more promising method for gas velocity measurements in high speed flows is Laser
Doppler Spectrometry (LL.DS).  The technique that wus originally employed tor velocity
measurements in highly transient and short duration ﬂows(22—24) can also be applied to
non- trunsient ﬂows(zs).

Monochromatic light is concentrated at the measuring point.
Doppler shifted light scattered by the tracer particles at this point is collected and transmitted
to the spectrometer, The Doppler shift in terms of the relative wavelength change, dA/A,
depends on the velocity components U of the particles. This method is able to continuously
monitor the change in the vcloclty(zz‘zs).
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Figure 4. i.ser Doppler Spectrometer (Ref, 22)

Spectroscopic methods are based on measuring the Doppler shift in either the
absorption line frequency or the fluorescence emission or scattering spectra of an ugent specie
in the flowfleld, upon interaction with a laser source. These methods extract the velocity
directly from molecular motion, and therefore, avoid the slip velocity ambiguity. These
methods provide favorable tools for high speed flow velocity measurements.

Laser Induced Fluorescence (LIF) methods have been successfully upplied for
supersonic and subsonic flow measurcments(26). Measurements of the Doppler shifted
absorption is the basis for velocity measurements using LIF. The Doppler shift of an
ubsarption line, Avp is proportional to the velocity component u, in the direction of laser beam

propagation, such that

D
o

\/

<

0

where Vo is the center of the laser frequency. There are two schemes to measure the velocity

using LIF: 1) narrow band excitation scan of the absorption line, together with broad bund
fluorescence detection; and 2) narrow band wing excitation with counter—propagating beams
and broad band fluorescence detection.
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The first scheme uses a tunable narrow—band laser beam to scan a resonant transition
of the agent species. The resulting broadband fluorescence signal is then detected. The
Doppler shift is determined by comparing the center of the fluorescence signals of moving
molecules to that of molecules in a stationary cell. The velocity is then obtulned from
equation (3). This scheme can measure velocity to within S m/sec, depending on the energy
levels of the agent species. It requires tuning the laser beam over the entire absorption line,
which prohibits the use of this method in unsteady flows. This technique also requires the
ncquisition of a large number of data frames and, therefore, a large buffer space for storage.

The second scheme fixes a narrow—band laser at the frequency of the wing of the
absorption line near the peint of maximum slope, where the line shape is approximately lincar
for small Doppler shifts. The fluorescence intensity, IF. is proportional to the amount of

absorption. At high speed, the Doppler shift causes the center of the absorption line to shift
away from the laser frequency, resulting in a change in fluorescence intensity. In this case, the
frequent shift, Equation (3), can be expressed in terms of the difference in I, fluorescence and

the slope of the line shape function, g(v), such that

Al -1
¢ F [9g(v

0

where l0 is the fluorescence at the center of the line. However, if the flow is monitored with

two beams in such a way that one beam is upward Doppler shifted and the other downward
shifted as schematically illustrated in Figure 5, both the difference, and center fluorescence
intensity, l0 are easily determined using equation (5), and as shown in Figure 6.

I, -1 -1
¢ d ag(v)
um =, .......T g(v) A (5)
Yo rl] * }

VVO

This technique requires two successive laser pulses to measure one velocity component. This
scheme is capuble of determining the mean velocity particularly in high speed situations. The
accuracy range is similar to the former scheme. In order to measure the velocity vector in a
two-dimensional flow, two additional beams are required(zg). This method requires four
successive laser shots und subsequent measurements of the fluorescence signal.  Present

13




de'velopmem in detector technology does not allow signal recording in less than 50 msec, and
therefore hinders the ability of performing two—dimensional velocity measurements in highly

turbulent or transient flows. For more details, the reader should consult with References
2629,

Figure 5. lliustration of counter beam configuration
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Figure 6. Schematic of fluorescence Intensity vs. frequency [rel. 2]
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She, et al(m) was the first to propose the application of Coherent Raman Spectroscopy
(CRS) for velocity measurements in high speed flows. CRS includes Coherent Anti-Stokes
Raman Spectroscopy ((‘ARS)( 1) Inverse Raman Spectroscopy (IRG)(”). and Simulated
Raman Gain Spectroscopy (SRGS)( 1) Similar to LIF methods, these techniques measure the
velocity from the Doppler shift of the spectrum of the scattered signal. Coherent Raman have
scattering cross sections several orders of magnitude higher than spontaneous Raman, und
therefore, higher signal—to—noise ratio. This method has been successfully used to measure
supersonic velocities ug) to 1010 m/sec, with a velocity resolution of 34m/sec, using methune
as the agent specics



1.3 Test Environment and Facilities Requirements

The primary interest of experimental studies for nozzle boundary layers is focused on
high area ratio nozzles. It is known that the boundary layer growth increases with arci ratio.
Table 2 indicates the calculated boundary layer thickness (80 995) at the exit plane for four

different nozzles.

Table 2. Boundary Layer Thickness at the Exit Plane for
Four Nozzles. Cooled Wall T, = 1000°R.

Transverse Boundary

Nozzle Area Radius at the Layer ) 0.998/f
Ratio Exit Plane Thickness

r exit,inches 50'995 inches
ASE 400:1 25.10 3.25 13%
RL-10 204:1 36.80 4.40 12%
XLR-134 767:1 10.97 2.08 19%
Hughes 300:1 300:1 1.61 0.45 28%

It can be seen that for higher area ratio nozzles the boundury luyer occupies up to 20%
of the nozzle. The flow is turbulent in the first three of the nbove engines. For smaller
engines with lower chamber pressures and comparable area ratios, the flow is laminar and the
boundary layer occupies an even larger portion of the nozzle. Some of the high area ratio
stution keeping engines fall into this category. However, turbulent flows in high area ratio
nozzles are the primary concern for this experimental program. To assure the turbulent niture
of the flow, one should compute the boundary layer parameters for the experimental set up and
make sure that these values fall in the turbulent flow regime. One generolly used criteria is
thut the boundary layer becomes turbulent when the Reynolds number based on momentum
thickness becomes greater than 360, i.e., pe"eo”‘e > 360.




For intemal flows, the Reynolds number is a function of the mass flow rate and is
inversely proportional to the local radius, i.c.

Re_ = m / (mrp) (6)

In order to relate the throat Reynolds number, Rer.. to the onset of turbulence, boundary layer

calculations were made for a variety of conditions using combustion gases (¥ = 1.2) so that the
Reynolds number based on momentum thickness was equal to 360 at the throat plane. Thesc
results ure shown in Figure 7. Cross plotted results of throat radius versus mass flow rate for
the Reg, = 360 line are shown in Figure 8. Finally, the results from Figure 7 are

superimposed in Figure 9 on a plot of mass flow versus throat radius. Hence, the transition
point from laminar to turbulent flow can be estimated from knowing the value of Rer,,,. From

the information on Figure §, it appears that values of Re, > 1%10% are required for turbulent

flow. The experiment test fucility should be designed to operate well within the turbulent
regime.

To be able to measure the heat flux at the wall, hot or at least warm flow is required.
The higher the flow temperature, the easier it is to measure a significant amount of heat flux at
the wall. However, if the hot gas is diluted with injection of a cold gas to control the
temperature, complete mixing of both gases is of concern in order to assure uniform stagnation
enthalpy of the gas. The above consideration is important since it is very desirable that the
only significant source of vorticity be generated by the wall shear layer. If other strong
sources of vorticity are present, the valldity of the data for a wide range of conditions will be
opened to question. According to Crocco's theorem, the vorticity is given by

§ = (1 dydn - dhddn)/u )

where § = entropy
hT = totul enthalpy

n = direction normal to streamlines

which shows the dependency of vorticity on stagnation enthalpy
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For LDV type of measurements, the flow should be seeded properly. The proper
seeding of the flow is a crucial problem in LDV techniqucs(34‘36). The seeded particles have
to be small enough to follow the flow fluctuations and at the same time large enough to scatter
detectable laser light. Moreover, the dynamics of particles should be known analytically for
better velocity measurements and particles should be chosen to have almost the same size to
avoid artificial turbulence in the flow. In general, the required particle sizes are determined by
the flow acceleration and the level of turbulence. However, the problem of particle response
lag cannot be totally eliminated, and even particles as small as 0.5 micron have a finite
relaxation time(37'3 ). For Stoke's flow, i.e. particles and gas velocities in near equilibrium,
the characteristic velocity and temperature relaxation times for the particles are:

T, P dg /18u (8)
Br = Py 9 PY24K 9)

For aluminum oxide particles in air at room temperature, the characteristic times are

= 2 .
T, 12.5 dp ¢ with dp in microns
T = 6.56 drz, and 7 in microsecond

The errors for submicron particles (0.1 - 0.5 micron) for free stream velocity
meusurements in the presence of large velocity gradients without shock waves are within few
percent which are acccplnble(zs). However, production of submicron particles is not a trivial
problem and should be tailored to the specific situation in hand. Particles such as polystyrene
latex with good uniformity and small sizes are available, but they cannot be used in
combustion application because they burn, or in supersonic flows becuuse the carrier volatile
fluid condenses and generates polydisperse particles. Therefore, polydisperse solid particles,
such as aluminum oxide, silicon carbide, or silicon dioxide(sg‘ 0). are commonly used in
flows with combustion; and liquid particles, such as silicon oil or dioctyl-phthalate, ure
candidutes in supersonic flows(41-43),




1.4 Summary

Two families of techniques are suitable for hypersonic flow velocity measurements:
particle scattering and molecular scattering. Particle scattering techniques which include mal
fringe laser Doppler velocimetry, laser transit anemometry, and Doppler spectrometry, are well
developed and velocity measurements in supersonic and hypersonic flow regimes have been
demonstrated. However, particle scattering techniques share the same concerns and difficultics
when applied to hypersonic wind tunnels: The requirement of seeding the flow, und the
ambiguity due to particls lag in accelerated or decelerated flows. The quustion of particie lag
has been addressed and it is concluded that the measurement uncerwainties ure small when the
particles used are less than 0.3 um in shock—free expansion flows.

