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1. INTRODUCTION

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 momlentluml
losses due to nozzle viscous effects (i.e., boundary layer). These losses degrade overall system
performance, such as increasing system weight, decreasing useful payload weight, and/or
decreasing effective system range. Another important factor in ihdE'designlng -orpropulsive
nozzles is the detailed knowled~e of heat transfer at the wall for regeneratively cooled walls
and/or material performance. --

Because of the importance to rocket propulsion, the AL sponsored the Boundary La1yer
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 f'ive
phases with Phase 5 being documentation of the work done in the four phases described
below.

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

.ý" ý I I L f" I 1 1 .1 . - . 1

P1hase 41consists of preparing an experimental test plan, which, if executed, Would
supply the necessary experimental data to validate the analytical efforts of Phases I 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 gauge~s, Schlieren and
interferometry. These diagnostic instrumentations were able to provide limited data. With thle
development of computers and laser technologies, the activity in Experimental Fluid Dynamics
(EFD) with sophisticated instrumentation has been accelerated('). However, detailed and
reliable measurements of complex flow phenomena, such as vortex interactions, boundary
layer parameters, as well as transition and chemistry, are not yet available.

L M I - -



The various performance losses arm 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(2)

In the model, propellants enter the combustion chamber through the injector, tire 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 Model (CICM) and

the Standard Distributed Energy Release Model (SDER) codes(2), Experimentally, the energy

release loss can be estimated from the characteristic exhaust velocity efficienvy, flC*'

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-.unifonn expansion of the available momentum in the direction

of thrust are referred to as two-dimensional or divergent losses•), 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 nozzle wall. 'l'he losses due to the

momentum decrement at the wall, because of momentum and heat transfer in the wall region,
arc referred to as boundary layer losses. In theory, these losses are evaluated by codes such as

HLM and BLIMPJ. In real rocket engines, the boundary layer losses arc estimated from global

measurements of the heat transfer,

Graphically, all of the above described losses are shown in Figure la(2). The ideal

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 associated with the available data. 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 acceptable. The

magnitude of the boundary layer loss as a percent of total performance increases with area

ratio. Figure lb 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%. T'hat Is, a
predicted 10 second loss could actually be only 7 seconds or could be as high us 13 seeconds,

Since a 1% change in Isp can result in approximately a 4% change in payload, 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 experimenital effort must

include techniques to mesqure boundary layer parameters that will produce high quality datt,

Quality data on nozzle wall boundary layers it very limited at present. Perhaps, the best work

in this area is that of Back, at al, at JPL(3-6), 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

niethods and facility and test requirements, recommendations are made to the Astronautics

Laboratory, bised on the facts that SEA, Inc. has received from the facilities (documented inl

this report), for a test plan to validate the analytical methods for the boundary layvr 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 want to emhark

upon a research program to develop improved boundary layer diagnostic techniqucs.

Secondly, we wanted the test environment to simulate as close as feasible the conditions in a
real propulsive nozzle. The minimum requirements for this condition are shown in Table 1,

below. Last, and most important, we wanted accurate data.

4



Table 1. Miminum Test Environment Criteria

o The flow in the boundary layer must be turbulent from before the throat.

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

o 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.

1. Experimental Methods

2. Test Environment & Facilities Requirements

3. Contacting the Testing Facilities
4. Visiting the Testing Facilities
5. Recommendations for Experimental Validation Test Plan

LM 
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1.0 xoeimenud Methods

1.1 Paramete[I to be Meanured

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 detenrmined
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 mesurci•ent o(f

these items is definitely preferred. In the absence of direct measurements, diagnostics,
which require the least amount of assumptions am preferential.

Average velocity and temperature throughout the boundary layer and Reynolds stress
terms, u', v', are other parameters to be measured. Although the last two are less irnpurtant,
their correct evaluation yields 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.



There are basically seven principal methods of measuring the local wall shear stress( 1):

1. The Stanton tube
2. Direct measurement
3. Thermal method
4, The Preston tube
5. The electro-chemical techniques
6. Extrapolation of direct velocity measurement

1.2.1 The Stanton Tube

The schematic of the Stanton tube is shown in Figure 2 (Ref, 1). The method consists
of mezsuring 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 valuc of
AP can be quite small such that a micromanometer with an accuracy of i 0.01mm should be
used. The results of this calibration for turbulent flow of air over a flat plate can be found in
Reference 1.

h L..
Local Swfaolet Asymmetric Razor Blade
Flow Direclion

StOC HOI\ Mid Steel 8ushirty

Figure 2. Design of Stanton Gauge (I]
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1.2.2

The need for rmuuring the local wall shear stress has led towards the development or
instrumentation for measuring small forces or deflections. These methods are referred to as
direct measurements. One of these instruments is Kistler gauge shown in Figure 3. Maybey
and Oaudet(7) describe the use of this puge in skin friction measurements.

H#0 1 4 .. Dtoq Piece . Houing

opiOo110oft PlaOte

a te Iot ln q e

MO ~~ ~ conblll " 'C01•JCalls
magnetElecltronic clicuilr y , oln Jtl

Figure 3. Construction of Kistler Skin-Friction Gauge
as Presented in Literature from the Kistler
Instrument Co.

1.2.3 IberalMbetg

The relationship between the local wall shear strss and the tate of heat transI|w frtomn
small thermal elements mounted flush with the surface has been studied by Iage and
Falkner(8). This method uses Reynolds analogy to obtain the wall shear from the Nussch
number. The main difficulty in using these heat transfer probes is that the heat is lost to the
substrate, as well as to the fluid, so that the effective length of the probe can be much larger
than that of the heating element. Works by Rubesin, et al(9), and Sandhorn( 10' I1) offer
methods to reduce this effect.



1.2.4 The Preston Tube

Theoretically, the Preston method relates the local wall shear stress to the velocity
variation as(I):

U U "WI f1  JI1
and for distances close to the wall:

fyp('/p)Y/] yp(,Cw/p)1/2 (2)

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

1.2.5 TIh ectrn-Chemical Technigues

The electro-chemical probes( 12' 13) 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
he related to the velocity gradient at the surface. This method ha, been used In liquid flows
and hits not yet been applied to the gas flows.

1.2.6 t raDirect Velocity Measurements

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

I. Flow close to the wall the measurements can be made; and
2. The accuracy of the velocity measurements.



The methods of measuring the velocities in the boundary layer fall into two categories.

They are:

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 ithan the turbulent flow fluctuations, and hence it is
no 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 cipable 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 concentrations( 1 4 17 ).

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

1 r%



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

lot of attention lately. Non-intrusive laser-based velocimeter techniques are generally divided

1pto two groups: 1) those who measure the Doppler Shift of light scattering particles assumed

$o be traveling with the flow; and 2) those who directly measure the Doppler Shift related to

tlhe collective molecular motion. Laser Doppler Anemometry (LDA), Laser Transit

Anemometry (LTA), and Laser Doppler Spectrometry (LDS) are among the first group, alnd

Laser 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 measurement

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 velocity(2 1 ). LTA, which is usually applied in a backscatter

mcxie, 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 hlser

power. Its superiority close to walls and surfaces has been established.

A more promising method for gas velocity measurements in high speed flows is t.ascr
Doppler Spectrometry (LIDS). The technique that was originally employed for velocily

mecasurCments in highly transient and short duration flows( 22 24 ) can also be applied to
(25)non -transient flows5. Monochromatic light is concentrated at the measuring point.

Doppler shifted light scattered by the tracer particles at this point is collected and iransmittcd

to the spectrometer. The Doppler shift In terms of the relative wavelength change, dA.,

depends on the velocity components U of the particles, This method is able to continuously

inonitor the change in the velocity( 22'25 ),

11



Figure 4. L.,ter Doppler Spectrometer (Ref, 22)

Spectroscopic methods me baed on measuring the Doppler shift in either the
absorption line frequency or W fluorescence emission or scattering spectra of an agent 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 applied for
supersonic and subsonic flow measurements(26 ), Measurements of the Doppler shifted
absorption is the basis for velocity measurements using LIP, The Doppler shift of an
absorption line, AvD is proportional to the velocity component u, in the direction of" iser hewn

propagation, such that

AVD u
-U --- 3

Vo c

where v 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 hro•id band
fluorescence detection; and 2) narrow band wing excitation with counter-propujgating beaims
and broad band fluorescence detection.

12



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 obtained from
equation (3). This scheme can measure velocity to within 5 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

acquisition 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 pe!nt of maximum slope, where the line shape is approximately linear
for small Doppler shifts. The fluorescence intensity, !F' 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 IFP fluorescence and

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

U 0 E. ,.Al Vo (41

0 0

where I1 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, 1o are easily determined using equation (5), and as shown in Figure 6.

U 0 u - 'd g(V) Ig V 5
o u d0

This technique requires two successive laser pulses to measure one velocity component, This
scheme is capable of determining the mean velocity particularly in high speed situations. The

accuracy range is similar to the foraer scheme. In order to measure the velocity vector in a
two-dimensional flow, two additional beams ate required( 29 ). This method requires four

successive laser shots and subsequent measurements of the fluorescence signal. Present

13
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developmint in detector technology does not allow signal recording in less than 50 rnsec, and

therefore hinders the ability of peuforming two-dimensional velocity measurements in highly
turbulent or transient flows. For more details, the reader should consult with Referenccs
26-29.

Figure 5. Illustration of cougter beam configuration

IF (v)
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V 0  '

1I*-2 ,•v -P1

Figure 6. Schematic of fluorescence Intensity vs. frequency (ref. 28]
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She, et al( 30 ) 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 (CARS)( 3 1), Inverse Raman Spectroscopy (IRS)( 3 2 ), and Simulaited

Ramun Gain Spectroscopy (SRGS)( 33 ). Similar to LIF methods, these techniques measure the
velocity from the Doppler shift of the spectrum of the scatterd signal. Coherent Ramnan have
scattering cross sections several orders of magnitude higher than spontaneous Raman, and

therefore, higher signal-to-noise ratio. This method has been successfully used to meiasure
supersonic velocities up to 1010 n/sec, with a velocity resolution of 34m/sec, using methanc
as the agent species(3 1 ),

15

LM |i



1.3 Telt Enyinment and Facilities Requirements

The primary Interest of experimental studies for nozzle boundary layers is focused oi

high area ratio nozzles. It is known that the boundary layer growth increases with area ratio.

Table 2 Indicates the calculated boundary layer thickness (80.995) at the exit plane for fotur

different nozzles.

Table 2. Boundary Layer Thickness at the Exit Plane for

Four Nozzles. Cooled Wall Tw a 1000MR.

