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HYPERSONIC DRONE VEHICLE DESIGN: A MULTIDISCIPLINARY EXPERIENCE

UCLA’S Advanced Aeronautic Design group focussed their efforts on
design problems of an unmanned hypersonic vehicle. It is felt that a scaled
hypersonic drone is necessary to bridge the gap between present theory on
hypersonics and the future reality of the National Aerospace Plane (NASP) for
two reasons: (1) to fulfill a need for experimental data in the hypersonic re-
gime, and (2) to provide a testbed for the scramjet engine which is to be the
primary mode of propulsion for the NASP.

The group concentrated on three areas of great concern to NASP design:
propulsion, thermal management, and flight systems. Problem solving in
these areas was directed towards design of the drone with the idea that the same
design techniques could be applied to the NASP.

A seventy degree swept double delta wing configuration, developed in the
70’s at NASA Langley, was chosen as the aerodynamic and geometric model for
the drone. This vehicle would be air-launched from a B-1 at Mach 0.8 and
48,000 feet, rocket boosted by two internal engines to Mach 10 and 100,000
feet, and allowed to cruise under power of the scramjet engine until burnout. It
" would then return to base for an unpowered landing. Preliminary energy calcu-
lations based upon the flight requirements give the drone a gross launch weight
of 134,000 1b. and an overall length of 85 feet.
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1. Introduction

The efforts of the Advanced Aeronautics Propulsion Design
group have been directed towards developing tools to analyze the effects
of aircraft geometry and freestreém conditions on scramjet performance.
Specifically, the group has been Concerned with the shock structure,
boundary layer growth and inlet geometry of a Mach 10 drone research
vehicle, and the impact of these parameters on the efficiency and thrust of
the scramjets.

The tools used to analyze the flowfield have primarily
consisted of pre-existing computer software. Six programs (STUB, INLET,
CPIPE, SEAGULL, SCRAM, and EDDYBL) were used to evaluate different
components of the drone's underbody and scramjet engines. SCRAM is a
~one-dimensional program for the estimation of scramjet performance of a
hypersonic vehicle. SCRAM begins with the geometry of the vehicle and
calculates gross estimates of thrust, efficiency, and other engine
parameters. It is used by our group as a check for the more detailed
analysis. SEAGULL calculates inviscid conical shock structures and
freestream conditions for axisymmetric geometries. SEAGULL is used to
calculate the shock structures over the drone forebody. EDDYBL is a
two-dimensional/axisymmetric, compressible, turbulent boundary layer
program, and is used in conjunction with SEAGULL to simulate the viscous
flow conditions along the forebody. Using the {reestream conditions from
SEAGULL, EDDYBL is used to calculate the boundary layer growth along the
vehicle. ‘» -INLET uses an inviscid analysis to design hypersonic engine inlets.
For given- inlet conditions and desired combustor entrance conditions,
INLET calculates the cowl geometry required. Data from SEAGULL and
EDDYBL will be used to generate inlet conditions for use with INLET.

|



2. Hypersonic Cruise Vehicle(HCV)
Configuration
e



Finally, CPIPE is a one-dimensional code for the analysis of scramjet
combustor performance. CPIPE will use the output conditions from INLET
to calculate the combustor efficiencies. An overall momentum balance on
the engine should give the actual thrust of the scramjet engine
configurétion. The use of these codes allows a detailed analysis of
scramjet engine performance from nose to tail of the vehicle.

An initial application of these codes was performed on a
five-degree half-angle cone with two five-degre._e compression ramps
leading into. the inlet. Boundary layer and flow properties were determined
for the forebody, and an inlet configuration was generated.

Analysis of this initial design revealed that greater forebody
compression was required to produce an accéptable inlet design.
Therefore, the design was altered by placing one additional five and two
additional three-degree ramps between the nose of the vehicle and the two
five-degree ramps leading into the inlet. The location of the three-degree
ramps were varied to maximize static pressure gains. The final design

provided sufficient thrust to maintain level flight at design condition.



> H ic Cruise Vehicle (HCV) Configurati ‘

It was determined early in Winter Quarter 1988 that the
Advanced Aeronautics Design Group (AAD) needed a unifying concept for the
design of the hypersonic drone. This was accomplished by choosing a
configurétion that had been researched extensively at NASA Langley
Research Center in the late 1970's. The advantage of a single tested
configuration for the entire class is clear: each group would base their
designs on the same vehicle, with the same restrictions applying to all
three groups, thereby forcing greater interaction among the groups.

The configuration chosen by the AAD students was a 70 degree
swept delta wing design conceived by NASA Langley engineers. It was a
hypersonic research airplane concept, and has been dubbed the Hypersonic
Cruise Vehicle (HCV) by the AAD students. Figure 1 shows the HCV as it
was originally conceived. The HCV was designed to be air-launched from a
B-52 at Mach 0.8 and rocket-accelerated up to a cruise speed of Mach 7 by
four liquid hydrogen rocket motors mounted in the base. At this point, the
scramjets would be ignited and the vehicle would cruise until burn-out, at
which poi‘nt it would return to base for an unpowered landing. A detailed
description of the HCV's configuration is given in Figure 2. In developing
the HCV design, a wind tunnel model was built, and performance
characteristics of the model were collected and tabulated in Reference 1.
The geometric characteristics of the model are tabulated in Table 1. The
scalihg for the model was 0.021 of the size conceived for the actual HCV.

The first step in adapting the HCV for the purpose of a
hypersonic drone was to size it according to the needs of the class. This
included calculating the amount of fuel required to go from the air-launch
speed to cruise speed. From that, size and weight necessary for the fuel
requirements were determined . In order to do this, it became necessary to
determine a means of air-launch. The B-52 has size and weight

constraints consisting of a 24-ft. wing span limit, a 9-foot fuselage
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height limit, and a gross weight restriction of 70,000 pounds. This limits
the size of the drone considerably and, in order to reach Mach 10, it was
found that the weight limit was exceeded. Alternatives were then
examined. The 747 and B-1 aircraft were determined to be viable options
for the air-launch.

Therefore, the HCV is a basis upon which each group can build
their design. It gives the Flight Systems group the geometry and spacing
of the vehicle so that they can determine which sensors and how many are
required in certain places. This would result in a more detailed and moré
exact design. The Thermal Management group can determine critical areas
on the HCV that would require cooling. They can change the design within
certain reasonable limits to satisfy their cooling system design. A"
definite configuration for the the drone gives the Propulsion group a
starting point on the design of the underbelly for the vehicle; that is, a
first iteration could be performed from which they -refined their design to

achieve an- optimum configuration.
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3. Program Applications
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The group explored pre-existing computer programs, as well as
devising others as needed, as a method of analyzing the merits of various
designs 't;ecause of the time savings afforded and the ability to calculate
complex flowfields that are inherent to hypersonic design. Figure 3 shows
the areas of abplication of each of the codes in analyzing the drone. A
brief description of each program follows, while a more detailed |

description fo the workings of each code may be found in Appendix A.

SCRAM

The program SCRAM is a ‘one-dimensional airframe-integrated
scramjet simulation program. It is currently being used by NASA on the
National Aerospace Plane (NASP) project as a first iteration on scramjet
performangguaeaicylatiohtm—ii--is available to the AAD (Advanced
Aeronautics .Design) students on IBM PC computers and has already been run
successfully using the HCV geometry as inputs (see Appendix A1 for a
description of the program and a sample case).

.The inputs to SCRAM include freestream conditions, scramjet
geometry, and other parameters necessary for calculating the flowfield
properties such as kinetic energy efficiency, which approximates
momentum Iosses-aue to shocks, and temperatures along the surfaces.
SCRAM calculates the flowfield characteristics for five stages of the
scramjet. freestream, forebody, inlet, combustor, and nozzle. |t outputs
the flow conditions at the end of each stage, as well as boundary layer
thicknesses. It then calculates the engine cycle performance parameters
and outpﬁts them in an overall summary.

- SCRAM was used in two ways for the Hypersonic Drone concept.
First, it was used to help determine t.he sizing of the engine. By developing

a scaled drone instead of a full-sized, piloted hypersonic vehicle, there
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was a concern that the scramjet engine will not be large e..ough to
broduce sufficient thrust. SCRAM can be run at the smallest size limit of
the drone to determine feasibility of the design. Since SCRAM generates
values that are optimistic for the engine performance, it offers a means of
evaluatiné relative worth of designs. That is, if SCRAM's output shows
that a design is not feasible, then the design will be certain not to work,
and further study into that configuration would probably not be

worthwhile.