The uncertainty of the fluctuating components of the velocity within the boundary layer
will depend on the density of the flow and the frequency response of the particles.

Molecular techniques which encompass laser induced fluorescence (LIF), inverse
Raman scattering (IRS) and coherent Anti—stokes Raman scattering CARS. are being
developed. These techniques have the potential of yielding more accurate results thun
particle—based techniques. However, several practical aspects hinder their application to
hypersonic flow measurements. LIF of alkalis, which is more accurate than LIF of ()2.

requires seeding the wind tunnel with highly corrosive materials such aos sodium.  Sced
molecules condense under the low pressure and temperature conditions characteristic to
hypersonic wind tunnels. LIF of 0, is still under investigation and preliminury analysis shows

that the velocity error is about 500 m/sec. IRS and CARS meusure the velocity from the
spectrum of the coherent Raman scattered signal, and therefore, pressure broadening due 10 a
shock wave can result in large errors. Velocity measurement using IRS is on axis, and henee
the spatial resolution is poor. IRS and CARS, however, hive the advantage of yiclding the
temperature and pressure simultancously with the velocity, giving a unified approach to the
flow field.

Table 3 is a summary of velocity measurement techniques.  The table shows the
demonstrated velocity range, accuracy, SNR and other relevant purumeters of techniques.
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20 Contacting, Visiting and Screening the Test Facilities
21  Contaciing the Testing Facilities

As part of the Phase 1V effort for the boundary layer study, the experimental sites were
identified and contacted. An outline of the work to be done was provided and sent 1o
investigators at CALSPAN, AEDC, Stanford University, UC San Diego, PRI, Rocketdyne,
Acrojet, California Institute of Technology, NASA Lewis and Los Alamos Nationul
Laboratories for their further insight into the problem (See Appendix A).

The responses from the above organizations were mixed. The people/orgunizations
who declined to support the effort were:

Dr. Tom Bowman at Stancord University;
Dr. Ron Hansen at Stanford University;

Dr. William Reynolds at Stanford University;
Dr. Gene Broadwell at Cal Tech; and

Dr. Anatol Roshko at Cul Tech.

The main reasons given were that they were either not equipped to do these types of
experiments or that they were engaged in doing some other work and they do not have the
resources 10 support our effort.

22 Yisiting the Testing Facilltics

All of the organizations contacted, except Cal Tech and Stunford University, expressed
interest in performing the experimental study. Some of these organizations provided us with a
white paper which is included in Appendices B thru F.

The inierested people/organizations were visited. A briet report of each visit will be
followed und our final conclusion will be discussed in the next section,




2.2.1 Yisiting PRI

In response to our inquiry for experimental validation of the Boundary Layer Code,
Physicul Research, Inc. (PRI) was one of the companies who showed interest. A brief
write—up was prepared by PRI about their approach to this study. After reviewing this
write—up, SEA, Inc. visited the company; which is located in Torrance, CA.

The meeting was held on September 28, 1987, at Physical Research, Inc. A
presentation about the company background was given by the president of the company, Dr.
William Shih, which was followed by a technical presentation given by Dr. Reza Toossi. The
list of people who attended this meeting are as follows:

Altendees Qrganization Tclephone Number
Douglas E. Coats SEA, Inc. (702) 882-1966
Homayun Kehtarnavaz SEA, Inc, (702) 882-1966
Farro Kaveh self/PRI (614) 442--1016
Bill Shih PRI (213) 3780086
Reza Toossi PRI (213) 2780056
Bill McDermott PRI (213) 378-0056
Daruish Modarres PRI (213) 378-0056

The purpose of the meeting was to evaluate the capability of this group in performing
the experiments and, moreover, the techniques they proposed to utilize to do the work and how
relinble those techniques are. [In their preliminary studies the following approach has been
proposed:

0 Flow Visualization: Gross Observation of Flow Structure:

1. B. L. separation, possible reattachment, shock formation, and laminar—turbulent
transition




0 Surface Measurements:

1. Properties along the nozzle wall-
2. Derive heat transfer coefficient and skin friction

0 Flow Diagnostics in the Boundary Layer:

1. Evaluate flow diagnostic techniques
2. Measure Boundary Layer temperature and velocity profiles

Utilization of LDV has been proposed by PRI for mean and fluctuating velocity
measurernents. For temperature profile measurements, the (LIFS) method was recommended.

For more detailed discussion of PRI's approach, their proposed instrumentation, und list
of concerns, refer to Appendix B.
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222 Visiting CALSPAN

ARVIN CALSPAN Corporation located in Buffalo, New York was one of the fucilities
thut responded to our inquiry calling for experimental validation of the Boundary Layer Code.
CALSPAN was visited on October 23, 1987. The list of people who attended this meeting is:

Attendees Qrganization Telephone Number
Mike Dunn CALSPAN (716) 631-6747
John Lordi CALSPAN (716) 631-680S
Douglas Coats SEA, Inc. (702) 882-1966
John Grace CALSPAN (716) 631-6714
Don Boyer CALSPAN (716) 6316817
George Skinner CALSPAN (716) 631-7500
Blake Pearce CALSPAN (716) 631-6789
Walter Wurster CALSPAN (716) 6316846
Ron Drzewlecki CALSPAN (716) 6316805
Homayun Kehtarnavaz SEA, Inc. (702) 882-1966

A presentation about the CALSPAN facilities and their experimental work in the arca
of nozzle flowfield measurements, and staging was given by Ron Drzewiecki of CALSPAN,
Then the requirements for the boundary layer measurements for high area ratio nozzles was
discussed. A tour of CALSPAN fucilities was conducted in the afternoon.

The CALSPAN facilities consist of:

0 High Altitude Chamber: 13 foot diameter x 40 foot long und 10 foot diameter x
20 foot long; 400,(XX) foot equivalent altitude.

o Ludwieg Tube Supersonic Wind Tunnel: ~ 5 foot diameter test section, M =
. 2-4.5.

0 48 inch and 96 inch Hypersonic Shock Tunnels = ~ 4 foot diameter test
sections; M_, = 8--18.
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A high—-speed 128 channel digital data aquisition system, capable of 20,000 HZ
recording rate (S0um sampling interval/channel), serves these facilities.

_ CALSPAN can accomplish the heating of the flow by preheating gas reservoirs which
is limited to temperatures of about 10000 F or by shock heating techniques if higher
temperatures are desired. Another approach that has been suggested by CALSPAN is one in
which the reaction products of liquid propellants can be duplicated by the combustion of
gaseous mixtures (Reference 44). This gaseous equivalent approach has been used to duplicute
liqguid NTO/MMH and NTO/UDMH propellant rocket flows. Example of such an application
is shown in exhibit A, Appendix C.

With respect to instrumentation, a variety of sensors and probes have been developed
by CALSPAN to measure the gasdynamic and thermodynamic state properties of high-speed
compressible flows.

A number of probes and sensors 10 measure the heat transfer and skin friction are
indicated in exhibit B, Appendix C.

CALSPAN has also offered to consider nonintrusive diagnostics methods for boundary
layer measurements.
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223 NASA Lewis Research Center

NASA Lewis Research Center was visited on October 22, 1987. The list of people
who attended this meeting are:

Altendees Qrganization Telephone Number
Douglas E. Coats SEA, Inc. (702) 882-1966
Homayun Kehtarnavaz SEA, Inc. (702) 8821966
Al Pavli LeRC (216) 433-2470)
Ken Kucynski LeRC (216) 433-2469
Paul Penko LeRC (216) 433-2404
Diune Galecki LeRC (216) 433-2410
Tamara Smith LeRC (216) 433--2467
Ken Duvidian LeRC (216) 4332602

First, a presentation was given by SEA, Inc. about the TDK/BLM thick boundury luyer
version program and the effect of a thick boundary layer on performance was discussed. Later
on, the pumpose of High Area Ratio Nozzle Boundary Layer Test program was discussed and
then a tour of the NASA Lewis Research testing facilities was conducted by Al Pavii.

The purpose of this meeting was to evaluale the capuability of this group in performing
the experiments for the boundary layer contract in obtalning "accurate” results.

The schematics of the NASA Lewis Rocket Engine Test Fucilities (RETF) is shown in
Figure 10. Connecting the test capsule to the spray cooler is the water--jacketed second throat
diffuser. ‘The kinctic energy of the rocket exhaust gases is used in this diffuser to accomplish
some of the altitude pumping of the test capsule. The diffuser was able to provide u pressure
from 0.03 to 0.05 psi in the test capsule while exhausting into the spray cooler, which was at
0.3 to 0.6 psi.

The test capsule (Figure 11) is constructed in two parts. One purt is the fixed end onto
which the research hardware was mounted. The other part is the movable cam, which could
be rolled back to provide uccess to the experiment. The nozzle shown in Figure 11 is u 1030:1
arca ratio nozzle. More details about the experiment can be found in References 49 and 50
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The nozzle shown in Figure 11 is a 1030:1 area ratio nozzle with a flanged joint at the
428-area ratio station,

Mounted above the nozzle are the pressure tranducers and valves to measure nozzle
static pressure. Visible alongside the nozzie are some of the wall temperature thermocouples.
The instrumentation provided analog miltivolt signals that are calibrated to be proportional to
the magnitudes of the parameters to be measured. These analog signals are measured and
converted to a digital signal by an automatic data digitizer at a rase of 50 readings per second
per parameter and then sent 0 an IBM 370 computer. Once in the computer the millivolt
values are converted to the engineering units of the measured parameters and arranged in
groups of five readings. This will provide data output at 1/10 sec. intervals.
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224 Acrojet Tactical Systems

Following SEA's inquiry calling for experimental validation of the Boundary Layer
code, Acrojet Tactical Systems, located in Sacramento, California, expressed some interest. A
meeting wus held on December 10th, 1987, at Aerojet. The names of people who attended this
meeting are:

Atiendees Qrganization Telephone Number
Homayun Kehtarnavaz SEA, Inc. (702) 882-1966
Jack Hyde ATC (916) 355-4839
Thong Nguyen ATC (916) 355-3664
Cherie Cotton ATC (916) 355-6751
Dick Ewen ATC (916) 355-3421
Dick Walker ATC (916) 355-2694

A presentation of the problem and parameters to be measured was given by Homayun
Kehtarnavaz of SEA, Inc. In response, Aerojet indicated that they are not equipped to measure
the Reynolds stress terms, However, they showed interest in making measurements of the heat
flux and wall shear by using hot wire probes. For more details see Appendix D.