Transverse Boundary
Nozzle Area Radius at the Layer 50.99. /r

Ratio Exit Plane Thickness
r exit,inches o0,995 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'Y

It can be seen that for higher area ratio nozzles the boundary layer occupies up to 20-1,•

of the nozzle. The flow is turbulent in the first three of the above engines. For snlalicr

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 Ztrvt iratio)

station 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 aitur'

of the flow, one should compute the boundary layer parameters for the experimental set tup and

make sure that these values fall in the turbulent flow regime. One generally used criteria is

that the boundary layer becomes turbulent when the Reynolds number based on momentum

thickness becomes greater than 360, i.e., PeUeO/p.e > 360.



For internal flows, the Reynolds number is a function of the mass flow rate and is

inversely proportional to the local radius, i.e.

Rer - M / (nr/) (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 (Y - 1.2) so that the

Reynolds number based on momentum thickness was equal to 360 at the throat plane. Thesc

results are 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 8, it appears that values of Rer* > IX10 4 are required for turbulent

flow. The experiment test facility 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 wami flow is required,

The higher the flow temperature, the easier it is to measure a significant amount of heat flux tit

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 uniforni 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 validity of the data for a wide range of conditions will be

opened to question, According to Crocco's theorem, the vorticity is given by

C = ('1' ds/dn - dhT/dn)/u (7)

where s = entropy

hT = total 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 techniques (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 '38), For Stoke's flow, i.e. particles and gas velocities in near equilibrium,

the characteristic velocity and temperature relaxation times for the particles are:

d2/1, (8)T:v a Pm in pa

"m d2 p/24p (9)

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

rv = 12.5 d2 ; with d in microns

T- 6.56 dQ and r in microsecond,r p

The errors for submicron particles (0.1 - 0.5 micron) for free stream velocity

measurements in the presence of large velocity gradients without shock waves are within few

percent which are acceptable( 2 5), 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 il

combustion application because they bum, or in supersonic flows because the carrier volatile

fluid condenses and generates polydisperse particles. Therefore, polydisperse solid particles,

such as aluminum oxide, silicon carbide, or silicon dioxide(39,40,) are commonly used in

flows with combustion; and liquid particles, such as silicon oil or dioctyl-phthalate, are

candidates in supersonic flows(41-43),
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1.4 SumMary

Two families of techniques are suitable for hypersonic flow velocity measurenents:

particle scattering and molecular scattering. Particle scattering techniques which include lrea

fringe laser Doppler velocimetry, laser transit anemometry, and Doppler spectrometry, tare well

developed and velocity measurements in supersonic and hypersonic flow regimes have been

demonstrated. However, particle scattering techniques share the same concerns and difficulties

when applied to hypersonic wind tunnels: The requirement of seeding the flow, and the

ambiguity due to panicle lag in accelerated or decelerated flows. The question1 ol' pirti'lc ig

has been addressed and it is concluded that the measurement uncertaintics are smaltl whliei thie

particles used are less than 0.3 gLm 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, tire being

developed. These techniques have the potential of yielding more accurate results than
particle-based techniques. However, several practical aspects hinder their applicattion to
hypersonic flow measurements. LIF of alkalis, which is more accurate thani 1.IF of' 0.,

requires seeding the wind tunnel with highly corrosive materials such as sodium Seed
molecules condense under the low pressure and temperature conditions clhtaractL'ris•i. toI

hypersonic wind tunnels. LIF of 02 is still under investigation and preliminary analysis shows

that the velocity error is about 500 m/sec. IRS and CARS measure the velocity from tllw
spectrum of the coherent Raman scattered signal, and therefore, pressure brotadening due to ai
shock wave can result in large errors. Velocity measurement using IRS is on aixis, ancd h'. Ice
the spatial resolution is poor. IRS and CARS, however, have the advantage of yielding the

temperature and pressure simultaneously with the velocity, giving a unified approach to the
flow field.

*rable 3 is t summary of velocity measurement techlnitiucs. The tahle sh-ow% hc
demonstrated velocity range, accuracy, SNR and other relevant paraumeters or techniques.
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2.0 Contacting- Visiting and Screening the Test Facilities

2.1 Ctonzuting the Tresting Facilities

As part of the Ptae IV 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 to
investigators at CALSPAN, AEDC, Stanford University, UC San Diego, PRI, Rocketdync,

Aerojet, California Institute uf Technology, NASA Lewis and Los Alamos National

Laboratories for their further Insight Into the problem (See Appendix A).

The responses from the above organizations were mixed. The peoplecorganii.ittions
who declined to support the effort were:

Dr. Tom Bowman at Stauitord University;

Dr. Ron Hansen at Stanford University;
Dr. William Reynolds at Stanford University;

Dr. Gene Broadwell at Cal Tech; and

Dr. Anatol Roshko at Cal Tech.

The main reasons given were that they were either not equipped to do thes.; types of

experiments or that they were engaged in doing some other work and they do hot have the

resources to support our effort.

2.2 Visiting the Testing Facilities

All of the organizations contacted, except Cal Tech and Stanford University, expressed

interest in performing the experimental study. Some of these organizations provided uis with i
white paper which is included in Appendices B thru F.

The interested people/organizations were visited. A brief report of each visit will be

followed and our final conclusion will be disussed in the next suction.
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2.2.1 Visiting PRI

In response to our inquiry for experimental validation of the Boundary Layer Code,

Physical 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:

Attendee Telnhone Number

Douglas E. Coats SEA, Inc. (702) 882-1966

I-iomayun Kehtarnavaz SEA, Inc. (702) 882-1966

Farro Kaveh self/PRl (614) 442-1016

Bill Shih PRI (213) 378-0056

Reza Toossi PR! (213) .78-0056

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

reliable those techniques are. In their preliminary studies the following approach has been

proposed:

0 Flow Visualization: Gross Observation of Flow Structure:

I. B. L. separation, possible reattachment, shock formation, and laminar-turbulent

transition
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0 Surface Measurement:

I. Prope:tes along the nozzle wall'
2. Derive Meat tansfer coefficient and skin friction

0 Flow DIapomdin the Boundary Layer

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

Utilization of LDV has been proposed by PRI for mean and fluctuuting veloity
measurements. For temperature profile measurements, the (LIFS) method was recoommcndcd.

For more detailed discussion of PRI's approach, their proposed instrumentation, und list
of concerns, refer to Appendix B.
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ARVYIN CALSPAN Corporation located in Buffalo, New York was one of thc facilities
that responded to our inquiry calling for experimental validation of the Boundary Layer C(XdC.
CALSPAN was visited on October 23, 1987. The list of people who attended this meeting is:

Atene Qcgan 1lphneNnb

Mike Dunn CALSPAN (716) 631-6747
John Lordi CALSPAN (716) 631-6805
Douglas Coats SEA, Inc. (702) 882-1966
John Grace CALSPAN (716) 631-6714
Don Boyer CALSPAN (716) 631-6817
George Skinner CALSPAN (716) 631-75(X)
B~lake Pearce CALSPAN (716) 631-6789
Walter Wurster CALSPAN (716) 631-6846
Ron Drzewiecki CALSPAN (716) 631-6805
Homayun Kehtarnavaz SEA. Inc. (702) 882-1966

A presentation about the CALSPAN facilities and their experimental work in the area
of nozzle flowfield measurements, and staging wats given by Ron Drzewiecki of CALSPAN.
Thcn the requirements for the boundary layer measurements for high area ratio nozzles wits
dis~cussed, A tour of CALSPAN facilities was conducted in the afternoon.

The CALSPAN facilities consist of:

0 1 igh Altitude Chamber: 13 foot diameter x 40 foot long and 10 foot diamewter x
2() foo~t long; 400),000 foot equivalent altitude.

0 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' 20.0(X) I I.

recording rate (5Og.m sampling intervallchannel), 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 ame desired. Another approach fht his 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 duplicate
liquid NTO/MMH and NTOLJUDMH propellant rocket flows. Example of such ain application
is shown in exhibit A, Appendix C.

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

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

CALSPAN has also offered to consider noiuintrusive diagnostics methods for houndary
layer measurements.
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2.2.3 NASA Lewis Research Center

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

rganiain phon Nmber

Douglas E. Coats SEA, Inc. (702) 882-1966
IHomayun Kehtamavaz SEA, Inc. (702) 882-1966
Al PavIl LeRC (216) 433-2470
Ken Kaicynski LeRC (216) 433-2469
Paul Penko LeRC (216) 433-2404
Diane Galecki LeRC (216) 433-2410
'ramara Smith LeRC (216) 433-2467
Ken Davidlan LeRC (216) 433-2602

First, a presentation was given by SEA, Inc. about the TDK/BLM thick boundary layer
version program and the effect of a thick boundary layer on performance was discussed. Later
on, the purpose 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 Pavil.

The purpose of this meeting was to evaluate the capability of this group in performling
the experiments for the boundary layer contract in obtaining "accurate" results.

The schematics of the NASA Lewis Rocket Engine Test Facilities (RETF) is shown in
Figure 10. Connecting the test capsule to the spray cooler Is the water--jacketed second throat
diffuser. The kinetic 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 a 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 part 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 access to the experiment, The nozzle shown in Figure 11 is a 1030:1

area ratio nozzle. More details about the experiment can be found in References 49 and 50,
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The nozzle shown in Figure I1I 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 noxiI1c
static pressure. Visible alongside the neesie ame some of die wall temperature thennocouples.
The instrumentation provided analog millivolt signals that ane calibrated to be proportional to
the magnitudes of the parameter to be measured. T7hege analog signals ame measured and
converted to a digital signal by an automnatic data digitizer at a rat of 50 readings per second
per parameter and then sent to 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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2.2.4 Aeroiet 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 was held on December 10th, 1987, at Aerojet. The names of people who attended this

meeting are:

Attn QdeiesOganization Telehone Number

Homayun Kehtarnavaz SEA, Inc, (702) 882-1966

Jack Hyde ATC (916) 355-4839

Thong Nguyen ATC (916) 355-3664

C(herie 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 lomtayun

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.
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2.2.5 Vstn FD

AEDC was visited on May 18, 1987, by Doug!zs Coats of Software and Engineering
Associatos, 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 stcam
facility be renovated for the boundary layer measurement tests. However, the cost of fixing uip
the facility was deemed excessive for these tests. A write-up on the proposed AEDC
approach was supplied by Chad I '.mbaugh and appears In Appendix E.
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2.2.6 Rockwell International, Rocketdyne Division

Dr. Lalit K. Shanma, 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:

&UffidD Thlebhone Number

Lalit K. Sharma Rocketdyne (818) 710-3472
Homayun Kehtamavaz 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 plane
velocity. Laser doppler velocimeter (LDV) was proposed to measure Reynolds shctar stress
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 details tire
given in Appendix F.
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2.2.7 Ylsiting 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:

Attendee n lephone luMber

Douglas E. Coats SEA, Inc. (702) 882-1966
Harry Watanabe LASL (505) 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 (505) 667-9093
William Wadt LASL (505) 667-8680

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

o The fl".w in the boundary layer must be turbulent from before the throat.