The flow behind the detached bow shock structure generated by a
hypersonic blunt body contains regions of both subsonic and supersonic
flow. Since SEAGULL is restricted to the case of flow that is purely
supersonic after a shock, there arises a need for an analysis of the shock
structure and flow properties at the nose of the hypersonic drone studied
by the Advanced Aeronautics Design class. The shock structure and flow
properties then become inputs for the SEAGULL and EDDYBL programs.

STUB is a written program that utilizes the time-dependent
technique to generate the detached bow shock structure off a hypersonic
blunt body. Details of the method used by the program can be found in
References 2, 3, and 4, and the governing equations in Appendix A2. The
program is also listed in Appendix A2.

Briefly, the time-dependent technique employs a numerical
calculation of flow properties through time steps, using the unsteady
Navier-Stokes equations as the governing equations. Although the-
introduction of time appears to be an added complication for a
steady-state flow, it becomes a necessary simplification to the problem
of hypersonic blunt bodies. There currently exists no uniformly valid,

steady state technique that can handle the mixed supersonic and subsonic
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region behind the bow shock (Ref. 2).

Although STUB was written to analyze two-dimensional blunt
bodies, an extension to axisymmetric or three-dimensional asymmetric
blunt bo.dies could be made in the same manner as Referenées 4 and 5. The
two-dimensional nature of this analysis, however, does mean that
relieving etfects and other three-dimensional, axisymmetric effects for a
spherically-tipped nose (as should be modelled for the hypersonic drone)

are neglected. This then became a severe limitation of the program.

SEAGULL

SEAGULL is a code designed for the analysis of a two-dimensional
or axisymmetric supersonic inviscid flow of an ideal gas. For the purposes
of the Advagoed Aeranautics Propulsion Design Group, SEAGULL was used to
model the external compression along the forebody of a scramjet engine.
SEAGULL provides only an inviscid solution for the forebody flowfield and
shock structure, and thus the boundary layer code EDDYBL was used with
SEAGULL to iteratively solve for a viscous flowfield solution.

The resulting flowfield properties calculated using SEAGULL (and
EDDYBL) were used as inputs for the program INLET. One limitation of
SEAGULL is that lt models both an upper and lower wall; thus, the flow
properties that SEAGULL outputs are for internal compression. This causes
the flow on the body downstream of the shock to slow, whereas for purely
external flow, it would remain constant. The slowing effect is minimized,

however, by placing the walls far apart.

ORIGINAL PAGE IS
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EDDYBL

EDDYBL is a fully compressible, two-dimensional or axisymmetric
computer: program for the calculation of boundary( layer properties. The
program accounts for mass flux at the body surface, heat flux, pressure
and temperature gradients, and both transverse and longitudinal body
curvature. The program does not, however, account for the effects of
shock-bounda?y layer interaction or separated flow. EDDYBL is currently a
fully operational program and has been run for supersonic cases. For a
more complete description of the program EDDYBL and sample output
parameters, see Appendix A4.

For the purposes of the Advanced Aeronautics Propulsion Design
group, EDDYBL was used in conjunction with the program SEAGULL, which
performed an inviscid analysis on the forebody of the scramjet. Provided
with upstream conditions and geometry from SEAGULL, EDDYBL output the
boundary layer characteristics of the flow field. The boundary layer
thickness was used to redefine the g.eometry, thus creating a new inviscid
input geometry for SEAGULL. This will alter the shock structure
calculated for the forebody, and thus will alter the upstream conditions
used for EDDYBL. This iterative procedure was used until the flowfield
properties converged on a viscous solution.

EDDYBL was helpful in determining the overall performance of a
given scramjet configuration by calculating the boundary layer growth at
the inlet entrance (or cow! lip), and thus determining the effective mass
flow entering the engine ( Fig. 4). Overall, using EDDYBL in conjunction
with the iﬁviscid codes SEAGULL and INLET will provide a more realistic

evaluation. of the performance of a given scramjet configuration.



INLET

INLET was the code used in designing the internal cowl and
centerbody geometries of the scramjet. It is a two dimensional inviscid
code that uses the method of characteristics to determine the internal
geometry of the inlét (see Appendix A‘S for'a description of the program
and sample inputs and outputs). Given the conditions at the entrance to the
inlet and the desired combustor entrance conditions, INLET calculates the
cowl and centerbody geometries required to minimize total pressure loss
across the inlet. Although the distinction between the forebody and inlet
can be nebulous, the propulsion group decided to use SEAGULL mainly for
external compression and INLET for internal. compression. Thus, the main
benefit of using INLET is that it determines the cow! and centerbody
geometries for the scramjet engine. However, it was necessary to meet
the desired combustor entrance requirements, as well as the upstream
entrance conditions (acquired from SEAGULL). Therefore, it was necessary
to iteratively use INLET and CPIPE (combustor code) to determine whether
INLET could provide reasonable cow! and centerbody geometr‘ies for the

combustor requirements.

CPIPE

CPIPE is a one dimensional real gas analysis of the combustion of
hydrogen in air in a supersonic channel. Given the initial upstream
conditions and geometry definition, CPIPE outputs the downstream one
dimensional flow properties (see Appendix A6 for a description of the
program'énd required inputs). '

CPIPE was used to model the combustor region of the scramjet
engine. E:PIPE is a relatively simple analysis of the combustor since it

uses only one dimensional conservation equations to calculate the



downstream conditions. However, more complicated analysés of the
supersonic combustor are rare and tend to concentrate on the flow
structure in specific areas of the combustor (i.e. directly behind a
flameholding structure or fuel injection area). In addition, CPIPE has
several useful features such as (1) possibilities for several fuel injection
points at a variety of angles, (2) estimates of ignition and flameholding
likelihood, and (3) estimates of heat flux, given temperature distribytion.
Thus, CPIPE served the purpose of scramjet performance analysis without
being unnecessarily complex.

Since CPIPE is one dimensional it was necessary to average the
flowfield values obtained from INLET in order to input the appropriate
values in CPIPE.

References 10, 11, and 12, which contain temperature and
pressure distributions for various combustor designs that were tested in
Langley's supersonic combustor test facility, could be used to validate
CPIPE. This valdation was not completed due to time constraints; however,
CPIPE has been used satisfactorily at NASA Langley to simulate scramjet

combustor designs.



4. Preliminary Design



SCRAM was used as a first iteration on the scramjet design for
the drone. It was primarily used to determine whether an eng‘ine small
enough to fit onto the HCV would produce enough thrust to overcome the
total aircraft drag. One of the primary weaknesses of SCRAM, however, is
it's depe'r;dance on wise choices of abstract efficiency parameters. Such
parameters define the overall kinetic energy efficiency of the design, the
pressure loss coefficients across the various shocks and through the
combustors, ~énd have a large impact upon the overall thrust delivered.

When SCRAM was run with the HCV's geometry and flight
condition as input, it was found that the scramjet could supply the
required thrust. With a nozzle efficiency of 1.0, SCRAM predicted a total
thrust force c;f 43,000 pounds. This value was as low as 30,000 pounds
with a nozzle efficiency of 0.96. Using information given from wind tunnel
tests on the HCV configuration, [13], the total drag at Mach 10 and 100,000
feet was found to be 26,600 pounds, for an excess thrust of 3,400 pounds

with 96% nozzle efficiency.

The vehicle nose was modelled as a' two-dimensional, five degree
ramp, with a rounded, one-inch radius nosetip. Initial guesses for the
shock structure and flow properties were inputted into STUB, and final
converged values were computed. These values for the shock structure and
flow properties were made available too late for use, but would have
served as inputs for SEAGULL and EDDYBL. As it was, the vehicle was
modeled as having a sharp nose, compared to the one-inch radius nose of
the actual vehicle. The next step, then, would have been to proceed through
one iteration using STUB outputs.

The group began to analyze the merits of various forebody geometries.
For the following forebody geometries presented, two opposing constraints
were con:siidered. Static corﬁpression of the flow by the forebody had to be

attained with maximum efficiency and minimal total pressure loss. At the
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samé time, the flow had to be slowed sufficiently prior to the inlet so that
the cowl would be made as short as possible. '

The first geometry analyzed was a simple five‘ degree cone and also
acted as verification for SEAGULL. (Appendix A3). The cone did not
compres’é or slow the flow sufficiently and required a cowl length of 150
feet to compress the flow from Mach 9 ahead of the inlet ramps to the
maximum combustor speed of Mach 4.