2.2.5 Yisiting AEDC

AEDC was visited on May 18, 1987, by Doug!zs Coats of Software and Engincering
Associatzs, Inc. Personnel contacted at AEDC were Wheeler McGregor, Chad Limbaugh, and
John Jordan. The J4 and J5 facilities were visited. John Jordan suggested that the older steam
fucility be renovated for the boundary layer measurement tests. However, the cost of fixing up
the facility was deemed excessive for these tests. A write~up on the proposed AEDC
approach was supplied by Chad L ‘mbaugh and appears in Appendix E.
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2.26 Rockywell International. Rocketdyne Rivision

Dr. Lalit K. Sharma, from Rocketdyne in Canoga Park, California, responded to SEA's
inquiry for an experimental validation test plan. Rocketdyne was visited on November 4,
1987. The names of people who were present at this meeting are:

Attandess Qrganization Talephone Number
Lalit K. Sharma Rocketdyne (818) 710-3472
Homayun Kehtarnavaz SEA, Inc. (702) 882~1966

An explanation of the boundary layer code and the purpose of the experimental
validation program was given by Homayun Kehtarnavaz of SEA, Inc.

Laser-based velocimetry was proposed by Dr. Sharma to measure the exit plune
velocity, Laser doppler velocimeter (LDV) was proposed to measure Reynolds sheur siress
and laser~two~focus (L2F) technique will be used to measure mean and turbulence intensity
velocity profiles. Rocketdyne expressed concern about the issue of seeding. More deils ure
given in Appendix F.




227 Visiting Los Alamos National Laboratory

Several meetings were held at Los Alamos Scientific Laboratory on January 25, 1988,
to discuss boundary layer measurement techniques. The people who attended the various
meetings were:

Altendees Qrganization Telephone Number
Douglas E. Coats SEA, Inc. (702) 882-1966
Harry Watanabe LASL (508) 667-6686
Wayne Danen LASL (505) 667-7121
Richard Oldenborg LASL (505) 667-2096
Ralph Castain LASL (505) 667~3283
David Taylor LASL (505) 667-7886
Mike Cline LASL (508) 667-9093
William Wadt LASL (505) 667-8680

The morning discussions centered mostly on elaborating the measurement requirements
s oullined in the SEA, Inc. requirement document (Appendix A). As un adjunct, the
following were listed as requirements.

0 The flsw in the boundary layer must be turbulent from before the throat.

0 The boundary layer should encompass between 10% to 40% of the flow at the
exit plane.

0 The heat transfer to the wall should be high enough to simulate conditions in

real rocket nozzle.

0 The expansion process should maintain, as realistic as possible, the conditions in
a real rocket nozzle. For example, axisymmetric instead of 2D nozzles, ratio of
specific heats < 1.4,
\
|
|

In the afternoon, Douglas Coats toured the CARS facility with David Taylor. Taylor
explained the use of the CARS equipment in his lab and indicated how it would be used in the
nozzle flows and how the data could be spatially resolved. The method would require two
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windows in the nozzle. The major disadvantage of the windows is that it would restrict the
flow environment to conditions that the window material could tolerate. The major advantage
would be in avoiding taking data so near the nozzle lip that the back pressure would huve o
significant effect. It was also pointed out that to get the gas translational temperature using
CARS would require its inference from the rotational spectra. This is a practical, not a
theoretical, limitation on the method.

Rich Oldenborg explained his current work effort using Laser Induced Fluorescence
(LIF), which is the measurement of Boron reaction ratc data.

The main concern which was voiced about using LIF was getting an adequate amount
of induced florescence from the seed gas to measure. A continuous flow device wus
recommended. However, at very low pressure, the measurement times could be lurge (-
several seconds per point). A white paper was received from Los Alamos Nationul Luaborutory
which is documented in Appendix G.
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30 Recommendation

The primary objective of developing an experimental plan for boundary luyer
meusurements i8 to obtain accurate and high quality data to compure against the present and
future analytical models. During the course of our investigations, no single or set of diagnostic
techniques, experimental facilities, or approaches were found to be compelling as a single
approach to achieving this objective. As a result, it was necessary to relax some of the ground
rules which we had originally laid out in order to meet the primary goal of obtaining accurate
data. As mentioned in the introduction, we concluded that hot engine firings were not
compatible with accurate mapping of the boundary layer. This conclusion was bused on
considerations of available experimental techniques, test times, facility requirements, and cost.
We ulso discovered that there were no diagnostic techniques which were "off the shelf” ready
for boundary layer measurements of the required accuracy in simulated rocket nozzles. In
uddition, facility capabilities for different organizations varied tremendously. Calspan has
excellent short duration test facilities, while AEDC has good lurge scale longer duration
cupability. However, the selected diagnostic techniques must be mated with the correct
facility to Insure adequate data acquisition. Because of the developmental nature of the
diagnostic techniques and the mating of these techniques with the facilities, the following
recommendations are conditional rather than absolute. First, we will cover the recommended
diugnostic methods and then discuss recommendations for test facilities.

Riagnostic Methods Recommendations Velocity Profiles

LDV must be considered the primary candidate for taking velocity measurements in the
boundary layer. This conclusion is based on the fact that this method is well developed in
comparison to other luser techniques.  Alternates and/or buckup methods should include LIF
and CARS. We strongly recommend that optical techniques should be the cornerstone of these
measurements.

We view both LIF and CARS as potentially superior methods of velocity measurement.
The trade off between LDV and LIF/CARS is the development time and difficulties associnted
with particulate seeding for LDV versus moving LIF/CARS from the lab into u test
environment. Should the latter be accomplished, then LIF/CARS would be the recommended
technique.
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Static Pressurs Measusernants

Pressure transducers on the wall are the recommended diagnostic technique for
measuring static pressure at the wall, If the selected vest conditions are benign enough, pitot
measurements can also be used as a backup and to verify calibration of both the wall static
pressure and velocity profile.

Temperature Profiles

Laser based non—intrusive techniques are recommended. LIF seems to have u slight
edge on CARS based techniques, but both methods should perform well theoretically. The
final choice should be decided by the selected contractor bused on cost and risk factors. Both
LIF and CARS are also capable of determining the density profiles in the flow. Information
about the chemical composition would thus supply enough information to compute the static
pressure profile. The redundancy in preasure data will supply a useful accuracy check of the
measurements. Total temperature probes are also readily available ¢(see Appendix C), and
should be used as a calibration backup if pitot measurements are also taken.

Wall Heat Transfer Measuremeni

There are any number of adequate methods to measure the wall heat transfer rute.
However, most of these methods depend on the temperature range of the flow (total und static)
and of the wall. The final selection must be based on the test environment selected. However,
we do not recommend that the heat transfer rate be deduced solely from buckwall temperature
measurements. Such methods require operation to steady state to supply the desired accuracy.

Wall Shear Streas

Direct measurements of the wall shear stress are definitely preferred. If the test
environment permits, some sort of the floating element method should be used (see Appendix
C and also the description of the Kistler Skin Friction Gauge). Extrapolation of the velocity
profile to the wall can also be used if floating elements are not practical.  Under no
circumstances should the Reynolds Analogy be used as the primary method of determining
skin friction. The use of the law of the wall also presupposes the form of the results und hence
its use is discouraged.
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Test Facilities

The ideal facilities for these tests would be space based so that practical considerations
such us pumping requirements, total pressures, and total temperatures would not be of congern,
However, since we are lacking permanent space stations or lunar facilities, we must make due
with earth based testing. It is always preferred that the test environment closely simulate the
environment to which the data is to be applied. However, in this case, we recommend against
rcal engine firings. Too many of the recommended diagnostic techniques are not well enough
estublished to allow for their extension to such a hostile environment. In fact, some of the test
methods suggested would bost be done with windows cut into the nozzle wall. Many of the
problems associated with facility requirements disappear if the diagnostic techniques cun be
made to work for short duration test. Calspan has an excellant short duration test capability
which would allow good simulation of high area ratio nozzles. However, it is not cleur if
cither LIF or CARS methods can bc made to work with test durations in the S0 millisecond
range. The Accurex arc tunnel suggested by one of the experimental test plan contributors
would only be acceptable if the total enthalpy gradient across the nozzle could be eliminuted.

In order to simulate a real nozzle as closely as possible, we make the following
rccommendations.

1) The test nozzle should be axisymmetric and have at least an area ratio of 300:1.

2) The flow should be fully turbulent before the throat plane.

3) The flow should be as hot as is compatible with the dingnostic technigues.
Flows in the range of 15000R are recommended. These types of temperatures
will ullow for adequate heat transfer rutes, density variations, und avoid
condensation problems.

4) The gas supply system should supply nearly uniform property flow.