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

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

o 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 ihc

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 have at
significant effect. It wu also pointed out that to get the gas ranulatlonal thmperiturc using
CARS would require its inference florm the rotational *pecra. This is a practical, not u
theoretical, limitation on the nwthod.

Rich Oldenborg explained his current work effort usinS Laser Induced Fluorescence
(LIP), which is the measurement of Boron reaction rate data.

The main concern which was voiced about using LIP was getting an adequate amount

of induced florescence from the seed gas to measure. A continuous flow device was
recommended. However, at very low pressure, the measurement times could be largc (-
several seconds per point), A white paper was received from Los Alamos National LaNorutory
which is documented in Appendix 0.
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3.0 Rrimmgndati

The primary objective of developing an experimental plan for boundary hayer
measurements is to obtain accurate and high quality data to compare 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 based on
considerations of available experimental techniques, test times, facility requirements, and cost.
We also 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
addition, facility capabilities for different organizations varied tremendously. Cnlspati has
excellent short duration test facilities, while ABDC has good large scale longer duration
capability. 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

diagnostic methods and then discuss recommendations for test facilities.

Din gnostic 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 laser techniques. Alternates and/or backup methods should include 1.11;
and CARS, We strongly recommend that optical techniques should be the cornerstone of these

measurements.

We view both LIP and CARS as potentially superior methods of velocity measurement.
The trade off between LDV and LIFICARS is the development time and difficulties associated
with particulate seeding for LDV versus moving LIF/CARS from the lab into a test

environment. Should the latter be accomplished, then LIP/CARS would be the recommended
technique.
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Pressure transducers on th. wall are the recomrnmendled diagnostic technique for
measuring static pressure ast the waill, If the selected mtt conditions are benign enough, pitot
measurements can also be tised as & backup and to verify calibration of both ghe wall static
pressure and velocity profile.

Laser based non-invmive techniques an recommended. LIP 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 based on cost and risk factors, Both
LIP and CARS awe also capable of 4eumntni'ng 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 pressure 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 Measuremenm

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

Wall Shear Stress

Direct measurements of the wall shear stress are definitely preferred, If the test

environment permits, some sort of the flouting element method should be used (%ee 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 dctermining
skin friction. The use of the law of the wall also presupposes the form of the results and hence
its use is discouraged.
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The ideal facilities for these tests would be space based so that practical considerations

such as pumping requirements, total pressures, and total temperatures would not be of conccrn.
However, since we are lacking permanent space stations or lunar facilities, we must illake 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

real engine firings. Too many of the recommended diagnostic techniques are not well enough

established to allow for their extension to such a hostile environment. In fact, some of the test
methods suggested would best be done with windows cut into the nozzle wall. Many of the
problems associated with facility requirements disappear if the diagnostic techniques can 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 cleair if

either LIF or CARS methods can bc made to work with test durations in the 50 nillisecond
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 eliminated,

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

recommendations.

I) The test nozzle should be axisymmetric and have at least an area ratio of 3(X): 1.

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

3) The flow should be as hot as is compatible with the diagnostic techniqluCs.

Flows in the range of 15(WO)R are recommended. These types of tenipcratrcs
will allow for adequate heat transfer rates, density variations, and 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 data 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

c speed of lightd p droplet radius

S(v) line shape function
hnthalljI intensity

M Mach number
a normal dineonPr preasure

Pr Prandtl number
r radius

S

r throat radius
Re Reynold's number
s entropy
T temperature
u velocity
U velocity
v velocity
V velocity (total)
y distance

0 boundary layer momentum thickness
vorticity

p density
boundary layer thickness

A difference
shear stress, characteristic time
coefficient of viscosity

v frequency
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NOMENCLATURE (Continued)

At. Astronautics Laboratory
ASE Rocketdyne Advance Space Engine, area ratio 400:113C4515}BCIOI4 Experimental Nozzles by JPL, cone shaped
13LM Boundary Layer Module of TDK computer code
CARS Coherent Anti-Stokes Raman Spectroscopy
(;RC Coherent Raman Spectroscopy
IRS Inverse Raman Spectroscopy
IUS Inertial Upper Stage, Space motor, OTV
JANNAF Joint Army Navy NASA Air Force
I.DA Laser Doppler Anemonetry
L.DS Laser Doppler Spectrometry
IDV Laser Doppler Velocimetry
I.IF Laser Induced Fluorescence
I.OX/GHII 2  Liquid Oxygen and Gaseous Hydrogen
LTA Laser Transit Anemonetry
RL..1 Pratt & Whitney Space Engine, area ratio 205:1
SEVA Software and Engineering Associates, Inc.
SRGS Simulated Raman Spectroscopy
SSMI: Space Shuttle Main Engine, area ratio 76:1
TDK Two Dimensional Kinetic Computer Code
XI)EI.TA Extended Delta (Solid Propellant Space motor)
XL.R 134 OTV Engine, Space Storable, area ratio 767:1
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APPENDIX A

OUTLINE OF THE FXPERIMENTAL WORK FOR

THE BOUNDARY LAYER STUDY
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EXPERIMENTAL EFFORTS IN BOUNDARY LAYER MEASUREMENTS

Experimental efforts should be done for accurate measurements of the flow field
variables and boundary layer parameters in a rocket engine nozzle environment. Data for two
different nozzles are included in this report for better understanding of an exhuu,4t nozzle
environment.

INTRO1DUCTON

The efforts in experimental work must include techniques to measure parameters in the
boundary layer that will produce results of high qualityý Quality data on nozzle wall boundary
layer is very limited at the present. The data that is most pertinent for checking the analytic•.l

models are direct measurements of local wall skin friction and/or shear (,rw) and heut transfer

as well as velocity, temperature, and Reynold's stress profiles throughout the boundary lay.r.
A generic nozzle geometry is shown in Figure 1, and the geometry of nozzles uncdv.
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 wail for these cases are given in Figure
6.

Variation of 8 (displacement thickness) and 0 (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, and velocity tit
the edge of boundary layer as a function of axial location are given in Figures 1I1-1 throuigh
i -c for ASE nozzle and Figures 12-a through 12-c for RL-10 nozzle.
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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.

aOAL

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

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

2. Profiles of T/Te, U/Ue, and possibly P/Pc comparable to those of Figures 9 and 10.

3. Profiles of 8 (boundary layer thickness), 8* (displacement thickness) and G (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 cAul wall case, (similiar to Figure 13), and temperature

at the wall for adiabatic wall comparable to Figure 14.
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PHYSICAL .SF.ARCI TNC.

EXPSRIMENTAL VALIDATION TEST STUDIES
FOR LARGE AREA-RATIO NOZZLES

SUItAR'

Design of propulsion nozzles with very large area ratio is of Interest

to the Air Force. Software and Ebgineering Assoiates, Inc. (S.EA) is

presently under contract from the Air foroce Astronautics Laboratory to

develop improved analytical methods of computing the thrust losm in apace

engines due to nosule boundary layers. Validation of the method requires

appropriate experimental data which Is not available in the open literature.

This document discuases a test methodology which would generate the necessary

data bale for support and validation of the analytical efforts. The

experiment concerns the study of the boundary layer flow developed In

propulsion nohzles with very large area ratios.

Critical to the success oa the program Is the choice of the flow

facility and the measurement diagnostic@. A teat facility for analysis of

scaled models of nomsles with large area ratios such as PL-1O and ABE noezles

has been identified. A preliminary evaluation of the nsal*e scale and

parformanoe, and a test plan is presented. The flow diagnostics Include the

measurement of mean velocity, turbulence intensity, shear stress component,

and temperature profile aceros the boundary layer. Also included are the

measurement of surface properties including pressure, temperature, heat

transfer rate, and shear stress. The proposed experimental program will

provide a complete data-base. This Includes data Identified by SEAl and

required as the Initial conditions for their computations. Non-Lntruuive

techniques will be employed for the measurements where possible. The

uncertainty of the measurement data will be evaluated either theoretioally or

experimentally.
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1.0 Introduotion

Software and Engineering Asocolates, Inc., under contract to the Air

Force Astronautics Laboratory, has developed improved analytioal methods for

prediction of the thrust losses in space engines due to nozsle boundary

layers. Validation of the analytical model requires experimental data with

sufficient fidelity and completeness. Such boundary layer data for nozxlee

with high expansion ratios and operating at conditions of interest in not

available. It is therefore necessary to develop a test where the appropriate

flow conditions and the experimental data base can be obtained.

The purpose of the proposed experimental program Is to generate the data

base necessary for the validation and verification of the analytical codes

developed for the prediction of high-expansion-ratLo rocket nozzle

performance. The parameters which are of interest includet

- Boundary layer velocity profiles

- Turbulence Intensity profiles

- Boundary layer temperature profiles

- Surfaoe pressure and heat transfer

- Location of laminar/turbulont transition on the wall

In this white paper, brief descriptions of potential measurement techniques

and of the flow facility are given.

2.0 lost PanE1

Development of a complete data-base required for validation of

analytio.al predictions must be based on experimental facilities which

can accurately simulate operating conditions of interest. It should also

provide data on Initial and boundary conditions necessary for analytical
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simulation studies. Data must also be collected at regions in the fltow field

where new features Inoorporated in the ocmputational cod* oan be tested.

For high area ratio nozales, these requirements call for design of an

experimental test facility that can model very high expansion rates. This

can be achieved by designing nasales of large area ratios and

short-to-moderate lengths. Three nozzle designs with area ratios of 77, 205

and 400 were considered in the SAUI computational simulations.

Because of prohibitive costs associated with design of full scale model

test configurations, smaller scaled models of these nozzles are to be

considered. Unfortunately, even these scaled experiments present some

difficulties. The high area-ratio measles require very high pump throughputs

and very low back pressures. This requirement lAmits the nosale th:roat

diameter, which in turn demands relatively small-scale nozzles thereby

making detailed flow measurements Inside the boundary layer extremely

difficult.

The proposed experimental test plan is based on the facilities available

at Aourex Corporation laboratories. The design has been a oompromise

between the requirements set forward by SNAI for code verification and the

experimental limitations of the Aourex test facilities.