The second geometry consisted of two ramps in addition to the Sasic
five degree cone. (Fig. 5). The first ramp is five degrees and is located
fifteen feet from the nose. A second, three degree ramp is located
twenty-four feet from the nose for a total turning angle of thirteen
degrees. This design resulted in a total pressure loss of 22%, and a static
pressure increase of 8.97 before the inlet ramps. The Mach at the entrance
to the inlet was 7.51. (Table 2).

The 'third geometry moved the ramps of the second design three feet
further frmmshresulted in a decrease of total pressure
Io§s at the inlet and an increase in static pressure. (Table 2). These
changes improved the performance of the forebody as a compression
surface. The last geometry added another three degree ramp thirty-one
feet from the nose. This resulted in a total pressure loss of 23%, but a
static pressure increase of 14.6. (Table 1). This geometry was the one

chosen for the final design. (Fig 7).

Boundary layer properties were computed for a variety of geometries
in the early stages of the design. The simplest case run was for the five
degree cone which was modeled as having a sharp nose, unlike the rounded
nose of the drone. This approximation introduces error in the downstream
fiowfield, but was neéessary because of a lack of freestream data in that
region. 'l:'he surface rougness of the vehicle was set to .001 in., the default

value of EDDYBL, which is a very smooth surface. Lacking any data for high.
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altitude atmospheric turbulence, the freesteam turbulence intensity was
set to 2 %, which is what could be expected from a well designed wind
tunnel [14].

Th_é results of the computations are presented in Figures 8 and 9. Note
-first the "blips" that occur for the boundary layer thickness. These are
points where the program converged on an incorrect thickness, but with
the next step corrected itself and converged on the correct value.
Communication with th.e author of EDDYBL indicates that these p"o'ints are
stations that have difficulty converging due to the grid representation of

the flowfield which result in numerical errors. The automatic' addition of

grid points by the program can cause EDDYBL not to converge-for that
station, but generally converges to the correct solution with the next
- step.

Note also the trend of the lower left corners of the curves to have a
slight lip. This is also caused by convergence errors of the program.
EDDYBL calculates the stagnation properties from input free stream
conditions and uses these initial starting conditions to predict the
boundary layer properties at the next step. If that prediction is incorrect
and the program does not converge after twenty iterations, the program
will proceed to the next station. To say that the program does not converge
does not mean that the calculations diverged, merely that the solution did
not converge fast enough. After several stations, however, the program
begins to make to make correct predictions and the solution converges.
Extrapolation of the curves, shown by dotted lines in Figures 8 and 9 shows
that the computed boundary layer values are close to zero at the stagnation
point, és’they should be.

The,-shape of the curves in Figure 9 suggests that transition does not
occur and that the flow is entirely laminar. Literature shows that
transition on 10 degree cones occurs at an arc-length Reynolds number of

approximately ten million, while EDDYBL shows that transition has not yet
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occurad at Reynolds numbers of 48 million.[ 15, pp 39, 59 61] The data
presented in the I:terature however, is for cones with roughness heights
of .015 in., and unknown freestream turbulence intensity, both of which
have an impact on transition to turbulence and are different than those
- used fo‘r. this case.

Figure 10 shows the heat flux at the surface of the vehicle as a
function of axia.l distance, with the surface maintained at 1000 degrees
Rankine. ( A misunderstanding occured between the thermal management
and propulsion groups as to the temperatuure that the wall would be

maintained at. The thermal management group specified 1000 degrees

Kelvin, which is higher than the 1000 degrees Rankine used hers. The heat
flux could thus be expected to be somewhat lower than that indicated.) The
portion of the curve to the left of point A of Figure 10 is incorrect,
suffering from the same convergence problems near the stagnation point as
the boundary layer properties of Figures 8 and 9. The heating rates shown
have been determined to be acceptable by the thermal management group.
Active cooling would be required to maintain the skin temperature but
would be within the capabilities of the cooling system.

Figures 11 through 14 show the effect of boundary layer suction at
the wall. The mass removal began 31 feet from the nose at a rate of .0005
slugs/ft"2*s. (Figure 13). Figures 11 and 12 show the effects of the mass
removal on boundary layer thickness. The impact is seen to be primarily on
displacement, and is caused because the fluid that is being removed is the
slowest and has the largest impact on displacement thickness. (Recall that
displace-ment thickness is a measure of the mass flow rate along the body
that is lost due to the slowing of the flow in the boundary layer.)

The mass removal has a profound effect on heat flux. Figure 14 shows
that, although the suction has a small effect on boundary layer thickness,
the heating rate at the wall was increased to a value comparable to the

heating rates experienced in the first few feet of the forebody. Increased
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boundary layer suction might therefore lead to unécceptably h‘igh heating
rates, which would put an upper limit on the amount of boundary layer
control that could be obtained through suction.

Fin._ally, several hand-calculations were performed to estimate the
total mass removed. (Appendix B). The results indicate that, for the five
degree cone, the mass removal rate per unit width over the last five feet
of the forebody directly before the inlet ramps would be .00425
slugs/sec*ft. Assuming a depth of 7 feet, (the width of the forebody at the
inlet ramps), the total mass flow rate would be .0298 slugs/sec. The

average velocity of the removed mass would be 57.2 ft/sec, thus removing

400 ft*3/sec over the 35 square foot area, which would be a large volume
of air to.dispose of.

Another calculation was made to determine the removal rate that
would be required to remove the same amount of boundary layer as
displacement thickness over 7 square feet of the forebody. The required
-mass flow rate would be .208 slugs/sec, with an average velocity of
400 ft/sec, and a total volume of 2795 ft*3/sec. Such a high mass removal

rate would be unacceptably large.

At the outset of the Spring quarter, it was still the intention of
the Propulsion group to use INLET as an axisymmetric code when designing
and analyzing the scramjet inlet geometry. However, an error in the code
prevented the group from utilizing INLET's axisymmetric feature. This
turned out to benefit the group since the actual nature of each scramjet
module is more closely represented by a two-dimensional geometry
because of its location far aft of the nose (see Figure 2) . Once the
attention of the group was turned to a two-dimensional analysis of the
scramjet modules, a test case was run using an inlet Mach number of 2.5,
two ramps of five degrees each, and an exit Mach number of 1.3. The ouput

of this result was the same as that calculated using the shock relations
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from Reference [ 2]. With the program running correctly, tie: first inlet
geometry case was run.

The first inlet geometry case was actually a dual case. Since
problems. were experienced running other computer codes, it was thought
that the .ﬂow could only be slowed to Mach 9.3 at the starting point where
INLET calculations would begin. Hence, INLET was run for two cases: a
Mach 8.3 to Mach 3 case and a Mach 9.3 to Mach 4 case. The results of
these cases are shown in Figures 15 to 22. The output generated was not
favorable. Inlet plane area to exit plane area ratios were 0.075 for the
Mach 9.3 to Mach 3 case and 0.173 for the Mach 9.3 to Mach 4 case. This
means that for an inlet area of 2 feet, the outlet area would be 1.8 inches
for the Mach 3 exit condition and 4.14 inches for the Mach 4 exit condition.
These small areas would not allow enough flow through the combustor to
produce the thrust required to propel the drone at Mach 10 for 5 minutes.
Not only WES™FE™EFET Tor these cases a problem, but the total pressure
losses were enormous due to normal shock waves within the inlet. The

total pressure recovery for the Mach 9.3 to 4 case was 0.09 and 0.02 for

the Mach 9.3 to Mach 3 case mainly because of the normal shock wave
within the inlet. From these results, it was apparent that the free stream
Mach number needed to be reduced to obtain a reasonable scramjet engine
design.

The solution to the problem was to recompute upstream Mach
numbers. After correcting an operational error with SEAGULL, a free
stream Mach number of 7.0 could be obtained in order to use as input to
INLET. The final inlet geometry was generated for a Mach 7 to Mach 4
compressidn'. The results are presented in the design section of this
report. |
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The forebody geometry consists of three ramps: one five ‘degree and
two three degree ramps, as previously mentioned and shown in Figure 7
This resulted in 23% loss of total pressure but an increase of 14.23 in
static p-ressure. Furthermore, the shocks lie sufficiently close to the body
so that the inlet capture area is 7.1 times the width of the cowl inlet, and

there is no spillage for on-design conditions. (Figure 23).