In order to assure that the experiments achieve their goal of supplying datu to validate

analytical models, we also recommend that an organization such as Software and Engineering
Associates, Inc. be assigned to monitor the experimental work effort.
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NOMENCLATURE

ed of light
plet radius

line shape function
enthal
intensity
Mach number
normal direction
ssure
ndtl number
radius

throat radius
Reynold's number
entropy
temperature
velocity

velocity

velocity

velocity (total)
distance

boundary lnyer momentum thickness
vorticity

density

boundary layer thickness

difference

shear stress, characteristic time
coefficient of viscosity

frequency

ho




NOMENCLATURE (Continued)

Abbrevintions
AL Astronautics Laboratory

. ASE Rocketdyne Advance Space Engine, area ratio 400:1
5873}8 Experimental Nozzles by JPL, cone shaped
BLM Boundury Luyer Module of TDK computer code
CARS Cohcrent Anti-Stokes Raman Spectroscopy
CRC Coherent Rumun Spectroscopy
IRS Inverse Raman Spectroscopy
IUs Inertinl Upper Stage, Space motor, OTV
JANNAF Joint Army Nuavy NASA Air Force
1.DA Laser Doppler Anemonetry
1.DS Luser Doppler Spectrometry
1.DV Luser Doppler Velocimetry
LIF Laser Induced Fluorescence
1.OX/GH,  Liquid Oxygen and Guseous Hydrogen
LTA Laser Transit Anemonetry
RL-10 Pratt & Whitney Spuce Engine, area ratio 205:1
SEA Software and Engineering Associates, Inc.
SRGS Simulated Ramun Spectroscopy
SSME Spuce Shuttle Muin Engine, area ratio 76:1
TDK Two Dimensional Kinetic Computer Code

XDELTA Extended Delta (Solid Propellant Space motor)
XLR134 OTYV Engine, Space Storable, urea ratio 767:1
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13
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18,
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EXPERIMENTAL EFFORTS IN BOUNDARY LAYER MEASUREMENTS

ABSTRACT

Experimental efforts should be done for accurate measurements of the flow ficld
variables and boundary layer parameters in a rocket engine nozzle environment. Datua for two
different nozzles are included in this report for better understunding of an exhuust nozzle
environment.

INTRODUCTION

The efforts in experimental work must include techniques to measure parameters in the
boundary layer that will produce resuits of high quality. Quality data on nozzle wall boundary
layer is very limited at the present. The data that is most pertinent for checking the unalyticul
models are direct measurements of local wall skin friction and/or shear (,,) and het trunsfer

as well as velocity, temperature, and Reynold's stress profiles throughout the boundary layer.
A generic nozzle geometry is shown in Figure 1, and the geometry of nozzles under
consideration is shown in Figures 2 and 3. EPS is the expansion or area ratio at the exit planc.

Pressure and temperature at the wall for ASE and RL-10 nozzles are indicated in
Figures 4 and 5 and related heat transfer fluxes at the wuil for these cases are given in Figure
6.

Variation of 8‘ (displacement thickness) and 6 (momentum thickness) for the two
engines are given in Figures 7 and 8. The temperature, velocity, and pressure boundary layer
profiles for these nozzles are given in Figures 9 and 10. Pressure, temperature, und velocity ut
the edge of boundary layer as a function of axial location ure given in Figures 11-a through
11-¢ for ASE nozzle und Figures 12-a through 12-¢ for RL-10 nozzle.

N D




Table I and II represents the Mach number, density, and concentration of four species
as a function of expansion ratio. Figure 13 represents the nozzle wall heat flux for a cold wall
and Figure 14 is a plot of the adiabatic wall temperature.

These results are obtained by using TDK/BLM Computer Code.

GOAL

Experimental efforts should be done to verify the analytical results. The following
parameters should be measured and accurately determined by experiment:

1. u', ' terms in turbulent model or the so called Reynold's stress terms.

2. Profiles of T/T et UU,. and possibly PP, comparable to those of Figures 9 and 10.

3. Profiles of 8 (boundary layer thickness), 5" (displacement thickness) and 6 (momentum
thickness) as a function of axial location identical to Figures 7 and 8.

4, Local wall shear (tw) and skin friction (Cf).

5. Local heat flux at the wall for a cuid wall case, (similiar to Figure 13), and temperature
at the wall for adiabatic wall comparable to Figure 14.
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APPENDIX B

PRI RESPONSE - EXPERIMENTAL VALIDATION
STUDIES FOR LARGE AREA-RATIO NOZZLES
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PHYSICAL RRSEARCY TNC,

EXPERIMENTAL VALIDATION TEST STUDIES
FOR LARGE ARBA-RATIO NOZZLES

SUMMARY

Deaign of propulsion nossles with very large area ratio is of interest
to the Air PForce. Software and Engineering Asscoiates, Inoc. (SEAI) is
presently under ocontraot from the Air Foroe Astronautios Laboratory to
develop improved analytical methods of computing the thrust less in space
engines due to nosszle boundary layers. Validation of the method requires
appropriate experimental data which is not available in the open literature.
This dooument discusses & test methodology which would generate the necessary
data base for support and validation of the analytical efforta. The
experiment oconcerns the atudy of the boundary layer flow developed in
propulsion nogsles with very large srea ratios.

Critical to the sucoess of the program is the choice of the flow
facility and the measureaent diagnostiocs. A test facllity for analysis of
scaled models of nossles with large area ratios suoh as RL=10 and ASE nostles
has been identified. A preliminary evaluation of the nozgle scale and
porformance, and a test plan is presented. The flow diagnoatics inolude the
measurement of mean velosity, turbulence intensity, shear stress component,
sud temperature profile across the boundary layer. Alao inoluded are the
measurement of surface properties including pressure, temperature, heat
transfer rate, and shear stress. The proposed experimental program will
provide a ocomplete data~base. This includes data identified by SEAI and
required as the initial conditions for their computations. Non=intrusive
techniques will be employed for the measuremeats where poasible. The
unoesrtainty of the measurssent data will be evaluated either theoretically or

experinentally.
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1.0 Introduction

Software and Engineering Associates, Ine., under ocontract to the Air
Foroe Astronautios Laboratory, has developed improved analytical methods for
prediction of thes thruat losses in space engines due to nossle boundary
layers. Validation of the analytioal model requires experimental data with
suffiocient fidelity and completeness. Such boundary layer data for nosgles
with high expanaion ratios and operating at oonditions of interest is not
available. It ia therefore necessary to develop a test where the appropriate
flow oonditions and the experimental data base oan be obtained.

The purpose of the proposed experimental program is to generate the data
base neceasary for the validation and verification of the analytical codes
developed for the prediotion of high=expanaion-ratio rooket noszsle
performance. The parameters which are of interest include:

- Boundary layer velooity profiles

- Turbulence intensity profiles

- Boundary layer temperaturse profiles

- Surface pressure and heat tranafer

Looation of laminar/turbulent transition on the wall

In this white paper, brief desoriptions of potential measurement techniques

and of the flow facility are given.

2.0 Teat Plan
Development of a ocomplete data~base required for validation of
analytioal prediotions muat be based on experimental facilities which

oan acourately simulate operating conditiona of interest. It should also

provide data on initial and boundary oconditions necessary for analytioal




sipulation studies. Data must alao be colleoted at regiona in the flow field
where new features incorporated in the computational code can be tested.
For high area ratio nossles, these requirements ocall for design of an
experinental test facility that oan no&ol very high exparsion rates. This
can be achieved by designing nozsles of large area ratioas un@
short-to-moderate lengtha. Three nossle designs with area ratios of 77, 205
and 400 were considered in the SEAI computational sismulations. _

Because of prohibitive costs associated with design of full scale model
teat oconfigurations, smaller socaled models of these nozszles are to be
considered. Unfortunately, even these soaled experiments present sasone
diffioulties. The high area-ratio nossles reguire very high pump throughputs
and very low back pressures. This requirement limits the nozxle tiaroat
diszeter, which ipn turn demands relatively samall-scale noszlea thereby
making detailed flow measurements inside the boundary layer extrenely
diffioult.

The proposed experimental test plan is based on the facilities available
at Aourex Corpoeration laboratories. The design has been a compromiase
between the requirements set forward by SEAI for code verification and the
experimental limitations of the Acurex test facilities.

2.1 Aeyrex Experinenta) Test Fagilities

The aro plaasnma laboratory of the Acurex Corporation is equipped with
an aroc plasma generator for providing reentry aimulations, rocket engine
simulations, and teasting of ablative materialsa. The arc heater is generally
used ao a high temperature gas scurce, The schematic of the present plasaa
test facility is shown in Figure 1. Maximum input power of 1 MW oan be
supplied to the aro heater. Vacuum pumping limits of the steam jet ejeator

vacuun pumps is 0.2 torr, and maximum standard operating presaure of the are
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heater 1s 10 atmospheres. Estimated bull: arc enthalpy is 2000 BIU/1lb
at a gas temperature of 6300°R. It may be possible to lower the gas enthalny
by injeoting cold nitrogen into the mixing plenum upatream of the arc heater;
however, vacuum pumping limits the total mass flow rate to 150 lb/hr at the
Jowest vacuum tank pressure levels.
2.2 [Experipental Test Set Up

The available test configuration will be alightly modified for the
proposed experimenta. The achematic of the proposed test set up is given in
Figure 2. The nozsle will be placed external to and bolted up to the
forvard bulkhead of the vacuum chamber. The nozsle will be water oooled,
made of ocopper, and have a throat diameter of 1/4-inches. The length of
diverging seotion of the nozsle is 5.8-inches, whioh is slightly amaller than
the 6-inoh length required for an area ratio of 205. This was necessary to
prevent the exit temperature from dropping below the air liquifiocation
temperature. The contour of the nosele, however, is identical to that of Rl=
10 (see Figure 3). The exit condition under these conditions are calculated
to be

Mg » 8.04, Py » 2.63 x 10°) ata, T, » 100°K
The arc exit conditiona are
Py = 2.85 ato, and Ty = 1400°K

The total mass flow rate ia caloulated to be the abovenoted limiting value of
150 lb/hr. The area ratio is 193, and the boundary-layer thickness at the
exit is estimated to be between .5 and 1 om, whioh is of suffiocient thickness
for profile measuresment at several atations along the nossle.

The inatrumentation required for boundary-layer profile neasurezents

will be placed outside the nozzle. In this way the problema associated with

window contouring and non-uniform wall cooling will be avoided.




The following inatrumentation will be employed for the proposed study.

1 Laser Doppler velocimetry for umeasurement of veloaity profiles
acroass the boundary layer at useveral stations, measurement of
Reynold atresses, and location of boundary layer separation,
if any.