2.1 Aourex Exnerinntal Test Facilities

The arc plasma laboratory of the Acurex Corporation is equipped with

an aro plasma generator for providing reentry simulations, rocket engine

simulations, and testing of ablative materials. The arc beater Is generally

used as a high temperature gas souroe. The schematic of the present plasma

test facility is shown in Figure 1. Maximum input power or I HW can be

supplied to the arc heater. Vacuum pumping limits of the steam jet ejector

vacuum pumps Is 0.2 torr, and maximum standard operating pressure of the aro
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heater is 10 atmospheres. Estimated bull. aro enthalpy is 2000 BTU/lb

at a gas temperature of 63000 H. It may be possible to lower the gas enthalay

bY injecting cold nitrogen into the mixing plenum upstream of the arc heater;

however, vacuum pumping limits the total mass flow rate to 150 lb/hr at the

;owest vacuum tank pressure levels.

2.2 Exoerimental Teat Set Up

The available test configuration will be slightly modified for the

proposed experiments. The schematic of the proposed test set up is given in

Figure 2. The nasale will be placed external to and bolted up to the

forward bulkhead of the vacuum chamber. The nossle will be water cooled,

made of copper, and have a throat diameter of 1/4-inches. The length of

diverging seotion of the nozsle is 5.8-inchest which is slightly smaller than

the 6-inch length required for an area ratio of 205. This was necessary to

prevent the exit temperature from dropping below the air liquitioation

temperature. The contour of the noasle, however, is identical to that of RL-

10 (see Figure 3). The exit condition under these conditions are calculated

to be

Me a 8.04, Pe a 2.63 x 10's atm, Te • 10010K

The arc exit conditions are

Pt a 2.85 atm, and Tt a 14000 K

The total mass flow rate is calculated to be the abovenoted limiting value of

150 lb/hr. The area ratio is 193p and the boundary-layer thickness at the

exit is estimated to be between .5 and 1 am, which Is of sufficient thickness

for" profile measurement at several stations along the noassle.

The instrumentation required for boundary-layer profile measurements

will be placed outside the nouzle. In this way the problems associated with

window contouring and non-uniform wall oooling will be avoided.
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The following instrumentation will be employed for the proposed study.

1 Laser Doppler velooimetry for measurement of velocity profiles

across the boundary layer at aeveral stations, measurement of

Reynold stresses, and location of boundary layer separation,

if any.

2. Measurement of wall temperature history for estimation of total

heat flux and skin friction.

3. Two-wave Laser Induced Fluorescent Spectroscopy for measurement of

the boundary layer temperature profiles.

4. Measurement of the location of boundary layer transition by

application of a sheet of piezoelectric material along the noxzle

wa:l.

The details of these experiments are given below.

2.2.1 .an and Fluotuating Velocity Measurement

Uxperimental data on mean velocity components, u,v, fluctuating velocity

components u',v', and the shear stress component, u'v', are usually of

oritical importance in the understanding of the development of a flow within

a given geometry. They also provide the detailed map of the flow field

needed for validation of experimental data. Fron the velocity data, Dther

important data such as boundary layer thickness, momentum thickness, wall

shear stresses, and location of boundary layer separation may also be

inferred.

Measurement of gas velocity in the environment of interest is desired.

BeoAuse of the small measurement scales involved, the disturbances caused by

iLtrusive techniques, such as pitot probes or hot wires, will result in large

inaccuracies. Laser Doppler velocimetry is a veliable technique for such

!1- -
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measurements in an accurate and nonintrusive manner.

Figure 4 illustrates the basic components of a dual scatter laser

anemometer sY-!tem. One can Interpret tha Process as the production of two

sets of fringes in the detection volume. For two-component measurement of

velocity, two laser light wavelengths are used. Argon lasers are ideally

suited for this process, since two dominant wavelengths (488 =i and 514 nm)

are of nearly equal power in available lasers. 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 system, the orientation of the fringes, with respect

to each other and with respect to the flow direction, can be optimized for

most oases. If the flow direction in approximately known, then the fringes

should be oriented symmetrically about this direction. The optimum angle

between the fringes is about 60 degrees. This provides the most accurate

data for both components of velocity.

In any of the geometries described above, a bias f•a'quency can be added

to the Doppler signal. In terms of the fringe model, this can be described

as producing a system with moving fringes, so that for a stationary

scattering center in the sample volume, the scattered light will be modulated

at a frequency determined by the rate at which the fringes move. Fringes

that are produced by interfering beams of two different optical frequencies

will move at a rate that increases with the frequency difference. Any point

in the fringe pattern will vary sinusoidally at the frequency 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 optics may be used to transmit the beam to the measurement

location and transfer the collected beam back to the detectors. Figure 5
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shows the sketoh of a fiber-optio LDV transmitter and Figure 6 shows a fiber

based complete LDV system for use In a shook tube.

2.2.1.1 Seeding

The subject of proper seeding of the flow has been acknowledged ts one

of the most oritloal problem areas in LDV. Fundamental to all applications

of LDV is the assumption that the flow can be characterized by the motioL of

the scatter centers, that either reside in the flow natural3y or are

introduced into it artificially. The effects of particle dynamic on LDV

measurements may be summarized as follows:

1. Interpretation of LDV measurements requires the capability of

analytically examining particle dynamics effects;

2. Broad particle-size distributions produce artificial turbulence and

should be avoidedl

3. Maximum acceptable particle else for typical mean veloaity

measurements are loes than 0.5 miorons;

4. Absolute maximum acceptable partiale sine is probably driven by

turbulence, not mean-flow requirements;

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

monodisperse seed particles.

Figure 7 illustrates the response of various size particles to a shook

wave, showing that even the smallest particles required a considerable

relaxation distance to attain the Sas velocity after passing through the

shook.

Approaches dealing with the problem experimentally include seeding with

known particle distributions or preferably with monodisperse particles# and

also attempting to reject data arising from particles that are too large to
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accurately follow the flow. In the early days of LDV, attempts were focused

on making measurements without artificial seeding. Today, it is almost

universally accepted that starting with a clean flow and artificially seeding

with a proper material is preferred. Submicron particles of sizes between

0.1 and 0.5 miorons at the rate of 1000-5000 per second are reoommended for

LDV measurements. Computations were made for particle oonoentration

requirement for accurate LDV measurement over the entire flow field between

the nozzle throat and exit plane. It was concluded that much requirements

could be met by generation of soot particles from burning of a relatively

small amount of suffiiesntly rich mixture of acetylene air games.

2.2.2 Heat-Transfer Rate and Tmnerature Measurements

Several different sensors and/or techniques are used for the measurement

of heat transfer rate. These include discrete transducers such as the Gardon

gage and Sohmidt-Boelter gage, surface temperature sensors such as thin-film

resistance thermometers and ooaxial surface thermooouples, and calorimetric

devices such an thin-skin models and individual slug calorimeters.

Measurements are also made by thermal mapping technique., which include an

infrared scanning camera, phase-change paint, and thermographio

phosphorescent paint. Each of these sensors and/or techniques has its own

merits and liabilities.

As part of this taske, investigations will be made to determlne the most

appropriate temperature measurement devices. Due to the presence of high

wall temperature and physical limitations, Gardon gages seem to provide a

convenient method of measurement.

The principle of operation of a Garden gage is based on radial heat

conduction, as illustrated in Figure 8. For a constant heat flux, i, at the
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gage surface, a constant temperature difterence (TC-Tz) is established

between the center and edge of a constantan toll attached to a copper heat

mink. A sItf-generating transducer is thus formed with an output signal

directly proportional to the incident heat flux at the ensing surface. An

additional thermocouple 1o attached to the Inside wall at the heat sink for

monitoring the tmperature of the gage during aerodynmmic testing. High

temperature components can be used In the fabrication of the conventional

Garden gage to permit continuous service operation at temperatures of 10000F.

Sine the temperature levels present in the wall nozule are higher than

the maximum range permitted by these gages, surface measurements will be made

during transient blow-down operation of the arc heater. The system will be

operated until steady-state conditions are obtained at the nozzle. The arc

heater Is then shut off and temperature-time history Is recorded, The heat

transfer rate Is given by
dT w

w • wCw j
where Pw and C. are density and specific heat of the thermocouple junction,

Tw is the wall temperatu.-e, and t is time.

2.2.2.1 easurement ot Skin Frigtion

In principal, determination of local skin friction requires the

determination of the velocity gradients close to the wall wry IW.

Although these measurements are straightforward at low speeds, measurements

at high Mach numbers cannot be directly made with high accuracy. Reynolds

analogy hypothesis states that a constant ratio exists between host flux and

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

predicting skin friction. The skin friction coefficient, Cf , is given by
fx Nu x

2 Retz I PC
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On the basis of experimental evidence Colburn expirically modified the

Reynolds analogy as Cxf Nu

Re* Pr 13

where Hu • a - Is local Nusselt number

PU xU

x is loos1 Reynolds number

Pr i is fluid Prandtl numberDC
P

x is distance along the wall, Tr Is recovery temperature and o, Cp, u, and k

are density, specific heat, viscosity and thermal conductivity of the fluid,

respectively. Other relationships that could be used for determination of

skin friction are given by the Prandtl analogy and the Von Kairmin analogy.

2.2.3 Measurement of Temoerature Profiles

Measurement of temperature in supersonio flows usually involves

determination of total temperature and Mach number at the point of interest.

Mach number can be determined by mean# of a static-pitot pressure sensor.

When flow is hypersonic, total temperature could be higher than the range

measureable by most thermocouples. In the nozzle flow considered here the

total temperature is 140O0 K. Nozzles with higher area ratios encounter even

higher total temperatures. In addition, the technique is intrusive and

physical site of the thermocouple assembly limits the spatial resolution. A

non-intrusive method of temperature measurement, such as two-wave Laser

Induced Fluorescence Spectroscopy (LIPS), is recommended in this study. This

13-11



method is highly desirable since it measures static rather than total

temperature direotly. The need for use of pitet pressure and total

temperature sensors are eliminated altogether.

The LIPS technique involves the selective excitation ot a chemical

species of Interest and detection of the resulting fluorescence signal normal

to the Incident laser beam. The fluorescent signal is proportional to the

number density. The selective excitation of two absorption lines and Ue

ratio of the fluorescence signals, which Is equivalent to the ratio of number

of ground state to exaited state transitionso ti given by the DoltlmAnn ratio

and is used to determine the temperature. This technique has been used by

many authors for determination of flame temperature using OH as the

fluorescing specie (see •eferenoes I and 2).

In the present study iodine gao will be added to the nitrogen (or air)

gas. The fluorescence levels of the ground vibrational level at 514I5 nm and

the strong transition at 550 n will be measured for determination of the gas

temperature. A maximum of 1 part of iodine to 3720 parts of air is required.

The sampling volume is 100 ma in length by 100 us In diameter. It is

therefore concluded that a minimum of 20 measurements across the boundary

layer can be made.