Difficulties encountered in EDDYBL resulted from the Iack_-df”
shock-boundary layer modeling in the program. (Figures 24 and 25). The
problem is that the boundary layer properties are discontinuous across the
shock and it is difficult to determine the correct starting conditions to
compute properties downstream of the shock. As seen from Figures 25 and
26, the arc-length Reynolds number increases discontinuously across the
shock, despite a discontinuous decrease in frefestream Mach number.
However,%mm& the Reynolds number decreases with a
decrease in Mach number, as it should. The result of these variations is
reflected in the boundary layer properties. The tread in compressible
boundary layers is for increasing boundary layer thickness with increasing
Mach number. [2, p. §38). This agrees with the first discontinuity of Figure
24, but not with the second. Furthermore, shock-boundary layer interaction
is not modeled in EDDYBL. Although the computed flow is laminar,
experiments have”shown, very generally speaking, that turbulent boundary
layers at Mach 7 experience a 10% increase in thickness across a shock.
[16, p. 7501-A-1]. Note that the computed boundary layer decreased in
thickness across the shock, showing that EDDYBL is not applicable to

shock-boundary layer interactions. (Figure 24).

Witr_w the program unable to predict boundary layer'properties across

shocks, quantitative analysis of the design is impossible. Qualitatively, -



however, a number of results may be postulated based upon the reéults of
the single five degree cone case.

Knowing that the boundary layer is .15 ft thick at the first ramp
location downstream of the nose , boundary layer control will probably be
required for efficient engine operation. In addition, the boundary layer will
probably undergo transition prior to entering the inlet, due to traversing
three shocks and increasing pressure. Forestalling transition, either by
boundary layer diverson or suction will therefore be a necessity due to
~ both heating and engine performance considerations. |

Control of the boundary layer 'presents a major problem. Boundary

layer diversion, as opposed to boundary layer suction, was discarded due

- to the high cooling expected to be required on the sharp edge of the splitter
plate. Experience with the five degree cone, however, indicates that large
cooling rates will be required for boundary layer suctiuon over a very large
area due to the large removal rates required. This may make splitter plates
more practical than boundary layer diversion because of it's simplicity.
Both methods of control would require high cooling rates, as well as a
large rate and volume of fluid diverted or ingested. The splitter plate
would accomplish this task without pumps and other active removal

devices required in boundary layer suction.

The final configuration for the inlet geometry of the scramjet was
obtained by running the program INLET for a two-dimensional case by
specifying a Mach number of 7.0 for the “free-stream"” velocity and a Mach
hubmer if 4.0 for the exit velocity, "free-stream" meaning the flow
conditions after the initial ramp compressions on the forward underbody of
the drone but before the two five degree ramps on which INLET constructs -
the flow field. Three internal isentropic compression sections were used
and the ouptut from INLET is summarized in Figure 27 thru 32.

Figure 27, Inlet Area vs. Horizontal Distance, shows the inlet
cross-sectional area measured axially from the cowl lip postion. If the

graph is scaled by setting the initial area equal to 1.07 square feet,
12



assuming a 1.0 foot depth because it is a two-dimensional case, tnen 0.36
on the nondimensional scale is 1.07 feet on the actual drone. This® 1.07 feet
dimension is the approximate inlet length shown in Figure 2. This scaling
will allow the discussion of the results to be related to the actual
dimensions of the drone. Using the scale 0.36 = 1.07 feet, it can be seen in

Figure 27 that the inlet area contracts rapidly from 1.07 feet (0.36) to

0.456 feet (0.154) in a distance of 3.2 feet (1.08). This sharp decrease in
area then tapers off and the final inlet area is 0..394 feet (0.133) which
occurs 20.0 feet (6.75) aft of the initial spike tip. Note that the area is
approxiately 0.394 square feet (0.133) from a distance of 19.1 (6.44) to
20.0 (6.75) feet. .This 0.9 feet is needed to ensure uniform properties
across the exit plane give an area contraction of 2.7 times, meaning that
the area at the entrance plane is 2.7 times greater than the exit plane area.

The relative locations of the five degree ramps and the cowl lip
can be seen in Figure 28. Again, using a scale of 0.36 = 1.07 feet it can be
seen that the intersections of the two five degree ramps is at 6.87 feet
(2.32) behind the spike tip of the first ramp and the cowl lip is located
14.2 feet (4.78) aft of the spike tip of the first ramp. The intersection of
the two five degree ramps was calculated by INLET so that the shock
waves generated by the two ramps intersect at the cowl lip. Placing both
shock waves at the cowl lip minimizes flow spillage and increases engine
efficiency. Figure 28 also shows that the minimum cross-sectional area of
the inlet occurs at 18.4 feet (6.2) along the axis of the drone and remains
constant up to the exit plane at 10.0 feet (6.75). |

Mach number and pressure distributions on the cow! contour are
shown in -Figures 29 and 30, respectively. The magnitude of the Mach
number ban- be traced in the output from INLET from the spiké tip of the
first five degree ramp to the exit plane of the inlet. The "free-stream”
Mach number is 7.0. Behind the shock Wace generated from the first five

degree ramp the Mach number is 6.106. The Mach number after the second
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% shock wave originating at the intersection of the two five degree: ramps is
5.401. These results can be calculated using the Prandtl-Meyer oblique
shock relations found in reference [2). The shock wave originating from the
cowl lip turther redu-ces the Mach number to 4.267. This Mach number
remains constant because INLET assumes that the cowl contour is a

straight wall for the first 1.73 feet (0.583) for the geometry calculated.

At 15.88 feet (5.359), the cowl contours change from being a straight wall
to being an isentropic compression surface and assumes an appropriately
curved shape. The flow is compressed from a Mach number of 4.267 at
15.88 feet (5.359) to a Mach number of 4.00 at 17.63 feet (5.950). From
Figure 30 it can be seen that the pressure increases as Mach number
decreases. The static pressure ratio increases from 14.9 at the entrance of
fhe inlet to 21.2 at the exit plane of the inlet which means that
approximately one-third of the compression is taking place internally.

An extremely important feature of all supersonic flow engines is
the total pressure loss, which dictates the efficiency of the engine. High
total pressure loss indicates a low engine efficiency while a low total
pressure loss indicates high engine efficiency. The total pressure ratio
along the centerbody contour is plotted in F}gure 31 and the total pressure
ratio along the cow! cAontour is plotted in Figure 32. It can be seen that the
total pressure ratio along the centerbody contour behind the first shock
drops to 95% of its initial value behind the second shock. Past the second
shock, the flow along the centerbody contour encounters no other shock
waves because the flow is compressed isentropically, which means no
further total pressure Ibss occurs. Behind the oblique shock wave at the
cowl lip the total pressure is only 77% of it's "free-stream” value. Because
the cowl lip shock wave is cancelled at the centerbody by INLET, there are
no internai shock reflections. Since the flow is compressed isentro-pically

internally, the total pressure along the cowl surface is constant. Since the

SZo'



totat.>:  sure ratio along both the centerbody and cowl contours js 77% at
the exit plane, the overall total pressure recovery for the scramjet from
Mach 7 at the spike tip of the first ramp to Mach 4 of the exit plane is 77%

for the geometry generated.

The configuration used for the combustor is illustrated in Figure
33. It is a two dimensional box combustor with an entrance height of 5
inches, and a constant width of 11.2 inches ( the combustor length is 10.0
feet). There are two:'fuel injection points, at 3.75 ft. and 5.0 ft.
respectively in the axial direction. Information regarding the injectors is
given in Table 3. The temperature distribution as a function of axial
distance is given in Figure 34. There is a steady rise in temperature until
the location of the first injector, after which it levels off and even begins
to decrease. This corresponds to a leveling off of the combustor efficiency

(see Figure 35) at a value near 0.95 after the first injector. This gradual

rise in coMBUSHOR Efféciency starting at the entrance to the combustor is
due to the manner in which CPIPE “distributes” the reacted fuel
equivalence ratio over the combustor. Thus, by the time the flow reaches
the first injector, a large fraction of the fuel injected at that point has
started combustion. After the first injector, there is a constant level of
reaction. This explains the drop in static pressure ( Figure 36) after the
first fuel injection point. The pressure due to the combustion process is
constant while the area of the combustor continues to iricrease. The Mach
number displays a similar behavior (Figure 37), stabilizing at a constant
value after the first injector. The exit Mach from the combustor is

approximately 2.3.