2. Measursment of wall temperature history for estimation of total
heat flux and skin friction.

3. Twoewave Laser Induced Fluoreascent Speotroscopy for measurement of
the boundary layer temperature profiles.

4, Measurement of the looation of boundary layer transition by

application of a sheet of piegoelectric material along the nozzle

wa.l.

The details of thaese experiments are given below.

2.2.1  Mean and Fluotuating Velcoity Mospuregent

Zxperimental data on mean velooity components, u,v, fluctuating velocity
components u',v', and the shear stress component, u'v', are usually of
oritiocal importance in the understanding of the development of a flow within
a given geometry. They also proviie the detalled mep of the flow field
needed for validation of experimental data. From the velocity data, other
important data such as boundary layer thiclkness, momentum thiokness, wail
shear stresses, and location of boundary layer separation nay also be
inferred.

Measurement of gas velocity in the environment of interest is desired.
Beonuse of the small measurement scales i{nvolved, the disturbances caused by

irtruaive techniquas, such as pitot probes or hot wires, will result in large

inacourscies. Laser Doppler velocimetry is a reliable technique for such




measurements i1n an acourate and nonintrusive manner.

Figure 4 illustrates the basic components of a dual scatter lazer
anemometer svstem. One can interpret ths preocess as the produation of two
sets of fringes in the deteotion volume. For two-gompouent measurement of
veloolity, two laser light wavelengths are used. Argon lasers are ideally
suited for this process, since two dominant wavelengths (488 nm and 514 nm)
are of nearly equal power in available laaers. In Figure 4, beams B and C
are of two different colors, while beam A is a mixture of the two.

In a two-component aystem, the orientation of the fringes, with respect
to each other and with respect to the flow direction, can be optimized for
nost cases. If the flow direction is approxidately known, then the fringes
should be oriented symmetrically about this direoction. The optimum angle
between the fringes is about 60 degrees. This provides the most acourate
data for both components of volooicy..

In any of the geometries desoribed above, & bias fi'2quency can be added
to the Doppler signal. In terms of the fringe model, this ocan be desoribed
as producing a system with nmoving fringes, so that for a stationary
scattering center in the sample volume, the socattered light will be modulated
&t a frequency determined by the rate at which the fringes move. Fringes
that are produced by interfering beams of two different optiocal frequencies
will move at a rate that inoreases with the frequency difference. Any point
in the fringe pattern will vary sinusoidally at the frequenoy difference of
the two waves. Moving fringes can be produced by several different methods.
A frequency shift can be added to either or both of the two waves with a
Bragg cell.

Fiber optios may be used to tranamit the beam to the neasurement

location and transfer the colleoted beam baok to the detectors. Figure S




shows the sketch of a ribsr-optics LDV transmitter and Figure 6 shows a fiber

based complete LDV system for use in a shock tube.

2.2.1.1  Tlow Seeding

The subjeot of proper seeding of the flow has been acknowledged as one
of the most oritical problem areas in LDV. Fundamental to all applications
of LDV is the assumption that the flow can be characteriszed by the motion of
the soatter centers, that either reside in the rlow naturally or are
introduced into it artificially. The irrooen of particle dymamic on LDV
measurements may be summarized as follows:

1. Interpretation of LDV measurements requires the capability of

analytically exazining particle dynamics effects;

2. Broad particle-size diatributions produce artificial turbulence and

should bde avoided)

3. Maximum acceptable partiole asizme for typical mean velooity

neasurenents are less than 0.5 microns;

4., Absolute nmaximum acceptable particle size is probably driven by

turbulence, not mesn~flow requirenents;

5. Correction for mean-flow particle lag may be feasible for

monodisperse seed particles.

Figure 7 illustrates the response of varicus size particles to a shook
wave, showing that even the asmallest particles required a oonsiderable
relaxation distance to attain the gas velocity after passing through the
shook.

Approasches dealing with the problem experimentally include seeding with
known particle distributions or preferably with monodisperse particles, and

also attempting to reject data arising from particlea that are too large to




acourately follow the flow. 1In the early days of LDV, attempts were focused
on nmaking measurements without artificial aseeding. Today, it is almost
universally accepted that starting with a olean flow and artifiocially seeding
with a proper material is preferred. Submicron particles of sizes bhetween
0.1 and 0.5 wmiorons at the rate of 1000-5000 per second are recommended for
LDV measurenents. Computations were made for partiole concentration
requirement for accurate LDV measurement over the entire flow field between
the nozzle throat and exit plane. It was oonoluded that asuch requirements
could be met by generation of soot particles from burning of a relatively

amall amount of sufficiently rich mixture of acetylene air gases.

2.2.2  Heat-Trapsfer Rate snd Tepperature Measurepents

Several different senacrs and/or techaiquea are used for the neasurenment
of heat transfer rate. These include diacrete transducers such as the Gardon
gege and Schmidt-Boelter gage, surface temperature sensors such as thin-film
reaistance thermometera and coaxial surface thermocouplea, and calorinetrio
devices such as thine-skin models and individual alug ocalorimeters.
Meusurements are also made by thermal mapping teohniques, which include an
infrared scanning ocasmera, phase-change paint, and thermographic
phosphorescent paint. Each of these sensora and/or techniques haa its own
merits and liabilities.

Aa part of this taak, investigations will be made to determine the most
appropriate tempersture measurement devices. Due to the presence of high
wall temperature and physical limitations, Gardon gages sesm to provide a
convenient method of measurement.

The prinoiple of operation of a Oardon gage is based on radial heat

conduction, as illuatrated in Figure 8. For a oconstant heat flux, é, at the




gage surface, a constant temperature difference (TC“TE) 18 established
between the center and edge of a oconatantan foil attached to a copper heat
sink. A self-generating tranaducer u'thun formed with an output aignal
directly proportional to the incident heat flux at the sensing surface. An
additional thermocouple is attached to the inside wall of the heat sink for
monitoring the temperature of the gage during aerodynamic testing. High
tenperaturs ocomponents can be used in the fabrication of the coaventional
Gardon gage to permit coatinuous service operation at temperatures of 1000°F.
Since the temperature levels present in the wall nossle are higher than
the maximum range permitted by these gages, surface measurenents will be nade
during transient blow-down operation of the arc heater. The system will be
operated until steady-state oconditions are obtained at the notgle. The are
heater is then shut off and temperature-time history is recorded. The heat
transfer rate is given by
d'rw
4 wCy T
where o, and C, are density and specific heat of the thermocouple Jjunction,

Ty 12 the wall temperature, and t is time.

2.2.2.1  Measurepent of Skin Friotion

In principal, determination of looal skin friotien requires the
determination of the velocity gradients olose to the wall " u%-;- w'
Although these measurssents are straightforward at low speeda, measurementa
at high Mach numbers cannot be directly made with high acouracy. Reynolds
analogy hypotheasis states that a constant ratio exists between hoat flux and

shear atresses at the wall, and therefore provides a convenient means for

prediocting skin friction. The akin friction coeffioient, Cs + is given by
X

3=10




On the basis of experimental evidence Colburn expirically modified the

Reynolds analogy as c
£ Nu
X - X
2 . ppt/3
R.x Pr
h, «x .
® - * X
where  Nu, s n zfi:ﬁzﬁ;- is looal Nusselt number
pu_X
Rey = - is local Reynolds number
Pros &= is fluid Prandtl number
P

x is distance along the wall, T, is recovery tempsrature and o, cp. u, and k
are density, specific heat, viscosity and thermal conductivity of the fluid,
respectively. Other relatiocnships that could be used for determination of

skin friotion are given by the Prandtl analogy and the Von Kérmin analogy.

2.2.3 Measurement of Temperature Profiles

Measurement of temperature in supersonic flows usually involves
determination of total temperature and Maoh number at the point of intereat.
Mach number can be determined by means of a astatic-pitot pressure sensor.
When flow is hypersonic, total temperature could be higher than the range
peasureable by most thermooouples. In the nozzle flow oconsidered here the
total temperature is 1400°K. Nogzzles with higher area ratios encounter even
higher total temperatures. In addition, the teohnique i{s intrusive and
physical size of the thermoocouple assembly limits the spatial resolution. A
non-intrusive method of temperature neasurement, such as two-wave Laser

Induoed Fluorescence Speotroscopy (LIFS), is recommended in this study. This
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method is highly desirable since it measures atatic rather than total
temperature direotly. The need for use of pitot pressure and total
temperature sensors are elininated altogether.

The LIFS technique involves the selective exoitation of a ohemical
speoies of intereat and detection of the resulting fluorescence signal normal
to the inoident laser beam. The fluocrescent signal is proportional to the
nunber density. The seleoctive exoitation of two abaorption lines and the
ratio of the fluorescence signals, which is equivalent to the ratio of number
of ground state to excited atate transitions, ia given by the Boltamann ratio
and is used to determine the temperature. This technique has bdeen used by
meny authors for determination of flame temperature using OH as the
fluorescing specie (see References ! and 2).

In the present atudy iodine gas will be added to the nitrogen (or air)
gas. The flucrescence levels of the ground vibrational level at 5145 nm and
the strong transition at 5%50 nm will be neasured for determination of the gas
texperature. A maximum of 1 part of iodine to 3720 parts of air is required.

The sanpling volume is 100 um in length by 100 um io diameter. It is
therefore dqonoluded that a ninimum of 20 measurexents across the boundary

layer can be made.

2.2.4 Determination of Lsnipar-Turbulent Trapsition Loeation
The teohnique involves application of s very thin (10-100 um thick) film

of high elastioity polyvinylidenfluorid (PVDF) compound. The thermo-elestric
polarisation allows utilization of this foil as a pressure tranaducer. The
film oan be glued to the wall surface. Mioro-leada on or under the surface

ocan be used ‘o obtain the eleotric asignal. The aignal responds to the

pressure gradient rather than pressure as in oonventional stress gages. With




this measuring technique it is possible to utilize the pressure fluctuation
in the transitional boundary layer region. This technique was successfully
applied in the wind tunnel boundary layer transition teating over the wing of
an Airbus model by the Oerman airoraft industry (Reference 3).