2.2.4 Determination of Lainar-Turbulent Transition Location

The technique involves application of a very thin (10-100 um thick) film

of high elasticity polyvLnylidenfluorid (PVDF) compound. The thermo-eleotrio

polarization allows utilization of this foil as a pressure transducer. The

film can be glued to the wall surface. Micro-leads on or under the surface

can be used 'o obtain the electric signal. The signal responds to the

pressure gradient rather than pressure as in conventional stress gages. Vith
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this measuring teohnique it is possible to utilize the pressure fluctuation

in the transitional boundary layer region. This teohnique was successfully

applied in the wind tunnel boundary layer transition testing over the wing of

an Airbus model by the German 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 nouules. The noesle

wall will be covered by the PVDF film. Several pieso foils will be glued in

the area where transition Is expected (see Figure 9). The distinct increase

in piemo RMS values between different sensors defines the position and also

the extent of the transitional regime. The only ooncern in applying this

approach is the temperature resistance of the foil material to the wall

temperatures. These materials have been succemsfully used up to temperatures

of 140 0C. The question of whether sufficient cooling can be achieved at the

wall has to be inveatigated.
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Personnel

Physical Researoh, Inc. (PRI) will conduct the experimental

Investigation. The personnel directly charged with the performance of the

investigation are:

Dr. Dariush Modarress, Director of Experimental Oroup

Dr. Hung Tan, Scientist

Dr. Rmsa Toossi, Scientist

Dr. Farro Kaveh, Scientist

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.

Cost Estimate and DUration

Two separate experimental programs are suggested here for the

verification studies outlined in this paper.

1. An experimental program consisting of surface measurements can be

cerried out over a period of 12 months as the requirement for

obtaining minimum data. These Include pressure, temperature, and

heat flux measurement at a number of axial and oiroumferential

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

$230K, as:

Cost of usage for Acurex arc heater facilities (2 weeks) $ 50K

Hoasle design, manufacturing and instrumentation * 50K

Labor t=

Total 4230K

kI-14



II. Detailed teat data oan be obtained if the program can be extended

to two years and for an additional cost of *270K. The experimental

study in addition to the surface measurements include determination

of velocity and temperature profiles across the boundary layer in

the nouzle exit plane. The cost of this plan includes

Cost of usage tnr Acurex arc heater facilities (4 weeks) W10OK

Nozzle design, manufacturing and instrumentation $ 501

Optical nastruments, monoohrometer, multiohannel analyzer
for LDV and LZIS systems $ 70K

Labor

Total $500K
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Dr. Tan Is a Research Scientist in the Fluid Dynamic Group. His research
activities have been In the areas of LDV applicaticn, two-phase flow
measurements, applied optica, tomographyt and holographic Interferometry. He
has designed and conducted a number of experiments In the above areas.

He was a post doctoral Research Associate at Arizona State University, Tempe,
Arluona, where he conducted the polymer drag reduction program. He also was
a consultant at the University of Houston, Department of Mechanical
Engineering, where he was In charge ot laser Instruments for the Turbulent
Group.

He was an Associate Professor at the Institute of Mechanics, Chinese Academy
of Science, Beijing, where he was In charge of the turbulent research
program.

Dr. Tan's publications are listed on the following pages.
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Figure 8. Gardon Gage Schematic
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Transducer Jacket

Figure 9. Setup for Measuring Temperature and
Pressure and their Gradients at the Wall
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EXHIBrf A

GASEOUS - EQUIVALENT THECNIQUE

AND
REPRESENTATIVE MEASUREMENTS

4.3 GASEOUS-EQUIVALENT TECHNIQUU

The gaseous-equiva.lent propellant techiquc was developed by Calspan26 and has been
uied for simulating the combustion of a wide variety of gaseous and liquid bi-propellant
enombinations 27-30 . 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 earth-storable liquid propellant combination can be exactly duplicated by the combustion of
a gaseous fuel and o'didizer combination which is at the same initial temperature if (1) the
elemental 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 propellant
combinations are the same. Bused upon these requirements, a liquid NTO/MMH rocket which
operates at the nominal mixture ratio can be duplicated by the combustion of a gaseous
oxidizer having a volumetric composition of 33.3% nitrogen and 66.7% oxygen with a gaseous
fuel mixture of 28.6% nitrogen, 14.3% ethylene and 57.1% hydrogen.



A comparison of the predicted combustion conditions and products of

reaction for NTO/N141 liquid and gaseous equivalent reactants is presented in

Table 4. These rocket performance calculations, based on the assumptions of

chemical equilibrium combustion and nozzle expansion, were made using the CEC

combustion code,34 which incorporates a library of least-square temperature

coefficient fits to the JANNAF (circa 1971) species thermochemical data.

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

Combustion Chamber Are& Ratio a 34.1
-_LiVuidu. Liquid Gaa-tauv,-. . g . . . .. . ... ,d G a s -S ci,

Pressure, psia& 200 200 0.44 0.44

Temperature, OR S136 5494 1840 1809

Molecular Weight (W) 20.4 20.4 20.8 30.8

Spocific Heat 1.16 1.16 1.25 1.25
Raio (I(

Characteristic Velocity 5723 5693 - -

(a ), ft/uoc
Combustion Products,

MCle PFctions

CO 0.1321 0.1320 0.0659 0.0637

CO2  0.0360 0.0364 0.1061 0.1082

H 0.0215 0.0201 - -

H 2 0.1620 0.1621 0.2326 0.2346

S2 0 0,3241 0.3263 0.2833 0,2012

NO 0.0023 0.0021 - -

N2  0.3043 0.3050 0.3123 0.3123

0 0.0012 0.0011 - -

O N0.0152 0.0140 m- -

02 0.0010 0.0009 -- -a
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The gaseous-equLvalent approach is shown to provide nearly identical

conditions within the combustion chamber and at the exit plane of the nominal

34.1 area ratio noszle.

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

Oxiditer

MW a 30.67 MW a 13.16

R w S0,38 lbf ft/ibm 'R R a 117.4 MbE ft/ibm @R

C a 0.228 DTU/lbm 'I Cp s 0.S62 STU/lbm *R

Y 1.40 b1.36•8

4.4 OPERATION OF - 2lIST CONPIGCURATION ROCKET SYST&M 5
The gaseous propellant supply system employed was similar.ta scale 5

and operation to systems used in previous Calspan experiments, It tonsists

of propellant charge tubes (30-40 feet long x 0.87 inch I.D.), flow control

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, a 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 combustion chamber.

Coincident with the initiation of the flow from the propellant charge

tubes, centered expansion waves propagate upstream in the charte 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 li

the 70-80 mas rocket firing duration. Note, however that the pressure changes

lit
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resulting from the reoreflected 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 flovrates were determined from the respective
charge tube pressures and venturi flow calibrations conducted prior to the

plume survey test series. Adjustments of these flowrates for the purpose of
changing the rocket chamber pressure were thus accomplished by simply increasing

or decteasing the charge tube pressures to Maintain the desired nominal

mixture ratio.

C-6, I
I.
I
I

I



STAONATION PRESSURE, pile

0.040 - -v

0.020

0.000- - - - - --, +--- - - - -- - - -

.0.0201 - - - - 1 .
, 20. 0. 20. 40. 60. 10. 100. 120.

TIMe, fr

STAGNATION PRIESURIE, ple

0.0012 .. . u..m~m.....m.

FLOW BREAKDOWN- - -

0.0w0 
Ad 

- - - -

0.0000 --

-0.OOOC .......-

.0.004- - - - -- - - -

.20. 0. 20. 40. 60. 80. 100. 120.
TIME, m'

FIGURE 21 REPRESENTATIVE )* PLUME STAGNATION PRESSURE IEASUREHENTS

SREPRESNTATIV

-, _ .



EXAMPLES OF ROCKET NOZZLE MEASUREMENTS

FROM SHORT-DURATION EXPERIMENTS
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A.YI CA-LmPAN

EXHIBIT B

DESCRIPTION OF SLLBCThD

INSTRUMENTS

R.sigtoncevThermometer Total Temperatule Pro

Shielded fine-wire resistance thermometers have been developed to
measure the total temperature in hypersonic flows a. well as in the near-wake,
reverse flow regions behind aerodynamic models. The probe sensing element is
a resistance wire mounted on slender needles (Pigure 1). Temperature is sensed
electrically by utiliting 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).

Theurmocouple Total Temperature Probes

Total temperature probes, consisting of very small, housed thermo-

couples have been developed and employed on a number of research programs.

The probes are nominally 0.06-inch O.D. and utilize 0.0005-inch diameter

chromel-alumel thermocouple wires. The small size, fast C - me) response,

ruggedness, and ease of calibration make them well-suited to the subject

effort.

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 broad, dynamic range. Transducers of several

different types are available with a combined presdure range of from 0.001
psi. to several hundred psi*. To provide acceleration compensation, an addi-
tional pressure-inuensitive 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/I-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 piezoelectric ceramic
posts. As a result of an applied shear, the piezoelectric 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 measure 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 accomplished 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 6 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 is 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/Pt 2 sec have been made. Multi-element
gages for making measurements with high spatial resolution ( 0.OS0 inch
intervals) and single element gages smaller than 0.050-inch diameter have

been produced.

C-1 3



Probt C•onfiurations

A variety of probes have been fabricated for the measurement 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. For 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-
cer. .. .. . .-- The measure-
ment of boundary-layer total temperature can be accomplished using miniature
temperature probes, as previously described, in place of the tubes.

Gas Samplins

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 unlike the pitot tubes shown in Figures 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
analyses may be accomplished using standard gas chromatographs or mass spec-
trometers. For these measurements a variety of common gases (for example,
C02, tie, Ar) may be used as 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.
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Inastumenta ion Calibration

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 1OO00 psia with uncertainties of

less than 1% of the measured value. In addition, temperature calibrations up
to about O100P 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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AEROJET

SAEROJET

COMPANY-
5 January 1988

Homayun Kehtarnavez
Software and Engineering Associates
1050 E. William St.
Suite 402
Carson city, Nevada 89701

Dear Homayunt

During our recent meeting at Aerojet you described the
code development effort in progress to produce tools for more
accurately predicting 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
verification and how we at Aerojet would be able to support such
an experimental program.

From our standpoint, a code that predicts the drag exerted
on the nozzle wall by the expanding gas to about 5 to 10% would
be adequate. A useful experiment could be run by expanding hot
N2 to an expansion ratio of about 100, measuring thrust, flowrate

and Pc 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 local shear stresses and heat
fluxes at the wall can be made using standard techniques. A
traversing hypodermic pitot probe can resolve velocity profiles
very accurately for large nozzles. We have facilities on line to
do the type of experiment described in the preceeding.