" With the combustor exit properties analyzed by the program
CPIPE, the flow field inside the nozzle was modeled using the method of
characteristics. Reference [2] provides the algorithm used to implement

the computer code. In applying the method of characteristics, the flow

. . 4o ’
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field is assu: -d to be irrotational, inviscid and adiabatic. In addition, the
characteristic lines are determined to a first order appoximation.

Once the nozzle exit velocity was determined to be 11,000
ft/sec, a-momentum balance was performed to determine the thrust. The
control volume used for the momentum balance was defined by the
equivalent inlet capture area under the nose of the HCV and the vertical
nozzle exit plane. There was no spillage for the on-design condition;
hence, it was not included in the momentum balance.

The thrust available with the nozzle design illustrated in
Figure 28 was calculated to be 7646 Ibs. per unit span, which is
approximately 8.99% of the thrust available in iéentropic expansion.
Enthalpy losses due to heat flux and viscous effects at the upper nozzle
wall, as well as plume drag, which was not accounted for, are expected to
further reduce the efficiency of the nozzle although there should still be
adequate thrust.

Note that a certain errors are propagated in locating the mesh
points with the first order approximation. Reference 17 provides the
thrust coefficient measured on a similar model tested at Mach 10. The
thrust coefficient for this design is calculated to be 0.36, which falls

between 0.1 and 0.92, the range of thrust coefficients presented in

reference 2.
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6. Concl_usion



6. Conclusion

Various forebody geometries were evaluated for their ability to
efficiently compress free stream flow prior to ingestion by scramjet
inlets. 'Also, boundary layer growth on these forebodies was investigated,
and boundary layer control, in the form of surface suction, was found to be
somewhat effective. Inlet geometry design was investigated, and it was
found that inlet speeds greater than Mach 7 would not allow sufficient
capture area for the compression required.

“A final design for the forebody consisted of a five-degree
half-anglev coné with a five degree compression ramp placed 18 feet aft of
the nose, and two additional compression ramps placed at 27 and 31 feet.
The Mach number entering the inlet was 7.2, and an inlet geometry was
designed using two pre-inlet five degree compression ramps. The cowl
geometry was generatéd to yield an isentropic compression to Mach 4 at
the entrance to the combustor The total length of the two pre-inlet ramps
and cowl was twenty feet. | i

Although EDDYBL was not able to compute shock-boundary layer
interaction and was therefore ~unable to calculate flow properties
accurately at the shocks generated at the three degree ramps results from
the single five degree half-cone were used to obtain trends in boundary
layer growth on the forebody. BoUndary layer suction was found to require
hlgh suction velocities and large volumes of fluid ingested, accompanied by
severe mcreases in surface heatmg

CPIPE was used to compute combustor performance of the
combustor, and the method of characteristics was used to roughly compute |
the expansion in the nozzle. Finally, a momentum balance was performed
and the thrust generated by the design was calculated to be 58,000 Ib,
which was slightly higher than the values output by SCRAM, and was

sufficient to propel the drone at a Mach 10 cruise speed.
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"TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL
Wing: s
Area, reference (includes fuselage intercept), m? (1n2) .
Area, exposed, B2 (IN2) & v o e e e e e e e e e e e e e
Area, wetted, m (1n) . v v e e e e e e e
Span, @ (In.) . . ¢ ¢ o b e e e e 00 e e ..

Aspect ratio
Root chord, at fuselage
Tip chord, m (in.)
Taper ratio . « « . « « & « « &
Mean aerodynamic cherd, m (in.)
Sweepback angles:

Leading edge, deg . . . . . .

25-percent-chord line, deg .

center line,

m (in.)

. . . 3 . [] .
¢ 8 ¢ e e ®
® e & s o o o

Trail ingeatf Sianfeh cmmm
Dihedral angle, at airfoil mean

line,

Incidenc gupRiiionkCiimmr memr——— e+ s e s s s s

Airfoil section . . . . . . . .
Airfoil thickness ratio:
- Exposed root .
Tip . . . . .
Leading-edge radius at -
Fuselage-line chord, m (in.)
Tip, m (in.) .
Area of both elevons, ml (iné)

Forward delta wing:

Area exposed, outside gr fuselage,
- (4in¢)

leading edge,
Leading-edge sweep, deg

Tip fin:

10

Area, each, ? (1n2) e e e e e
Span, m (in.) . . . . . . . . .
Aspect ratio
Root chord, @ (in.) . . .
Tip chord, m (4in.) . . . . . .
Taper ratio . . . . . .

Mean aerodynamic chord, m (in.)

forward of

-/ .
Scale o or‘qu[ HCV=0.02!)

« N

L] . . . . [ .
o
W
wn
w

(See

.08 x 10-%
.08 x 1074

. - 0.005

0.002

0.004
0.069
0.086
0.029

0.062

(67.200)
(36.121)
(72.242)
(8.542)
. 1.086
(13.896)
(3.355)
. 0.241
(9.779)

. 70
. 64
. 0
. =3.64

o o 0
fig. 5(a))

. 0.05 |
. 0.06

(0.020)
(0.020)
(7.161)

(3.394)
. 80

(5.8u8)
(2.730)
. 1.274
(3.383)
(1.135)
. 0.336
(2.445)
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TABLE I.- Concluded

Sweepback angles:
Leading edge, top, deg .
Leading edge, bottom, deg
Trailing edge, top, deg .
Toe-in angle, deg . . . . .
Airfoil section:
Leading-edge radius, m (din.) . ... ... .....5.08x 107” (0.020)

c + e+ .. 55,0
e+ s o T0.1
e s s e . . 21.3
O -

LI } O ]
.

LI 1 o o
.

o o . .
L]
*

- L] ¢

. o Y .
.
[ ]

L[] L] ) L]
L]
L]

L[] L] - 1]
[]

Center vertical tail:
Area, exposed, o (4n%) ... ... ...
Span, exposed, m (dn.) . . . .. .. ...
k Aspect ratio of exposed area . . . . . . .
Root chord, at fuselage surface line, m (4in. ... 0.128 (5.040)
Tipehord, m(4n.) ... .. ....... e « « . . 0.045 (1.760)
Taper Fratio & v @ v v it e e e e e e e e e e e e e e e e, 0.349
Mean aerodynamic chord of exposed area, m (in.) . . . . . . . 0.093 (3.664)
Sweepback angles:
Leading edge, deg . . . . . . . i i i i i e e e e e e e e e e 55.0
, Trailing edge, deg . . . . . & i i i i i it e e e e e e e e e e e. 246
Airfoil section: ,
Thickness ratio at =
L R T
T . « 0.106
Leading-edge radius, m (dn.) . . .. ... ... ..65.08 x 10'[l (0.020)

« « o 0.007 (11.492)
« .« . 0.086 (3.380)
s e s o+ . 0.99

et 33 S L R

.
L3
.

. * L] . .
.

L] [ . -
L]
3

. . LI }
.
.

Fuselage:
Length, m (in.) . . . . . . . v v v v v v v v v v v . .« . 0,508 (20.000)
Maximum height, m (in.) . . . . . . . . . . . ... .. .. .0.071 (2.782)
Maxipum width, s (4n.) . .. ... .. ... ... ... ..0.073 (2.866)
Fineness ratio of equivalent round body . . . . . . . « v v v v « . . . 6.822
Planform area, @@ (4n%) . . « & v v v w v u w e e . . 0.026  (40.445)
Wetted area, @ (in®) . . . , . . . . s . e wa ... .. ..0.083 (128.460)
Wetted area, with wing on, o® (in%) . . . . . . s e e o . . o 0,078 (120.695)
Wetted area, with_both delta wings on, m2 (in2) . . . . . . . 0.077 (118.747)
Base area, % (in2) . . . . . 4 v o 0w . . .. c s s s « . . . 0,002 (3.726)

Complete model, with both delta wings:
Planform area, @2 (402) . . v v v v v v v v v e e e . 0.052 (79.960)
Aspect ratio of Planfor® . . ¢ . v 4 . i 4ttt e e e e e e e e e . 0.913

- Scale Ly, o qiral HCL = (2!
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FIGURE 3

SCRAM CODE APPLICATION
SIMPLE OVERALL PERFORMANCE
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FIGURE 4 - Effective Mass Flow entering engine.