This approach will be employed for determination of the transition point
from laminar to turbulent flow in the high area-ratio noszles. The nozzle
wall will be covered by the PVDF film. Several piego foils will be glued in
the area where transition is expected (asee Figure 9). The diatinot increase
in plezo RMS values between different sensors defines the position and alao
the extent of the transitional regime. The only concern in applying this
approach is the temperature resiatance of the foil materisl to the wall
temperatures. These naterials have been succeasfully used up to temperatures
of 140°C. The question of whether sufficient cooling can be achieved at the

wall has to be inveatigated.
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Personne]

Physioal Research, Ino. (FRi) will oonduct the experimencal
investigation. The personnel directly charged with the performance of the
investigation are:

Dr. Dariush Modarress, Director of Experimental Group

Dr. Hung Tan, Scientist

Dr. Resa Toossi, Soientiat

Dr. Farro Kaveh, Saientist
Moreover, Professor M. Oharib of the University of California at San Diego
will serve as a consultant to the program. Together, the above mentioned
group has over fifty years of experience in the experimental investigation
and measurement program. The resumes of key personnel are enclosed.

Cont Estimate and Duration

Two separate experimental programs are suggested here for the
verification studies outlined in this paper.

I. An experizmental program consisting of surface zeasurements can be
osrried out over a period of 12 wmonths as the requirement for
obtaining minimum data. Those inolude pressure, tesperature, and
heat flux neasurement at a number of axial and ociroumferential

stations on the nozsle wall. Total cost of this plan estimated at

$230K, as:
Cost of usage for Aourex arc hester facilities (2 weeks) $ 50K
Nossle design, manufacturing and instrusentation $ 50K
Labor $130K

Total $230K
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II. Detailed teat data can be obtained if the program can be extendad
to two years and for an additional cost of $270K. The experimental
study in addition to the surface neasurements inolude determination
of veloaity and temperature profiles across the boundary layer in

the nosele exit plane. The cost of this plan includes

Coat of usage fnr Acurex arc heater facilities (4 weeks) $100K
Nogzle design, manufacturing and instrumentation $ 50K

Optical inatruments, monochrometer, multichannel analyser
for LDV and LIFS syatems $ 70K
Labor $280K
Total $500K
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Dr. Modarress has recently joined Physioal Researoh, Inc. (PRL) as a
prinoipal research acientist and director of the inatrumentation group. His
research background has been in the areas of numerical analysis, LDV
application, and two-phase flow. He has designed and conduoted experiments
in the atrong shock wave/boundary layer interaction region and also oonducted
experiments conocerned with the velooity biasing problem in the application of
LDV to highly turbulent flowa.

Dr. Modarreas is also oonduocting experimental research at the NASA Ames
Research Center under a grant to the California State University at Long
Beach. In addition, he is teaching ocourses in gas dynamiocs, combuastion
vibration, and technical design and dynamios. Prior to this, Dr. Modarress
was Asaistant Profeasor at Tehran University of Technology where he was also
in charge of the department's graduate program.

At the same time, Dr. Modarress consulted with the Department of Energy for
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sources of energy in Iran. There he initisted and directed an 18~month
project on a feasibility study of wind energy utilisation for rursl
eleatrification.

Dr. Modarress worked at the NASA Ames Research Center after graduation as a
National Research Counoil Research Asasooiate. While there he oonducted
esxperimental research on supersonic turbulent boundary layer separation
using a frequency shifted laser Doppler velocimeter.

Dr. Modarress has published numerous articles.
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Accepted for publication in Chempical Engiueering Communications, (1984).

"Velooity Biasing Error in the Application of LDV to Highly Turbulent Flow,"
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"Two-Component LDA Measurement in a Two-Phase Turbulent Jet," with H., Tan
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DR. HUNG TAN
RESEARCH SCIENTIST

Graduate Institute of Chinese Academy of
Science, Beijing Ph.D. (1966), Aeronautics

Taing Hua University, Beijing M.S. (1962), Engineering Phyasics

Dr. Tan ia a Research Soientist in the Fluid Dynamic Oroup. His research
activities have bdeen in the areas of LDV application, two-phase flow
measurements, applied optics, tomography, and holographic interfercmetry. He
has designed and conducted a number of experiments in the above areas.

He was a post dootoral Research Associate at Arisona State University, Tempe,
Arizona, wvhere he conducted the polymer drag reduction progran. He also was
a4 consultant at the University of Houston, Department of Mechanioal
Engineering, where he was in charge of laser instruments for the Turbulent
Group.

He waa an Associste Professor at the Institute of Mechanids, Chinese Acadenmy
of Soience, Beijing, where he was in charge of the turbulent research
program.

Dr. Ten's publications are listed on the following pages.
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"A Laser Method to Deteramine Turbulent Intenaity Using Probabdbility After
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M.S., Mechanical Eugineering (1974)
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WORK SUMMARY

Dr. Toossi has had several years of research experience in the areas of
combustion and envirommental sciences. He has worked both as a research
scientist and consultant oa various projects related to air pollutios,
flame propagation and diffusion modellings. He has auchored a number of
papers in both referred and nonreferred journals. EHe (s also a member of
ASME, ASEE and Sigma Xi.

PROFESSIONAL EXPERIENCE
Bhysical Reseagch, Inc.
Reseszch Sciencist (present): Dr. Toossi has been involved in various code

development programs since joinming PRi. He is currently working on data
analysis from BEAU-GESTE gas explosive simulation experiments and on the
design of a smoke generator to be used in flow visvalization studies, He
is also the principal investigator of a program to study the infrared
charscteristics of & helicopter exhaust interacting with unsteady vortex

wake.
Californie State Universicv, Long Beach
s80ci - i1 Dr. Toossi has taught a noumber of

courses in areas of combustion processes, thermal sciences, and fluid
mechanics and supervised graduate students research activities.

Max-p Instit i W G
Visiting Scholar (Summer 1982): During J month visit, Dr. Toossi conducted

experiments on laser induced photocondensation of benzene nuclei generation
and coagulation., He also collaborated with University of Gottingen
professors in studies of soot formatiom on flat flame burners at reduced
pressures.

Lawgpence Berkaley Laboratory, Berkeley, Californis

Poat - Doctorsl Resesarch Scientist (1978-1981): In this position,
Dr. Toossi developed mathematical model for diupersiou of reactive plumes
of combustion gases and inveatigated the ef fect of gaseous and particulate
emissions on the air quality of a large urban area. He also conducted
experimental and theoretical studies of heterogeneous S$0; oxidations im
aqueous droplets.




liniversity of Califormia, Berkeley
Teaching and Research Assistant (1974-1978): Dr. Toossi worked both as a

Teaching Assistant and Research Assistant while continuing his studies in
the Ph.D. program. Research in thia period included flame propagation over
8 s0lid fuel bed, development of an improved flat flame burner, gemeration
and characterization of soot particles, electron microscopy and x-ray
photvelectron spectroscopy. He left university of California sfter
completing his doctoral dissertation entitled "Physical and Chemical
Characterization of Combustion Generation Soot Particles".
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"A Review of Combustion-Generated Carbon Particles,'" UCB-FRG-WP-75-8,
Mechanical Engineering Departmeunt, University of California, 1975,

"Sulfur Dioxide Oxidation in a Dispersing Plume," with $.G. Chang
and T. Novakov, Atmospheric Aerosol Research Anpual Report, 1977-78,
Lawrence Berkeley Laboratory Report LBL-9037 (1979).

"Catalytic Oxidation of S0, on Carbon in Aqueous Suspensions," with
8.G. Chang, R. Brodzinsky, 5.S. Markowitz and T. Novakov, Proceedinge.
Conference op ' Lavrence
Berkeley Laboratory Report LBL-9037 (1979).

"Preliminary Report oa BEAU-GESTE Gas Explosive Simulation
Experiment,”" Final Report, Physical Research, Inc., PRi-PV-86-R0O04
(1986) .




DR. FARRO KAVEH

Ohio State University Ph.D. (1981), Mechanical Engineering
M.S. (1977), Mechanical Engineering

Dr. Kaveh's research has involved the areas of experimental fluid mechanics,
fiber teochnology, and control systems. During his four year activities in
Owens-Corning Fiber Glass Teochnical Center he developed a laser-based non-
contact method fur measurement and control of flow of molten glass. He has
made optioal temperature sensors measurement in furnaces. He has recently
been a principal investigator in a research program for study of dispersion
characteristios of fibrous material under the influsnce of air drag and
centrifugal forces.

Dr. Kaveh s publications inelude:

1. Numeriocal Analysia of the Interaction of an Electrioc Field with & Two-
Dimensional Jet. With H.R. Velkoff. Bulletin of the American Physiocal
Sooiety 3Tth Annual Conference, 1984.