Measurement of U' and V1 at high Mach numbers is
difficult. Laser doppler velocimeters collect light scattered by
particles in the flow. In order to follow the high 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 theme 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. N2 must be heated to prevent condensation
In high area nozzles. Unheated helium could be used at high
expansion ratios but it is expensive. Cooled hot film probes can
probably be used with heated N2. Aerojet personnel have

!:-- , •l~~~h)tl | f|• t, ht "lI 3I(



extensive experience with hot wire probes and oould make these
measurements with confidence. Problems associated with LDV
systems and the time and cost of putting such a system into
operation seen to make LDV impractical for this experiment.

Jace Hy e
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 ibm/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 ft 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 -ote that a conceptual
approach for performance testing of small scale thrusters has



been previously examined for the R2H facility with the
conditions:

A/A* : 100 - 1000 Po : 1200 psi
To : 1800 R mass flow: C.1 ibm/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
Inodification to the usual approach would allow incursion upstream
of the lip. Spatial resolution of these techniques is, generally,
quite small and is limited by the optics used.

Spark or laser tagging techniques have been successfully



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 the exciting beam. The shift in the emitted
light because of the motion of the emitting molecule shifts the
emitted light from its natural wavelength and the amount of the

vshift is directly related to the molecular velocity along the
line of sight. Measurement parallel to the flow axis gives
velocity, measurement normal to the flow direction will yield
temperature, and observing fluctuations about the mean provides
determination of the turbulent fluctuations. Present indications
suggest that fluctuation times to 50 microsec are within reach.
The technique is appropriate for supersonic flows and application
below Mach 1 does not appear appropriate except under extreme low
density conditions.

Other techniques have been reported in the literature that
might be appropriate but application has been limited. Of
specific note for the boundary layer measurements includes some
of the small fibre optic probes which might be used upstream of
the nozzle lip. These approaches utilize generally conventional
emission absorption techniques with unconvention insertion of the
probe beam into the flow via a fiber optic for transmitting and
receiving. With the advent of the fibers that transmit into the
infrared, a wide variety of molecules become available for
diagnostics but it is not clear that designs that will survive
extremely hostile environments exist.

Other unconventional untried approaches come to mind which
may provide requisite data, but these are not generally "off the
shelf". e. g. using a laser to heat a spot on the nozzle wall and
the downstream flow observed with Schlieren or other density or
thermally sensitive instrument; making the nozzle from some
transparent or reflective material and using these as access to
f-h- iriteri-,r of the nozzle. None of-theqe have been accomplished-
-,rni it. bt mi,.t be considered frivolous without considerable



additional thought and development.

In conclusion, there are a variety of techniques that can
be brought to bear on the determination of the boundary layer
properties. Specific application depends on specific definition.
The use of a combustion source in the chamber ( an easy way to
get turbulent flow) will provide a set of total conditions that
will preclude, generally, intrusive probes that are uncooled and
thus will necessitate a larger expansion ratio for the boundary
layer growth to accomodate the larger water cooled probes. More
benign chamber conditions to acoomodats smaller probes begins to
restrict the choice of working Sas and the production of the
turbulent flow with a large boundary layer becomes problematic.
Nonintrusive techniques are best applied at the nozale exit and
incursion of these teschniques into the nozsle flow upstream of
the lip similarly becomes problematic. The limitations and
boundary conditions are generally well known for all the
techniques however, and it seems reasonable that a carefully
thought out experiment will provide the requisite data.
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APPENDIX F

ROCKETDYNE RESPONSE - EXPERIMENTAL VERIFICATION
OF CFD CODE RESULTS FOR ROCKET NOZZLE EXHAUST



ROCKWELL INTERNATIONAL

Rocketdyne Division

EXPERIMENTAL VERIFICATION OF CFD CODE RESULTS FOR ROCKET NOZZLE

EXHAUST

APPROACH

In order to measure the velocities in the exit plane of a
rocket noszle exhaust, laser-based velocimetry (LV) techniques
can be used. For velocities upto 5000 ft/s both the laser doppler
velocimeter (LDV) and the laser-two-focus (L2F) systems can be
employed. The physics regarding the principles of these
techniques will not be discussed here as they are written up in
many texts on the subject. The LDV technique has the inherent
advantage that it can provide the Reynolds shear stress directly
for a two component system. However, at such high velocities, the
burst processor dictates that the fringe spacing be large,
thereby yielding the measurement volume to be quite long (on the
order of 0.5 inch or more). This, therefore, raises questions
regarding spatial resolution of the measurements, and hence the
validity of "making" point measurements. However, if the Reynolds
shear stress measurement is the important parameter then one is
limited to the LDV technique, in spite of the spatial resolution
problem. If, instead, the mean and turbulence intensity velocity
profiles would suffice, then the L2F technique would be the
desired way to go provided the turbulence intensities are not in
excess of 30 percent. Tables 1 and 2 show typical system
specifications for the LDV and L2F techniques.

TABLE 1. LDV SYSTEM SPECIFICATIONS

Maximum doppler frequency: 60 MHz
Fringe spacing: 15.25 4m
Beam intersection half angle: 0.97 degrees
Measurment volume diameter: 252 km
Measurement volume length: 14.9 mm
Number of fringes: 17
Main focussing lens focal length: 500 mm
Design velocityl 915 m/s
Velocity accuracy: +0.1 % achievable
Angular accuracy: +0.1 degree

achievable
Turbulence level: 0 - 70 % +



TABLE 2. L2F SYSTEM SPECIFICATIONS

Classical System:

Beam separation: 285.7 •m
Beam diameter: 12 •m
Axial length: 762 tm
Velocity range: 1 - 3000 n/s
Turbulence range: 0 - 30 % (higher in

fiber optics version)
Focal length: 470 mm
Velocity a curacy: +0.1% achievable
Angular accuracy: +0.1 degree

achievable

TECHNICAL ISSUES

Sevaral technical issues relevant to this measurement task
require addressing. Perhaps, the most important concerns the
issue of seeding. Laser velooimeters rely on the presence of
micron-sized scattering particles. Often these particles are
naturally present in sufficient quantity and in a desirable size
range, particularly in liquid flows. In gas flows these
scattering sources are often added supplementally. They may also
be added in order to boost the system data rate. It is expected
that supplemental seeding of the rocket engine exhaust would be
desirable if not an outright requirement. The temperature of the
exhaust plume would dictate the use of metal oxide particles such
as zirconium oxide or titanium dioxide. These type of materials
exhibit extremely high melting points and hence could be expected
to survive in this environment. Injection into the flow stream
could be accomplished via high pressure seeders such as a NASA
invented device which produces submicron metal oxide seeds at
several thousand psi output. Alternatively, it may be sufficient
to inject an aqueous solution of the metal oxide into the engine
model where the heat would drive off the solution and leave the
metal particles.
Another issue regards the potential problem which could result
from the high temperature nature of the exhaust gases. The
refractive index of the gas is a function of the temperature and
hence zones of varying indices can adversely affect the
measurement process. For example, the laser beams may wander
about as they are refracted by different zones. Thus the
measurements would not be made at a set point in space. For
discrete beam techniques such as the LDV the wandering of
individual beams can prevent the beam pairs from crossing thereby



altogether eliminating the interferometric meamuring volume.
Since fringe spacing is a function of the intersection angle,
refraction effects could allow crossing but at varying angles.
The result would be completely erroneous data. The L2F technique
is considered to be less sensitive to such effects. In fact,
Kugler (Ref.l) has employed the L2F technique to measure
velocities in the exhaust plume of a small liquid fueled rocket
engine.
For tosts of short duration it will be necessary to scan the flow
field quickly. For this purpose the optical head can be mounted
on a computer controlled translation system. Predetermined
positions can be set and attained rapidly in this manner.
If required fiber optic versions of both types of LV's are
available. Use of fiber optics allows sensitive components such
as lasers and photomultipliers to be remotely situated from the
harsh test environments. In addition it decreases the mass of
the optical head which need be translated, easing the
requirements for these translation devices in turn.
Rockatdyne has extensive in-house experience with the L2F system.
As the first purchaser of a Poytec L2F system in the United
States, Rocketdyne has made extensive measurements in rocket
engine environments. Consequently, it is envisioned ';hat the
measurements required for this test program could be done with
ease at Rockstdyna test facilities. Furthermore, Rocketdyne is in
the process of purchasing a fiber-optics based L2F system which
could resolve turbulence intensities in excess of 30 percent.

REFERENCE:

1)Kugler,H.P.," L2F Measurements in a Rocket Exhaust
Plume," 4th International Conference on Photon Correlation
Techniques in Fluid Mechanics, Paper No. 13, pp.24-27, August,
1980.
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cient to simulate a rational rather than an

* irrational spectrum, thous transfer function I
(I +S) -56that represents the exact f -5 11 2- gi-2-
spectral dependence is approximated by
The rational expression. For the lonItul- 1
dmna; turbulence, th Is is (1 + S) -516  10 F 1-
[60 + 52S + (91/112)S 2]1[60-+ 102S
+ (561/12)S2 +(9351216)S3], where S Is 10,7 -411 .0 .o o
the Laplace-transform complex frequency. .! ' "* . tr.~ o~1- 0 0 0 0
Because all the poles of this function lie in -m~iH

the left half of the complex S plane, the HzFqufyz
System that it represents is unconditionally Figure 2. Spectra of Simulatedl Turbuilence (dots) are plotted with the corresponding von
Stbe. Karman spectra (lines).

* Msuring Gases With Laser-induced Fluorescence
¶The temperature, density, and pressure are measured simultaneously in supersonic, turbulent flow.

Ames Research Center, Moffett Field, California
The temperature, density, and pres- tions In temp~erature and density that can 64-mm exit, followed by a slightly diverg-

sure at a selected point in a low-tem- be compared with conventional hot-wire- Ing channel, 762 mm In length from the
Perature, turbulent gaseous flow are anemometer data. nozzle throat to the optical ports.
rný'acLJ.,ed simultaneously by pulsed The LIF technique Involves seeding a The optical arrangement is illustrated

lae.,*uced fluorescence (LIF). The bulk nitrogen flow with a low concentra- In the figure. The laser beam is admitted
rlasurfuments are made with spatial and tion (up -to 100 parts per million) of nitric through either of two 50-mm-diameter

l~1P"ral resolution comparable to those oxide (NO) and relies on the uitraviolet quartz windows on opposite skides of the
YAt1l ' wt modern laser-anemnometer fluorescence following single-photon ex- channel. Fluorescence Is observed

""tQuetlqi ijv,;ed for research on turbu- citation of two rotatlonalivibratlonal alec- through a similar window on a third side
* '?tY)I)J ricJ ry la yer s. These LI F measure- Ironic transitions In the NO gamma band. of the channel. The volume observed is

;,r.' rtir,. in that they are nonin- The test section of the small wind tunnel spatially lim-ited by the collection optics
~t)' rr'is tuethe first alternative used for these experiments Is a rec- and field-stop arrangement to a 1-mm

.1irinrlr turbolent fluctua- tangular mach-2 nozzle with a 25- by segment of the laser beam centered on
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Measuring Electrostatic Discharge
A variety of materials can be tested together under controlled conditions.