Toble 2: Forebody Compressive Qualities
Forebody Pt2/Pteo M2 P2/ Poo
-1 .7829 7.51 8.97
-2 8798 7.85 9.17
3 2780 7.33 1463
1
15} >t 12 £

FIGURE 5: Design #1



FIGURE 6: Design #2

FIGURE 7: Final Forebody Geometry
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FIGURE 8: Boundary Layer Growth vs. Axial Distance on Five Degree Cone
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-3 FIGURE 12: Boundary Layer Growth vs. Reynolds Number on Five Degree Cone
With Suction
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TABLE3 Information on Injectors

Injector #1 Injector #2
Axial
X Distance 3.75 ft. 5.0 ft
Fuel stagnation 1000 K 1000 K

Temperature

Fuel stagnation

4758000.0 N/m2

PTBSSUI'G_ 4758000.0 N/m2
mﬁnw n-l.a..;.- ———— -
Mach Number 1.0 3.0
Inj |
n{?ﬁ:rh::;f;,a. 0.78 Radians 0.0 Radians
Wall angl .
“at injector 0.0 Radians 1.57 Radians
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FIGURE 38 = ISOLATED LIFT ORAG AND MOMENT COEFFICIENTS *
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Descrioti

SCRAM is a one-dimensional airframe-integratec; scramjet
engine simulation program. It was written at the NASA Langley Research
Center -to give a first-order estimate of scramjet performance. SCRAM
performs a real gas analysis for a five-stage model. These stages include

the freestream, the vehicle forebody, the inlet, the combustor, and the

exhaust nozzle. Once the flow for each stage is analyzed, the overall

performance is calculated and a summary is given.

SCRAM is capable of analyzing: (1) oxygen, hydrogen, and air
injection into the inlet and combustor; (2) axisymmetric or planar
forebodies; (3) mixed combustion; (4) the boundary layer for a flat plate;
(5) multistage perpendicular or parallel injection; (6) equilibrium or
frozen flow referenced by area ratio in the combustor; (7) several internal
hydrogen fuel mixing models; (8) a swept, symmetric wedge inlet,
calculating inviscid real gas performance. The program only works for
started inlets, and flow must be supersonic through the inlet and nozzle
portions of the co'd'e. In addition, SCRAM is not usable if the combustor
flow becomes subsonic. It is currently configured to handle
two-dimensional engines only.

The freestream flowfield is calculated in Subroutine FSCH1,
where, given altitude, Mach number, and other parameters, it computes
static temperature and pressure from a table based on the 1979 Standard
Atmospheric Table. The other freestream flow properties are calculated
from subroutines which find the real gas composition and the dynamic
state variables.

.‘ The forebody flow properties are calculated in Subroutine
FLOWF2. This subroutine accounts for forebody shocks, forebody boundary
layer heat transfer, and friction losses, given the freestream conditions
and forebody parameters. It utilizes a specified forebody kinetic energy
efficiency that approximates engine capture flow momentum losses due to

H9



the forebody shock system. Boundary layer properties and heat transfer
through the boundary layer are calculated iteratively. ‘

Subroutine INLET1 computes the flow properties for the inlet.
It models flow through the inlet as supersonic flow undergoing a
one-dinf;'ensional compression process with heat transfer and friction
losses. Area ratio, length, and kinetic energy efficiency are the required
inputs. INLET1 also is capable of handling oxygen/hydrogen mass flow
injection. .

The flow through the combustor is analyzed in Subroutine
COMBUST. COMBUST uses perpendicular hydrogen fuel injection for up to
seven injector stations; one of these stations can also be set for parallel
injection. It approximates shock losses with the use of the kinetic energy
efficiencies input by the user. Flow is initially assumed to be in
equilibrium, but provisions can be made for frozen flow to occur.
Regenerative cooling may also be taken into account.

- Subroutine NOZZLE1 describes a one-dimensional expansion
process simulating gas expansion for a scramjet nozzle. It computes
boundary layer properties for freestream Mach numbers greater than 6.0,
but neglects them for freestream Mach numbers less than 6.0.

Finally, subroutine SCRAP1 computes engine cycle performance
parameters. It utilizes conservation of momentum equations applied to
the engine as a whole, using engine geometry and flow properties
computed by the component routines as inputs. It outputs thrust, specific
impulse, and the coefficient of thrust as the scramjet performance

parameters.
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INTRODUCTION

Since steady supersonic flow fields are governed by hyperbolic
differential eqbations, whereas steady subsonic flow fields are described
by elliptic differential equations (Reference 2), the mixed region behind
the detached bow shock structure cannot be handled by any steady-flow
technique. However, the unsteady Navier-Stokes conservation equations
become hyperbolic with time, irregardless of the sonic nature of the flow.
Therefore, the time-dépendent techhique becomes a simplified means

through which the steady-state solution is attained.

Details of the time-dependent technique are given in References
2, 3, and 4, and only a brief description is outlined here.

The flow field was covered with a mesh and transformed into a
system of rectangular coordinates. Initial guesses for the shock structure
and flow properties were inputted and non-dimensionalized. The flow field
was divided into four regions and treated separately: [1] the shock, treated
as a discontinuity; [2] the body, examined in the same manner as the shock;
[3] the inner points between the shock and body, analyzed by the unsteady
conservation equations; and [4] the upper boundary of the inner points,
computed through linear extrapolation and restricted to lie beyond the.
sonic line. Time steps were taken in accordance to the CFL stability
criterion outlined in References 2 and 3.

First, the shock was analyzed for each time step. At a particular

time step, an initial guess for the shock velocity was made (the shock will

st



"move” through time until it converges onto its "steady-state” location),
~and the new shock location was found. Flow properties at the shock were
determined by the Rankine-Hugoniot relations, presented in Reference 3.

| A quasi-one-dimensional characteristic line was then drawn from
this new shock location through time to an old inner point. Flow properties
were obtained, and the characteristic line was computed. The information
obtained was used in the compatibility equation given in Reference 3, and
flow field variables obtained from the compatibility equation were then
compared to values obtained from the Rankine-Hugoniot equations. A new
shock velocity was guessed until these flow field variables converged.
Thus, an iterative process was established: properties based on a given
shock velocity were obtained from the Rankine-Hugoniot equations:
different values were obtained from a characteristics approach and were
determined independently by a compatibility equation; another shock
velocity was guessed, and the process was repeated until flow field
properties ;t the shock converged. Finally, another time step was taken,
and the entire process was repeated.

A similar computaiton was performed for the body. The process
was simplified, since the body points did not move with time.

The governing equations utilized for the inner points between the
shock and body are presented in the form given in Reference 3.

The spatial derivatives on the right-hand side were evaluated
using finite differences. MacCormack's predictor-corrector technique was
utilized in determining the flow field properties after a given time step,
and details of the procedure can be found in Reference 2.

_Finally, for an upper boundary condition beyond the sonic line, the
flow is s&personic. That is, any information obtained there will not affect

properties lying below the sonic line, and upper boundary values may then

LS



simply be linearly extrapolated

. All flow field properties were therefore computed in this manner
for each time step taken.
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Frogram STUR ' Jerry Yen
Version 5.28.88

This pirogram will utilize the time-dependent techrique to constirur
the shock structure generated by a supersonic blunt body.
Limitations:
First~order accuracy for spatial derivatives
2 - D analysis

NOTE: M.N = 8,8

FROGRAM STUER .
COMMON pisgammasvinf.pinfircinf.ainf ks
. LU(B48) 4 v(8:8),p(8.8) rc(3:8).,sp(3:,2):bp(T.,2).b{8",
. dbdy(4)