2. Charaoterization of the Flow and Temperaturoe Fields of a Novel
Fiberizing System = Owens-Corning Teochnical Report.

3. Direoct Digital Control of the Flow Rate of an Electric Melter - (wens-
Corning Teohnioal Report.

4. Numerical Study of the Flow of a Oravity Driven Non-isothermal Liquid
Jet - Owens-Corning Technical Report,

5., The Stability of the Electrohydrodynamic Two-Dimensional Jet. 6th
Annual Meeting of Electrostatics, Japan, November 1982,

6. Behavior of a Liquid Jet in a Crogs-flow - Owens-Corning Technical
Report.

7. Experimental Study of the Effect of an Electric Field on the Stability
of a Two=-Dimensional Jet. With H.R. Velkoff. Bulletin of the American
Physical Society, Volume 25, Number 9, 1980,




A..H. Isneyxy

01 333fuy

S2E1ITI0Bg 1S3, 33¢ day X21ndoy Surisyxg °1 @an3y4

431eay Jap pajvambas
U0y ug-g W43 043y

117747

®
uaboaziy
Judmhas la23g
alecu..
ﬁ 1 .
. [ 11 ‘
i |
X i
(¢) apouy (-) apoyiey
43Qweyd
ann>ep




uIISII I[ZZON 10J UOIIEDTJIPOH pasodoryg Z 92anS1g

SVY)LD

u}a..w“ﬂ
Corperas
PO
S e e




21zzoN OI-TH 30 13poW 3d£10301g jo 1nojuo) € 2and1g
(wow )2
o-9 0-$ o-% o-r - 2 4 o= -0
L 1 L i A A

.____/L-

3-3 273vzs

(ww)y

B=t




Photodetentor

-
-"' ,’
’
’
‘ /
’’ ‘
/
-
Dotection 7 _ .=~ Receiving Lens

Yelume to="

R
iy €

Figure 4. Two Component Dyal Scatter System

Be26




13137WsueI] AQ1 953dg 12qr3 -¢ 21n3yg

H3L1iXINdEHYIE

Wvae
u38Id
SN3N 300X 3I1BNIE y=evl

EN3T
3 — x—.lﬂ“

Be27




r. .
.
.
" 4
v
-

trter

]

Fiber Optics Based LDV Probe

s Beam Spl

i
Figure 6.

ser Uat

o)

Fi
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APPENDIX C
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EXHIBIT A

GASEOUS - EQUIVALENT THECNIQUE
AND
REPRESENTATIVE MEASUREMENTS

43  GASEOUS-EQUIVALENT TECHNIQUE

The gaseous-equivalent propellant techuique was developsd by Calspan26 and has been
used for simulating the combustion of a wide variety of gaseous and liquid bi-propellant
combinations2’-30, Most recently, this technique was applied successfully to the simulation of
a solid propellant combustion process32:33,

As discussed in Reference 26, the combustion products and combustion conditions of
an carth-storable liquid propellant combination can be exactly duplicated by the combustion of
a gaseous fuel and oxidizer combination which is at the same initial temperature if (1) the
clemental composition (i.e., atomic species and their proportions) of the liquid and gaseous
propellants are the same and (2) the initial energies (i.e., total enthalpies) of the two propellunt
combinations are the same. Besed upon these requirements, a liquid NTO/MMH rocket which
operates at the nominal mixture ratio can be duplicated by the combustion of a gascous
oxidizer having a volumetric composition of 33.3% nitrogen and 66.7% oxygen with a gaseous
fucl mixture of 28.6% nitroyen, 14.3% ethylene and §7.1% hydrogen.




A comparison of the predicted combustion conditions and products of
reaction for NTO/MMH liquid and gaseous equivalent reactants is presented in

Teble 4. These rocket performance calculations, based on the assumptions of
chemical equilibrium combustion and nozzle expansion, were made using the CEC
combustion code.u which incorporates a library of least-square temperature
coefficient fits to the JANNAR (circa 1971) species thermochemical data.

TABLE 4 THEORETICAL PERFORMANCE OF
LIQUID AND GASEOUS-EQUIVALENT
NTO PROPELLANTS

Combustion Chamber ATea Ratio = 34,1

Pressure, psia , 200 200 - 0.44 0.44

Teaperature, ‘R J ‘_!:836 5494 1840 1809

Molecular Weight (MN) 30.4 20,4 40.8 20.8

Specific Heat ' 1.16 1.16 1.28 3.28
Ratio (X) ‘

Characteristic Velocity 5738 3693 - -—

(c'). ft/sec

Combustion Products,
Mole Fractions

co . 0.1321 0.1320 0.06%9 0.0637
co, 0.0360 0.0364 0.1061 0.1082
H 0,0215 0.0201 - -
H, 0.1620 0.1621 0.2325 0.2346
H,0 0.3241 0.3263 0.2833 0.2812
NO 0.0023 0.0031 - -
N, | 0.3043 0.3050 0.3123 0.3123
0 0.0012 0.0011 - -
OH 0.01523 0.0140 - - -
0z 0.0010 0.0009 -— -

c-3
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The gaseous-equivalent spproach is shown to provide nearly identical
conditions within the combustion chamber and at the exit plane of the nominal
34.1 area ratio nostle, '

The mean properties of the oxidizer and fuel gas mixtures are:

Oxiditer Fusl

MW e 30.67 MW = 13.18
R = $0.38 1bf £t/1bm °R R « 117.4 Ibf ft/idm 'R
Cp = 0.228 BTU/1bm ‘R C, = 0.562 PTU/1bm *R
Y = 1.40 ¥ « 1.368

.4 OPERATION OF WEB TEST CONPIGURATION ROCKET SYSTEM

The gaseous propsllant supply system employed was similar.in scale
and operation to systems used in previous Calspsn experiments. It consists
of propellant charge tubes {30-40 feet long x 0.87 inch I.D.), £flow contral
venturis, rapid-opening solenoid valves, and an injector to which the combustion
chamber and rocket nozzle are attached. The system is represented schematically
in Figure 19 which also presents data records illustrative of the system operation.
Upon opening the solenoid valves, & rapid equilibration of the feed system pres-
sures upstream of the injector occurs. Steady-state flows are established
through the venturis and the injector passages. Combustion is initiated by °
energizing a spark plug located within the rocket coﬁbustlon chamber.

Coincident with the initiation of the flow from the propellant charge
tubes, centered expansion waves propagate upstream in the charge tubes at
acoustic velocity. During the period required for these waves to reach the
upstream end of the charge tubes, reflect, and return to the venturis, the
supply conditions at the venturi inlets remain constant and flow conditions are
completely steady with time. Two wave transit times are in evidence during
the 70-80 ms rocket firing duration. Note, however that the pressure changes
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resulting from the re-reflected expansion waves are very small ( ~ 1%). The
injector inlet pressures and the chamber pressure remain constant for a duration
which is much longer than required to acquire the plume stagnation pressure
data.

Oxidizer and fuel flowrates were determined from the respective
charge tube pressures and venturi flow calibrations conducted prior to the
plume survey test aeries. Adjustments of these flowrates for the purpose of
changir; the rocket chamber pressure were thus accomplished by simply increasing
or decreasing the charge tube pressures to maintain the desired nominal
mixture ratio.
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EXAMPLES OF ROCKET NOZZLE MEASUREMENTS
FROM SHORT-DURATION EXPERIMENTS
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EXHIBIT B

DESCRIPTION OF SELECTED
INSTRUMENTS

Resistance Thermometer Total Temperature Probe

Shielded fine-wire resistance thermometers have been developed to
measure the total temperature in hypersonic flows as well as in the near-wake,
reverss flow regions behind aerodynamic models. The probe sensing element is
& resistance wire mounted on slender needles (Figure 1). Temperature is sensed
electrically by utilising the sensing element as a resistive component in a
constant current circuit; thus the recorded voltage across the resistance wire
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is related to its temperature and consequently to the fluid in which it is
immersed. Resistance wires of tungsten, platinum and platinum/rhodium alloys
have been used. Probe response times of 1-2 milliseconds have been achieved
with 0.001-inch diameter wires (typically, 0.060-inch long).

Thermocouple Total Temperature Probes

Total temperature probes, consisting of very small, housed thermo-
couples have been developed and employed on a number of ressarch programs.
The probes are nominally 0.06-inch 0.D. and utilize 0.0008-inch diameter
chromel-asjumel thermocouple wires. The small size, fast ( ~ ms) response,
ruggedness, and ease of calibration mske them well-suited to the subject
effore,

Pressure Transducers

A variety of miniature, fast-response pressure transducers has been
developed by Calspan. The sensors employ lead-zirconium-titanate piezoelectric
ceramics as pressure-sensitive energy sources and integral field effect tran-
sistors (FET) as power amplifiers. In addition to their small size (nominally
0.37-inch diameter by 0.23-inch thick) they are characterized by high sen-
sitivity and linearity and have a bdroad, dynamic range. Transducers of several
different types are available with a combined presiure range of from 0.002
psis to several hundred psia. To provide acceleration compensation, an addi-
tional pressure-insensitive diaphragm-ceramic unit, wired in opposition to the
active unit, is incorporated; this design reduces acceleration sensitivity to
a measured value as low as 0,001 psi/g. A line-of-sight heat shield is used
to minimize temperature and radiation effects.

Another sensor, employing similar sensing elements and signal con-
ditioning electronics, is configured as a 1/8-inch diameter probe.




Skin Friction Sensors

The skin friction sensors developed by Calspan consist of a shear
sensitive metric element (a diaphragm which is flat or contoured to conform
to the wall surface profile) which is supported by piezoslectric ceramic
posts. As a result of an applied shear, the plezoelectric elements are
stressed and produce electrical output. In a manner similar to the pressure
transducers (previously described), these sensors utilize shear-insensitive
components for acceleration compensation and PET circuitry for power amplifica-
tion. Transducers are available to messurs shear stresses in the range of
0.0001 to 2.0 psi.

Heat Transfer Gages

The measurement of heat transfer rates to stagnation probes and model
surfaces has been accompiished utilizing Calspan developed heat transfer gages,
These units are basically thin-film resistance thermometers which sense transi-
ent surface temperature. A typical gauge consists of a thin film of platinum,
approximately 0.1 micron thick by S mm by 0.5 mm, which is fused to a pyrex
model insert. As the heat capacity of the gauge itself is negligible, the film

temperature i{s a measure of the instantaneous surface temperature of the pyrex
and is related to the heat transfer rate by the classical equation of heat
transfer into a semi-infinite slab of known thermal characteristics. Analog
networks have been developed to convert the output of the gage directly to a
voltage which is proportional to heat transfer rate, Measurements of heating
rates over a range of 0.1 to 1500 Btu/th sec have been made. Multi-element

gages for making measurements with high spatial resolution (~ 0.050 inch
intcrvull) and single element gages smaller than 0.050-inch diameter have
been produced,




Probe Configurations

A variety of probes have been fabricated for the messurement of
free stream and boundary-layer flows. Of particular interest to the subject
study are the conventional multi-element survey rake configurations which con-
sist of an array of probes deployed in a vertical line to monitor with high
spatial resolution the characteristics of a boundary layer. Figures 2 and 3
illustrate typical rake configurations. PFor the purpose of gas sampling, or
the measurement of static or stagnation pressure, these probe arrays are
simply tubes which communicate the boundary layer properties to an appropri.
ate remotely-located sensor, for example, a gas analyzer or pressure transdu-
cor, widosnmtnsssnninusissnbissnpined=for—gequanttsiospnniing: The measure-
ment of boundary-layer total temperature can be accomplished using miniature
temperature probes, as previously described, in place of the tubes.