Lyndon B. Johnson Space Center Houston, Texas
t ~Ar apparatus measures the electroetat* meter probe (sele figure). Positioned 6mili.~ the frictionai, or tribocharging, arm is ex.
~1tttic-dischargo properties Of KvGral 1711r meters above the turntable, the probe reg. tenided; the abrasive tip of this arm is hel

ais ot once. It allows the samples to be later$ the voltage on each sample as it against the surtaceti of the sninplos
charged either by fric~tion or byy exposure to passes. The. voimelor owWj is displayed As the turntabie rotates. the sample
a corona. N~ teeting several samples ai* on a fast-responding chart recorder, are repeatedly charged by the selected
multaneousfy, the apparatus eliminates er- When the Corona-charginig arm inso.e arm. After about 150 seconlds aale ur
rors introducec! by variationis among tost levied, 11 Is exiendead to the radius ot the tabia inpeed of B radians per second, the
condliticona. sarniow: the pOinted eleoctrode of the arm charges on the surr~wn build up to equiib

The sampnles are i.~uced on a turntable In held 15 millilmrieie ab"ove tha urface of rium levels, At this point, charging Is
arid rotated beneath a charging arm and a the aniOes. When frictional charging is stopped, and tIfe voltmetler readings are
diametrically oppose'd noncontacting volt, required, the corona arm I.9 retracted and started. The readinrgs thus Indicate the
54 NASA Tech Briefs, October 1967
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WHITE PAPER

BOUNDARY LAYER CODE VALIDATION

INTRODUCTION

Science and Engineering Associates (SEA) of Carson City, Nevada has obtained

a contract from the Air Force Astronautics Laboratory, Edwards Air Force Base,

California to write an experimental test plan for making detailed measurements in

rocket engine boundary layers. The primary goal of these measurements is to

validate current boundary layer codes or to develop new codes if they are

deemed necessary, It Is understood that the contract for these measurements

will be awarded directly by the Air Force. However, SEA will make technical

recommendations to the Air Force on the appropriate measurements required to

obtain high quality data, The Air Force Plan calls for a four year program to obtain

data data to validate new boundary layer models for large area ratio nozzles, In

this white paper we will give a brief description of our organization's capabilitir's

and current technical activities, specific descriptions on how the measurements

are to be made, and a brief plan on what is to be done.

TECHNICAL REQUIREMENTS

The lack of high quality boundary layer information ha3 impeded efforts to

optimize specific impulse in liquid H2 and 02 rocket engines used in orbital

transfer vehicles. Since this Information Is used to validate a generalized

boundary layer code, It Is Important that as many different detailed measurements

in the boundary layer are made, The following parameters should be accurately

determined by experiment:



1. u' and v' terms in turbulent flow, as well as the Reynold's stress, < u'v'>.

2, Average velocity, temperature, and possibly pressure profiles in the boundary

layer.

3, Profiles of boundary layer displacement and momentum thickness as a

function of axial location.

4, Local wall shear and skin friction.

5. Local heat flux at the wall for a cold wall case, and temperature at the wall for

and adiabatic wall.

LOS ALAMOS CAPABILITIES AND ACTIVITIES

Los Alamos has extensive experience In the development of sophisticated

diagnostics for application In supersonic flow and high temperature environments.

A variety of laser diagnostic techniques have been employed, Including laser-

Induced-fluorescence (LIF), coherent anti-Stokes Raman (CARS), and various

types of transient absorption spectroscopy. The use of these laser diagnostic

techniques Is not unique to Los Alamos. However, much of the pioneering work

In applying these techniques to extreme environments was accomplished here,

For example, these techniques are commonly employed in the Los Alamos

Molecular Laser Isotope Separation (MLIS) Program, which has the mission of

separating various isotopes of plutonium and uranium using lasers, The MLIS

program has been an on-going program for 15 years and has over 100 technical

personnel assigned to it. In this program non-intrusive diagnostics were

developed to measure Infrared, visible, and UV spectra of the laser excited

molecules and to measure number densities of PuF 6 In a nozzle cooled

supersonic stream at extremely low temperatures. These diagnostics were also

used In high temperature combustion environments for coal gasification research.
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Laser fluorescence measurements have also been used to measure axial and

lateral velocity spreads of relativistic hydrogen atoms which are used in the

Neutral Particle Beam, Strategic Defense Initiative Program. We are currently

planning to use these laser-based diagnostics for studying critical kinetic rates In

the combustion of H2 and 02 and for on-line measurement of combustion

efficiency in the National Aerospace Plane Program

Since cost Is a major consideration It is Important that existing facilities be

considered for this experimental project. For development of on-line diagnostics

we are currently considering the local gasdynamlcs laboratory (Fig. 1), which Is

used to support our laser isotope separation program, This laboratory has the

capability to handle 5000 CFM under continuous flow at from the 10 torr level

down to several hundreths of a torr. Since a blowdown tank Is part of the vacuum

system, the laboratory can also operate under a blowdown mode at much higher

flow rates. We therefore expect the geasdynamics laboratory to be an Ideal test

bed for development of diagnostics under cold and warm flow conditions. The

actual measurements could be performed In the six feet long Mach 8 nozzle at

our sister laboratory, Sandia National Laboratory, Albuquerque.

VELOCITY DIAGNOSTICS

Because the rocket nozzle presents a very severe environment, the standard

velocity probes normally used for precision spatial measurements may have

some disadvantages, Since cooling requirements will require larger than desired

diameters, the probes themselves may possibly interfere with the measurement.

Moreover, the measurement of turbulence quantities with an Intrusive probe

would be extremely difficult, if not impossible, in a high temperature flow. We will

I I I I ~I- II I
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therefore limit our discussion to the use of non-Intrusive laser-based velocity

measurements. Because of the requirement for accurately measuring turbulence

velocity components In a highly turbulent flow we have selected the use of

doppler shifted laser-induced-fluorescence (LIF) as a velocity diagnostic over the

more commonly used laser doppler velocimeter (LDV) Wiklng particle seeclants.

The coherent anti-stokes reman scattering (CARS) technique, which will be the

primary diagnostic to measure temperature also serves as an excellent check on

the doppler LIF technique to measure velocity,

As mentioned above, the most common method for optically measuring velocities

Is laser doppler veloclmetry (LDV), In order to understand the problems

associated with the use of LDV for measuring turbulent flows, a brief summary of

the principles of operation of this device are in order. A one-dimensional LDV

consists of a laser which Is passed through a beam splitter to form two beams.

The beams are subsequently crossed In the region of interest to form an

interference pattern. Seed particles passing through the volume containing the

fringes reflect the light back In a modulated pattern whose frequency corresponds

to the particle's velocity projected onto an axis perpendicular to the fringes. The

scattered light is collected and passed through a spectrum analyzer. Using the

measured anglo between the two beams and the distance from the fringe volume

to the output optics, it Is possible to convert frequency to velocity.

When attempting to measure turbulent flows in the kind of environment typically

found in rockets, this technique suffers from several problems. First, the choice of

seeding material is critical. Seed particles must be good scatterers at the

wavelength being used. In addition, It Is preferable from a signal-to-noise

standpoint If the seed Is primarily characterized by Mle, as opposed to Rayleigh,

scattering. Thus, spherically symmetric seeds are preferred. It is very difficult to



find a seed which meets these requirements and can withstand a rocket engine

environment. Usually, a compromise Is reached where soot or something similar

Is used. These do not previde an optimized scattering cross-section, but can

survive the environment,

Second, In order to provide a reasonable amount of scattered light, seed particles

must be physically large. Minimum sizes depend, of course, on Input light power,

but a conservative number of around 1 micron would be reasonable. Particles this

large are Incapable of following the kind of turbulent flow typically found in such

systems. This technique has been attempted in such flows before by

compensating for tracking problems during the data analysis. Such attempts,

however, leave a considerable amount of uncertainty in their results since the

calculated turbulence frequency spectrum then becomes only as good as the

model used to analyze the data.

Laminar tracking can also be a problem. Studies have shown that seed materials

lag significantly behind free stream velocities at modest Mach numbers. The

established practical limit currently appears to be around Mach 4.

Finally, one of the most difficult parts of the LDV process is developing a seeding

method which will not Influence the flow being measured. In a wind tunnel,

seeding is never performed before the experiment. Thus, the seed material must

pass through one full cycle of the tunnel before it reaches the sampling volume,

thereby aiding in the uniform distribution of the seed. Also, the seeding input port

must be carefully designed to avoid causing turbulence.

The most promising method for measuring both the average velocity U and the

turbulence quantities u' and v' Inside the boundary layer Is Doppler LIF. A

schematic of the proposed measuring technique Is shown In Figure 2. A laser
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beam Is focused In a small volume Inside the boundary layer and excites a

seedant atom or molecule. The fluorescence signal Is detected and filtered with

an Eschell grating spectrometer. The fluorescence from the seedant will be

doppler shifted In wavelength proportional to the local gas velocity. For the

measurement of Reynold's stress, <u'v'>, two spectrometers must be set up to

measure the two velocity components simultaneously.

Temperature broadening of the observed emission line will not be a problem, At

the resolution levels required to measure the Doppler effect under the stated

conditions, Individual transition levels will be clearly separable. Thus, Instead of a

thermal broadening of the spectral line, a family of lines will be observed, each line

corresponding to a particular excited state transition. Temperature, therefore, will

only play a role In the selection of the particular transition to be observed,

Sufficient spectral resolution should be achievable, In order to obtain the

complete velocity distribution at any Instant of time, the recommended instrument

would be an Eschell grating spectrometer. This Instrument has a very limited

bandwidth, but provides very high resolution, Since the spectral line to be

observed will be known to high precision, and since the expected Doppler shift

represents such a small fraction of the wavelength, the Eschell spectrometer

seems to be ideally suited to this problem.

A calculation was performed to estimate the amount of signal which could

reasonably be expected from the system. The seed material was assumed to

have an observed transition of 540nm. The collection volume was taken to be I

cubic mm, It was also assumed that sufficient laser power would be used to

excite 50% of the seed material In the target volume, that the concentration of

seed material would be about 1 part In 4000 of air, and that the position of the

0-7/
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exciting laser would be adjusted so that virtually all of the excited atoms would

emit while in the collection volume.

The Doppler shift due to a 1500 meter/sec velocity would be 0,00270 nm. In

order to calculate the required Instrumental resolution, a gausslan turbulence

profile was assumed with a standard deviation of 3% of the free stream velocity.