Need to inmput actual numbers for men in ALL COMMON blacks
Alscy need m.n for REAL bleock below
Real pi.gammasvinf,pinfsroinf,ainf.kas
WeVspsTOsSpbpsbsdbdy.
enss.epsb.epst.,deli.dely.delt.wtl(&4) theta(a),
capci(8,.8),capp(8:8),capr(8,8).,capb(8.,8),psi(8,3),
zeta(d),del(4)pausedelzet
Integar miyn.stepsichoice,jktt
prints . 7 Flease input number of grid points (n.m):
readx o THiam
pirint* .7 Flease input number of time steps:
read* . steo
call INDAT(m.epss.epsh.epst)
call STARTGnvnsdelt.delysdelt)
Do 10 3 = 1. m
wtaly) = €,
Do 80 31t = 1, step
call ATEHI(wEddeltsepesstheta?
call ATEIDVim.nl.dely.delt.epsh)
call CAFim.avthetasdelswtO,capcscappscaprscapb.psis
. zetaldel)
call ATINTRcapc.capp.capirscapb.psldely.delzet,del .delt.
1

call BHDEY(m.m)
pause = steoo/s ik

17T (pause.ge.0.25.and.pause.1t.0.5) then

prints 7 Humber of time steps: S el
prantx o7 Do yvou want to continue?
printx 7 [1] Yes [2] Me®
resd* Jichoice
_ 1f (ichoice.eq.1) then ORIGINAL PAGE |Is
- call OF(m.n. jk) OF POOR QUALITY
else

goto &0
~ endif
elseif (pauce.ge.0.%.and.pause.l1t.0.7%5) then
print+ o7 Number of time steps: Tajk
print¥ ' Do you want to continue?
printx 7 {11 Yes [2] HMHo®
readr sJi1choice
1f (ichoice.eq.l) then
call OF(myn.tt)
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LT

eleelf (pauze.ge.0.79.and.pause.l1t.0.9) then
PrInt® .7 Number of time steps: ek
print* .7 Do you want to continue? °
print* ° (1] Yes [2] Nco®
read* ,ichcoice
it (ichoice.eq.1) then
call OF(msn,tt)

else
- gote &0 OR'G‘NAL pAGE ,s
- endiT OF POOR QUALITY
endif
S0 continue
6O Frint» ,° EMND OF FROGRAM °
Frint* ,° Number of time steps = Tejk
call OFFIN(m.rm.step)
stop
end
C
[ SUEBEROUTINE INDAT
‘:;::====.‘;==="_‘.=-...‘.‘:’.:::.’.:::===:::======:=================
c
Subroutine INCAT(m.n.epsc.epsb.epst)

COMMON pisgamma.viaf.pinfyroinfeainf ok,
UW{B,3)yviEd8)sp(B:8) s rc(B:8),8p(8:2),bp(8,2),b{(3),
dbdyi4)

integer ms n

Feal pi,gamma,vinf.pinf,roinf,ainf,k,u,v,p,rn,sp,bp,b,

epsssepsb.epst.arg.dbdy

cpeni(3,file="ehochk.dat ™)

c : .

C Upstream cenditicins and number of grid points are inputted

C {m reters to the total number of y pointss n refers to the

C total number of » points): k cefers to axisymmetyic gecmatry
C

read(2.x) vznf,pxnf,roinf.gﬁmma,k,epss,epsb,epst

arg = pamtaxciintSirolint

arnt = E0ORT (arg)

C
C jorefers to the v location: irputted are the » locations for
(9 thi- grven 3 (v Josation) i thus. the arrays contain a set of 2
. Al s the ¢nd v location for the bady and ehock in
C the physical mlars
C
Do 20 3 = 1em
readi2.%) (Epuas1)ai=1.2) 4 (spijeids1=1,3),dbdv(j)

a0 contnue
()
C Imitial guezszesz for u, p. and ro are iﬁput%ed; 1 and j reter
- to points an the phiveical plane equidistant from each cthers
L thus, the arrayves contain cne’ number:  the value of the property
C at the location v (1, j)
C

Do 40 j = 1. m
Do 30 1 = 1. n
readi3a*) U1 viiei)ap(iel)aroijei)
20 continue
410 contiinue

close(3)
return
end



Subrouting START(m.n,deli.dely.delt)
COMMON pisgammasvinf,pinfearcinfeaint.k,
. u(B,S),v(S,B),p(S,B) ,nI'Cl(B,!B) -Sp(B-E)-bp(S-E),b(B)-
. dbdy {&4)
FReal plsgammasvinf,pinfysroinf,ainf.ksusvip:rossp.bpsbs
. - dhdy.
. - delx(m),delyi(m) delt.delti,delty,sarg.a
Ihteger Nam
delt = 1000.0
Do 20 3 = 1+ m
del:x(j) = (1.0/FLOATn—1))*{sp(js1)-bp(j.1))
delyi3) = bpi{m.2)/FLOAT(m—1)
BU3) = bBplj.2)
Do 1O 1 = 14 1

plisjg) = pdiagd/pant ORKHNAL PAGE’
S

raflej) = volisjd/roinf

Wiied) = ulisj) * SORT(roinf/pint) F POOR QUALITY

VIila3) = virej) ¥ SERTOreint/pint)

a = SET(arg)

delts = delx(ij)/(uij.1) + a)

delty = dely{j)/{v(jsi) + &)

1T (deltx.lt.delty.and.deltu.lt.delt) then
delt = deltu/1.5

elseilf (delty.lt.deltx.and.delty.lt.delt) then

delt = delty/1.5

end1 T
10 centinue
20 [ ) e i MR =
return
eind
SUNMRQUTIHE Cak

Sutvrouting CAFinwm.thetasdeli.wacapec.cappscapr.capb,psi,

. zoetaldol)
COMCH prsgammssvint.pinfaraivf.aint, b,
“ L E,EYevi8, ) yp (8 B) yra(8,8) ,s5p(842)4bpi8.28).b (21,
. dbicly 1 4)
Feal pregammasvinteginferoinf.ainfal,
. UsVaparCaspbobadbdy,
. thetaimivdeliivmisw(m) scapoiman) scappiminl.caprim,n) .
. caph(msndpsiim.m)szetaimen) del im)

ITnteger memlonanl
ml=m—1
nl=n-—1
Do 20 53 = 1. m
Do 10 1 = 1. n _
Todel(3i = spuisl) - bp(j.l)
cetaljsi1) = (1—-1)*delu(j)
capcl(ya1) = (zetal(j,i)-1.0*dbdy(j)) = {(zetalj.i)/
. TAN(thetalj)))
capp(is1) = ALOG(p(j.1))
capri{je1) = ALOG(ra(jsi))
caph{yy1) = uljsi)-wljd*zeta(jid+vjsid*capc(jid)/
. (esp(jsid-bp(jsi))

_— - 3 —_— e~ - <\ R e e e ) Yo o 4 PR Y



retuirn
&ind ORIGINAL PAGE IS -
OF POOR QUALITY )
C
(e b Y e
C
C Thie_ i1s good for converting inmer point parameter values intco
C values at a certain locaticon
C .
C Subroutine 0OF(
c
c ¥ oand y locations
C
. bpij.2) = v location (at 37

l
C bp{jsl). = u locaticon foir given y loccation (3)

c 1l o= -l

c # location of particular grid point at v ( = bp{j.2)):
c Do 20 3 = 1, m

C y(j) =

C di = (1.0/(FLOAT(n1)) ¥ {(sp(js1) = bp(j.1))

C Do 101 = 1, n

C 10 #(321) = (Nn—1) #* dx + bp(js1)

(W

C

c

c

c

c

c

c

[

20 continue )
Thus. the value at that x and v location ie:
g est)
The shock’™s 1 value at a given j/y location is:
sp({j.1)
return
WW*
(o
C SURROUTIMNE ATSHE
C
Subroutine ATEHK (wtO,delt.epess,thetal
COMMGH pi,aamm&.“:n.-pJnT~1n1ﬂr-a1n!.l.
. Wi 8 v 8.8 ap(B:s3)srolE.E,2n(3.2).80(3,2),
. gy (s)
Feal pil.gammacvinf.pintorcant.ainfabsvavaprrossp.bpa.dbdy.
R,
Crxsrgr NOTE: The ment two lines reguire e sctual vealue
C
. ERNEWLSZ) awRUEsE () yushho(a) spehk0(4) yroshl0{4),
- . veahikove) ,
- thetaiadsarg.wtdim) ydelt.epessucshb,pehb sroshil yvahilb,
. dedt,ptap(2)ypta(2)sdely.delzsincrvsincrz.,
. - vaCI-“poﬂ_.-pn"l.rpnaﬁ.u LeuvZavylawvvZSypylpy2.rovl,
. FoyE.ualsvalsuasvaspasroasaapltapl{Z) comprscompy s
. rheal srhza2arhsaldsrhsasrhshkl yrhshkR2arhzhk3,rhehk o rhs,

- - ucmpat.diff
IRteger jr3j3sjjistiemermamlianlsichoice

C The shock point 1s moved. according to wtd, and at the same vy
C lecaticns also found is thetas the anole between the tangent
U to the shock and the x-—aiis