Gas Sampling

Two basic approaches have been employed at Calspan for the deter-
mination of gas concentrations in flow fields. One method, which is generally
utilized in short-duration experiments, requires the use of sampling probes
which open and close rapidly to 'capture" a sample of the gas and retain it
for subsequent measurement of its composition. The second approach is simpler
and more applicable to continuous flow experiments. It consists of sampling
the flow field with probes not uniike the pitot tubes shown in Pigures 2 and
3. The gas samples may be delivered to collection reservoirs for later analy-
sis or routed directly to gas analyzers for on-line evaluation. Accurate
snalyses may be accomplished using standard gas chromatographs or mass spec-
trometers. For these measurements a variety of common gases (for example,
coz. He, Ar)} may be used a3 the boundary layer injectant (or alternatively,
as tracers in the injectant). If mixed gases are used, sampling of the mix-
ture prior to injection can be made to assess and ensure homogeneity. Further.
more, comparisons of the measured flow field concentrations with the free
stream and injectant levels ahead of the injection station can be used to
assess quantitatively the extent of free stream entrainment and the mixing of
the free stream/boundary-layer flows.

Sl
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A large variety of calibration equipment is available to support the
instrumentation requirements of the research programs at Calspan. Several air
and oil dead-weight testers, hook-gage apparatus, and high-pressure oxygen-
compatible hardware allow dynamic and steady-state pressure calibrations to
be performed over the range of 0.001 to 10,000 psia with uncertainties of
less than 1% of the measured value. In addition, temperature calibrations up
to about 1000°F can be performed to within similar accuracies.

Calspan maintains a central facility for the maintenance and calibra-
tion of laboratory instruments. A primary standards laboratory, containing
reference and primary standards traceable to the National Bureau of Standards,
and a secondary Standards Laboratory, providing the services necessary for the
maintenance and periodic calibration of diverse electronic equipment and measur-
ing instruments, support the activities of the technical departments.
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5 January 1988

Homayun Kehtarnavez

Software and Engineering Associates
1050 E. William 8t.

Sulte 402

Carson City, Nevada 89701

Dear Homayun:

During our recent meeting at Aerojet you described the
code development effort in Eroqrcnl to produce tools for more
accurately prediocting the viscous losses in high expansion area
ratio nozzles. You discussed the type of experimental program
required to validate the code and obtain fundamental turbulence
properties that would improve the code. You asked us to describe
an experimental program to support the code development and
vnrigication and how we at Aerojet would be able to support such
an experimental program.

From our standpoint, a code that predicts ths drag exerted
on the nozele wall by the QxYandinq gas to about 5 to 10% would
be adequate. A useful experiment could be run by expanding hot
N, to an expansion ratioc of about 100, measuring thrust, flowrate

and Poc very accurately. If the codes duplicated the measured
thrust very closely it would be validated. However, if it did
not, little information for improving the code would be obtained.

If the nozzle is fairly large, maybe 2 feet in diameter at
the exit, point measurements of iocal shear stresses and heat
fluxes at the wall can be made using standard techniques. A
travarsing hypodermic pitot probe can resclve velocity profiles
vary acocurately for large nczzles. We have facilities on line to
do the type of experiment described in the preceeding.

Measurement of U' and V' at high Mach numbers is
difficult. Laser dopplaer velocimeters collect light scattered by
particlaes in the flow. In order to follow the hi?h frequency
oscillations at high Mach numbers, the particle size must be sub-
micron which is the same order as the wavelength of visible
light. The signal strength at these conditions is very weak.

Hot wire probes work well as long as the gas total temperature is
low enough to allow operating a wire at a temperature at which
the wire can survive. Na muat be heated to prevent condensation

in high area nozzles. Unheated helium could be used at high
expansion ratiocs but it is expensive. Cocled hot film probes can
probably be used with heated Nz‘ Aerojet personnel have

PO Bon 13000
Do, Sauramenta aantoreg ettt
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extensive experience with hot wire probes and could make these
measurements with confidence. Problems associated with LDV
systems and the time and cost of putting such a system into
operation seem to make LDV impractical for this experiment.

Combustion Analysis
Engineering Analysis Dept.
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AEDC

BOUNDARY LAYER CODE VALIDATION MEASUREMENTS
(TURBULENT)
C. C. Limbaugh

The detailed approach for producing the requisite code
validation data naturally depends upon the specific codes
requirements which are still to be determined in final form.
Generally, however, the requirements can be anticipated to some
degree because of the common features peculiar to boundary
layers. The general sorts of measurements which are considered
initially are:

nozzle heat transfer nozzle skin friction
nozzle pressure velocity

turbulent intensity flow angle

static pressure © static temperature

Of perhaps greatest concern initially is the source of the
gas flow for the boundary layer production. The nozzle is
necessarily of relatively large area ratio to assure large
boundary layer growth, but the throat must be small as possible
in order to reduce mass flow and energy requirements to the
minimum practical. Lower exit pressures will similarily promote
boundary layer growth. With the large expansion ratio or low
static pressures and temperatures, condensation of the working
gas is a consideration. There are several facilities at the AEDC
which will provide the pumping capacity appropriate to such an

experiment, all with greatly varied costs and capabilities. Of
note:

Propulsion Facilities: These are facilities that are capable
of sustained mass flows of inert or combustion gases. The highest
pressure altitides are reached in the R2H facility which can
maintain a mass flow of 0.1 lbm/sec continuous at a pressure
altitude of approximately 250,000 ft (0.005 psi). The other
larger facilities for propulsion testing/reasearch scale upwards
to the large facilities that can accomodate the 2nd stage
Peacekeeper at a sustained altitude of approximately 90,000 ft
(0.15 psi).

Space Chambers: These facilities are similarly of varied
sizes that scale from the 4-x 10-ft Research Vacuum Chamber to
the 80 £t Mark I chamber. These vacuum chambers can maintain near
vacuum conditions (pressure altitude of 500,000 ft) for
reasonable times within the pumping capacities of the mechanical
and cryopumping capacities of the specific chamber. Some
selectivity in the gases is required becaudse of the requirements
of cryopumping. For example, the 4-x 10-ft chamber can maintain
an altitude in excess of 250,00 ft for extended periods of time
(minutes to hours) at a mass flow of 10 gms/sec of N2.

Relevant to the specific conditions for the boundary layer
measurements, it is appropriate to mote that a conceptual
approach for performance testing of small scale thrusters has



been previously examined for -the R2H facility with the
conditions:

A/&% : 100 - 1000 Po : 1200 psi
To : 1800 R mass flow: C.1 lbm/sec air
Re >100,000.

These conditions seem, on the surface, appropriate to the issue
of the production of the boundary layer. The R2H has similarly
been run with small rockets with a variety of fuels.

Heat transfer, skin friction, and nozzle pressure are more
or less conventional sorts of measurements that can be addressed
by conventional means and are routinely addressed at the AEDC.
Depending on the experimental conditions, more exotic
instrumentation can be brought to bear for wall temperature
measurements, such as thermal imaging cameras. There are
practical considerations for application of the thermal imaging
systems, but these are generally solved problems.

Other conventional measurements that are appropriate to
boundary layer measurements include very small pitot probes (0.08
in dia), cone probes, hot wire anemometry, etc. These
measurements provide for static pressure, Mach number, flow
angularity, and other derived quantities. The extremely small
_probes have a limited range of application (e.g. Stagnation
conditions generally need to be below the softening point of the
materials) but all the techniques have been applied at the AEDC
at one time or another. For extreme environments, the cone probes
offer a likely avenue: Water cooled Cone probes have been
designed and operated as small as 1/8 in and in total conditions
to 300 psi and 3000 K. The STARTECH probes (3/8 in, 1500psi, and
3500K) are AEDC designed and calibrated, but have not been
applied yet. Smaller water cooled probes are possible, with the
specific design directed by the experiment. These intrusive
techniques provide a means of incursions into the nozzle itseland
probing upstream of any lip effects.

Conventional nonintrusive diagnostics that are well
developed which might be appropriate to the determination of the
boundary layer properties include broad band and narrow band
Emission Absorption, Raman, Schlieren, laser fluorescence, and
electron beam fluorescence. These techniques have all been
applied in the test environment and application depends on the
specific design of the experiment. Physical properties that can
be derived from these measurement techniques include static
temperature, species densities, and static pressure and density.
To my knowledge, turbulent intensity has not been measured by any
of these techniques. These techniques lend themselves to
measurements at the nozzle exit, and it is not clear that a
modification to the usual approach would allow incursion upstream
cf the lip. Spatial resolution of these techniques is, generally,
quite small and is limited by the optics used.

Spark or laser tagging techniéues have been successfully
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applied in some cases and may be useful here. In this technique
the laser is used to make a spark or otherwise tag a flow '
constituent. The time development of the spark or tag is examined
with high speed instrumentation and the flow properties inferred.
Laser Velocimetry is not really considered for this application
since the developed techniques are appropriate only for low speed
flows and depend on seed particles being present in the flow.
However, if required, such a technique might be appropriate for
the thin subsonic portion of the boundary layer with a carefully
thought out experiment.

Other nonintrusive techmiques that are under
development that are appropriate for boundary layer flows
includes the Sodium fluoerscecnce determination of velocity,
static temperature, and turbulent fluctatyions. This is planned
for development at the AEDC in Fy88 in support of hypersonic
testing and has not been applied here. The approach is an
outgrowth of work reported by Miles and his students (e.g. Phys
of Fluids, Vol. 26, No. 4, pp.874, April, 1983). Essentially the
technique depemnds on exciting the sodium (or by inference, some
other molecule or atom in the flow) fluorescent line with a laser
and observing the emitted light from several positions relative
to the gas flow and 