This corresponds to a Doppler shift of 81x10*6 nm, If we make this be one 5

micrometer pixel of a linear array, and we assume an Eschell grating with d = 5

rnicrometers, alpha - 15 degrees, beta - 75 degrees, and m -100, the required

spacing from the grating to the linear array would be 80cm, Such a grating is

technologically feasible, but will require custom construction.

These requirements could be significantly relaxed if the turbulence standard

deviation were increased to 10%. This would allow the grating specifications to be

reduced to alpha-30 degrees, beta = 60 degrees, and m=- 50, The resulting

93cm spacing Is still feasible, and the grating parameters are now well within the

range of lower cost commercially-available Instruments.

Two conditions were considered when calculating the expected signal strength,

with the numbers for each taken from a provided example. For the stagnation

conditions, the assumed conditions are: pressure - 3.0 atm, temperature - 1400K

hiis results in an air density of about 1.58X10 19 atoms/cm3 , yielding a density of

seed rMatortal of roughly 3,95x1U12 /mm 3. Thus, the number of photons emitted in

the collection volume would be 1.97x10 12 . Assuming a 25rmm diameter collecting

lens is used at a distance of 10cm from the target, an approximate total of

2 9x10 10 photons will be presented to the Eschell grating spectrometer.

Nozzle exit conditions were taken to be: pressure - 3.0x10 4 atm, temperature -

100K. *his corresponds to an air density of about 1.1x,0 16 atoms/cm 3 , yielding



a density of seed material of roughly 2.7x10 9/mm 3 . Thus, the number of excited

atoms in the collection volume would be 1.35x10 9 , resulting In collection of

approximately 2,8x10 7 photons. This Is still considered an adequate number for

the spectrometer to produce reliable signal.

The time required for a volume element to traverse a 1rmm field of view Is about

670ns. For all of the excited atoms or molecules to emit during this time Interval,

the lifetime of the state should be approximately 1/3 of this, or about 223ne. This

corresponds to a natural linewidth of 7 16KHz, far below the Doppler broadening.

Thus, the natural linewidth can be considered to be a delta function for the

purposes of analyzing the data.

It Is expected, therefore, that the measured line shape will be gaussian. Accurate

measurement of the centrold of such a line typically requires a minimum of 1000

counts, Thus, a minimum transmission efficiency for the Eachell grating

spectrometer of 0.004% will be needed. This Is not considered to be a problem,

In conclusion, the calculations Indicate that It should be possible to measure the

velocity distribution of the proposed flow system using an Eschell grating

spectrometer specially constructed for the emission line of Interest. Temperature

of the gas will not be a complicating factor, Time resolutions of SOns should be

possible, with a minimum spatial resolution of .5mm, cubed.

As mentioned previously, the CARS diagnostic Is also an excellent technique for

measuring velocities. CARS laser tagging Is a recently developed technique for

the simultaneous determination of a velocity flow field. A line of molecules (or

atoms) Is Initially tagged by excitation using a pulsed laser; after a delay time a

second broad-area laser pulse produces a signal only from the excited molecules

that Is Imaged on a detector array, The measured displacement of a tagged

I, -'
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molecule quantitatively determines its velocity vector. For example, for laminar

flow along a wall and a tagging beam perpendicular to the wall, the Image

detected from above following the probe pulse would be Identical to the laminar

flow-velocity profile. In the presence of turbulence, provided the delay between

laser pulses Is shorter than the turbulence coherence time, the profile will be

locally distorted; these distortions provide quantitative turbulence velocities,

To determine all components of turbulence velocities, Imaging detection must be

provided from two (preferably orthogonal) directions, such as from above the

tagged line and collinear to the tagged line, Laser tagging has been

demonstrated for velocity-field profiling based upon coherent Reman tagging of

02 molecules followed by LIF. Alternative laser-tagging schemes for velocity-field

profiling may be more suitable, depending on experimental conditions, such as

optical double-resonant LIF or coherent Reman transients. Comparison of laser-

tagging velocity diagnostics to alternative velocity diagnostics, such as Doppler

LIF, depends on experimental conditions, because they have differing Ihmiting

interferences. The accuracy In measuring turbulence velocities using laser

tagging is dictated by the magnitude of turbulence velocities relative to overall

downstream velocities, whereas the accuracy using Doppler LIF is dictated by

turbulence Doppler shifts relative to the Doppler broadening due to translational

(kinetic) temperatures,

TEMPERATURE DIAGNOSTICS

Laser-based spectroscopic techniques are well suited for the nonintrusive

measurement of temperatures in a flowing gas stream. Molecules in the gas

stream can often be characterized by a variety of (not necessarily equal)

temperatures, Including translational (kinetic), rotational, vibrational, and
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electronic temperatures. Spectroscopic measurement of translational

temperature via Doppler broadening of spectral lines Is Intimately related to

,eloclty measurements, as discussed in another section. Spectroscopic

techniques to probe rotatioral or vibrational temperatures are generally more

convenient and Include coherent Raman techniques, such as coherent anti-

Stokes Raman spectroscopy (CARS), and laser-induced fluorescence (LIF), In

the combustion community, vibrational temperature based upon CARS of the N2

Q-branch has been validated as the most accurate nonintrusive temperature

diagnostic, with single-pulse accuracy of 40K for temperatures above 1400K. At

the high pressures typical In combustion, vibrational temperatures are in

equilibrium with rotational and translational temperatures. However, In supersonic

gas flows as considered here, vibrational temperature is far less likely to remain In

equii~brium, while equilibration of rotational and translational temperatures is still

likely, Moreover, calculations of the temperature through the boundary layers

predict tMat the temperatures will generally be lower than those readily measured

using vibrational spectroscopy, Hence we believe that rotational temperature

measurements using CARS or LIF will be the most meaningful and the most

conveniont In these conditions.

Rotational temperature measurements using CARS can, In principle, be

accomplished based upon any molecular species In the gas stream, Including

naturally occurring species like N2 or H2 , or seeded components like HF. Over

the temperature range calculated to be of interest through the boundary layer of

100-1400 K, the most accurate rotational temperature measurements would be

achieved with CARS ot HF or H2 , with estimated accuracies of 5%; CARS of other

molecular components would yield rotational temperatures with lower accuracy

under these c'onditions. CARS Is the generat;on of a laser-like beam upon

illumination of the gas by two laser beams whose frequency difference matches a

C;- I
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Raman mode of the probed molecule. A schematic of a CARS experiment on a

sample gas cell is shown in Figure 3. Temperature and density of the probed

molecule are slmultaneously determined If one of these laser beams Is replaced

by a well-chosen set of two or more frequencies and the corresponding set of

generated frequencies Is dispersed. To perform temperature measurements

through the boundary layer, double-ended optical access to the test medium Is

generally required, although we have performed CARS using a single window and

a retroreflecting opposing surface. The low densities expected here (about 0.2

Torr) lead to relatively small CARS signals for single-point measurements that are

102 -104 times higher than typical detectability limits. The temperature profile (and

automatically the density profile of the probed molecule) Is readily accomplished

by spatial scanning If the flow Is sufficiently steady or reproducible, as planned for

CARS Implementation at a supersonic tunnel at NASA-Langley in the NASP

program, If the flow is not steady for a sufficient time, simultaneous temperature

Imaging of several hundred points through the boundary layer Is feasible using

two Intensified detector arrays.

Rotational ,temperature measurements using LIF can not readily be performed on

most naturally occuring molecular components such as N2 or H2 , as their

transitions lie in the vacuum ultraviolet. It Is conceivable that LIF temperature

measurements on 02 near 193 nm could be accomplished, but this task would be

challenging due to the hard uv wavelengths involved, the lack of well-behaved

tunable laser sources in this spectral region, and the low fluorescence yields due

to 02 predissoclation. Thus LIF temperature measurements are best performed

on a seeded molecule, such as NO excited near 220 nm. Single-point rotational

temperature measurements in a supersonic flow have been demonstrated using

NO over the temperature range 150-300 K; It appears likely that range can be

extended to 100-1400 K. LIF is most conveniently done in a sample geometry

G_-I
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containing two windows at 90 degrees centered on the region of interest, but the

single-windowed geometry shown In Fig. 2 for LIF velocity measurements may be

suitable. Temperature measurement using LIF requires Illumination of the

molecule at two suitably chosen wavelengths, either delayed by several

fluorescence lifetimes using a single detector or simultaneously with dispersed

fluorescence detection. As with CARS, the temperature profile (and automatically

the density profile of the probed molecule) can be obtained either by spatial

scanning or by simultaneous Imaging; In the latter case the only detection

alternative Is the use of two Intensified detector arrays coupled with fluorescence

dispersion.

Both COARS and LIF appear to be capable of providing the desired rotational

temperature data In the boundary layer. The choice between temperature

diagnostic techniques should be based upon whether molecular seeding of the

gas stream Is acceptable and upon the signal levels (and hence accuracy and, In

the case of Imaging, number of spatial resolution elements) achievable with each

technique, which depend upon conditions such as temperatures, density of the

probed molecule, and composition of the gas stream.

SKIN AND HEAT TRANSFER MEASUREMENTS

Because there exist very steep gradients near the wall and the possibility of wall

effects on the laser diagnostics, the boundary layer properties at the wall should

be measured by techniques more standard than the laser-based ones mentioned

above, Wall pressure distributions can be accurately measured by appropriate

use of pressure transducers along the nozzle wall. Heat transfer to a cooled wall

will involve some method of measuring the transient temperature Increase when

the nozzle heater Is turned on. Temperature measurement of an insulated wall

G 13
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can be done with the use of standard wall thermocouples an .1 the fabrication of a

thermally Insulated piece of the nozzle wall. If at all possible, skin friction should

be Independently measured. Although the method of measurement Is

straightforward In concept, Implementation on an axlsymmetric nozzle may not

be. However, the technology for this measurement has been developed by the

Naval Surface Weapons Center, and published In the open literature.

-1-14
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PRELIMINARY PROJECT PLAN

FY 1989:

-Identify and assess specific requirements of experimental plan.

-Collaborate with AFAL and SEA on prioritized list of tasks.

-Develop velocity and temperature diagnostics for boundary layer

measurements and use local laboratory test-bed for optimizino

measurements

-Collaborate with Sandia, Alburquerque, or Industrial partner to do

experiments on full-scale high temperature nozzle. These include

Instrumentation on nozzle to measure skin friction, wall heat transfer, and

wall pressure distribution.

FY 1990:

-Collaborate with AFAL and SEA on status of progress and negotiate

prioritized task plan

-Carry out detailed measurements over full parameter range, including

rocket nozzle stagnation pressure, temperature and throat Reynolds

number,

-Prepare detailed report of results.
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