Do 10 3=1.m
sononw( il = wtd3) * delt + sp(i.1)



On000

On0On

]

10

100
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37 (j3i3.e3.1) thern

thets{l) = pise.

go to S '
elseif (jjj.eq.m) then gp’ngoA; PAGE Is

iji=m -1 QUALITY
endif
érg = (spihew(jjj+l.2) - sprew(j—=1,2)Y)/(sprnew(jjj+l.1)

- sprnew(j—1.+1))
theta( ;) = ATAN(arg)
call ERSHE (wtO(j) s theta(§) yushk0( i) ,pshkd(j) srashkO(j),
vehld0(3))

continue

The Ranline-Hugonicot equaticons are used to determine us p, and
e on the shock

wiuess(j) = 1.0

Do 20 j o= 1.
call EDSHr(wquezs(j),theta(j),ushh,pahh,roshk,vshk)
arg = gammaxpshis/roshlk

aszhlk = S0RT(arg)

A charactoristic is drawn from the new shock point +o & poiat A,
]&ind Wy py and o are interpolated at ACED)

dedt = ushk - ashk
ptapil) = =spriewl(j.1, + dedtrdelt*SIN(theta(j))
PLapg(2) = spnewl(j.2) - dedtsdel t*COS(thata(;))
ptatl) = (ptap(1) - bp(js1))/(spnew(j.l) — bpijs1))
ptal2) = AR3(ptap(2)) .
mli = m - 1
nl = 0 -
i1 =
13 =
dely = bpime2)/float(ml)
‘delz = 1.0 F1loat (1)
1ncry = pta2)/(dely*3j)
1T o vinery.ce.d.) then
o= 03t 1
ac to 120
el

T

1t = phadl)/(delz » 11)
17 (1oagiz.ge.d.) thaen
11 = 131 + 1
co to 130
Gy 7
enc1t
yRosl o= deiy o+ 3
ypoead = doiiy o4 {33-1)
Tpos) o= delz 11
pos2 = deii o # (i11-1)
Jj = jj + 1
i1 =711 + 1
if‘(jj.gt.m.nr.ii.qt.n) then
print+~ ,° THERE IS A FROBLEM IN ATSZH °
print: 7 Flease begin with & new w
go to 1150
endif
call IHTERP\:pDSl-:pos&,pta(l),u(jj,ii).u(jj,ii—l),uyi)
call INTERP(:posI,zposE,pta(i),v(jj,ii).v(jj,ii—l),vy])
call INTERP(:posl.:posE,pta(l),p(jj,ii).p(jj,zl—l),pyl)
call INTERP(:Dosl,:posa,pta(l),ro(jj,ij),ro(jjgii~1),roy1)
call INTERF(zpos .:pDSc,pta(l),u(jj—l,ii),u(Jj-i.iinl),uyE‘
call THIFRF ST03lezpos2.ptA (1) v vl i34 33) oVl ai=1 031 =1) s vyl
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€ cosleyposZiptal2)suviauy2iuald
call oltn s cvposla.yvpos2.ptal(2)svyl,vy2eval)

ua = -1 ox BINvtheta(j)) - val * COS(theta(j))

va = ual ¥ COZ(theta(3)) + val * SIN(theta(j))

call INTERF(yposl,ypos2.pta(2).pyl.py2:pa) ORICiM
call INTERF(yposi.ypos,pta(®) roylsroygsrea) o PG'F-Q' PAGE i3
&V = gamma ¥ pasiroa OCR QUA

aa = SORT(arg) LITY

A new characteristic slope is computed, and A loccations are
evaluated and compared, and 1terated until convergence

dedt = (dedt + {(ua - aa))/2.

ptapli(l) = spnewl(jsl) + dedtxdelt#SIN(thetalj))
prapli{g) = cpnewlj.&) - dedtrdelt®xCO0S{thetalj))
Clmpt = Hw“\:tﬁpl\l) = ptapdl))

compy = ARS{ptapl{@) - ptap(2))
1T {cowpr.gt.epss.or.campy.gt.ep=s) then
ptap1) = ptapl(l)

ptapi3) = ptapli(2)
go to 110
g e
pta(ld={ptapl (1)-bp(j.+1)) (sp(j«l)-bpijs1))

ptaic) = ABS{ptapl(2))

endlf
The rioht eide of the compatibility eguation 1s computed at
A and &t tne new shock point

rhsal = (var*aa‘gammar ¥ ({pyvl-py2)/dely)*SINltheta(j))
rhsal aar (unvi1*xC05theta( 1)) +vy1#8IN(theta( ;) ))—(uy2¥
COZ(thaetad 1) )+vy2xSIHN{theta(3))) ) 25IN(theta( ) ) /delyv
rh=ald = vn‘(\uvl*’TN(fhrfa(J))—\VI%FDS(theta(j)))—(uyE*
STHuvthetas ) ~vyvZ#COS(thetad j))))xSIN(thetal ) ) /delv

rhima = —l,ur\.“: I+rhead=rhea)
113 =
3T {j3335-0m.1) Then

rhzhlo= 0,

ao to S00
eleeitf(yyj.ons
Y1y = mo o~ 1
end T
vlshih L o= Canie see ) fgamima ) k(pshhO( 333+ —pshb 00 3 3=1) ).

Mitherar 1)) 7dely
rhakikz o= s;ml»a:sn“ﬂfgj3+1)*vchrﬁ(jj'-13)*CIN(theta£j))/del~
rhzhRlE = vahl= GEnb0d 33t —ashl00) 33— 1) 25 INtheta( jr) /dels
rhahlk = =1 .G hornd 1 +rhahbk2—-rhshi 2}
rhe o= 0.5 ¥ {ross = rhisihik)

WGLIESS 12 eveluatzd and a new guezss 1 ioputted if dzsived

unempat = (asnb«l0Gipshk/pint) — as+Ai.08(paspinf))/gamma
- + wa — v s ) # delt

diff = ABES{ucmoat - wzhk)

write(®,1000 ushl v ucmpat. dift

format(//." U Trom Rankine-Hugoniot = " E10.864/,

U Ffrom compatibility = TJBE1O0.& /7
T hifrevence = TLZE10.58./)

pyinte
(=T I N COMTINUE ITERATION ([13] YES: [2]3 MNO)7T
reads + 1cholce
1T fichoicc.eq.i} then

i te (> LI00Y woguess(y)

formatis o7 Moaet recent guese for w o= TWE10.460/7)



Va5 owgueass{g) oo - - S -
ac to 100

else .
call EQEHE (wguess(j)istheta(j).ushk.pshk.rashk,,vehl)
uijsn) = vshk*COS(theta(j)) + ushk#*SIN(theta(;))
vijen) = veshk*SIN(theta(j)) — ushk*COS(theta(j))
pljsm) = pshk
rol(j«n) = roshk

- wtO( ) = wguessij)

spijsl) = sprew(jisl)

sp{js2) = sprnew(j.2)

endif ORIGINAL PAGE s

20 continue

return _ OF POOR QUALITY

end

-

Subroutine ATECLY (mynsdely.delt.epeb.phi,cappscapirscapv)
COMMON pr,gammasvinf.pintfearcinfiaint,k,
. US43 ,v(B+s8)pi8,+8)sroi(8:8),ep(8,2).bp(83,2),
. dbdv (s
Real plsgammasvintT.pinfaroinf.ainfsbsusvipsrocsspbpa.dbdy.,.
. philm)scapp(m),caprim),capvim).dely.dpdy.drdy.drdt,
. dvdv.vi.diff,delt.epsb
Integer mensjgj
De 10 = 1. m
NIV J
17 {(j33jj.eq.1) then
R (1) = pi/2.
go to
elzeif (jij.eq.m) then
m -1

J

Jila =
endif
arg = (sp(3§3+1.2) — splj=1.2))/(sp(ji3+1,1)

. - sp(j-1,1))
rha1(3) = ATAN(arg)

i capmyy) = ALOG(p( 1))
caocri iy = FLOGGro(341))
capvi i) = v{j«1)/BINphi{;))

10 contimue

J =1 13 evaluatzsd alreadv

noo

—

Do 20 5 = 2, m
Poged) = polo)=(roinfrvinfevinfi+rointrvintrvinfs
. COSiphi 1)) *%2)
dpdy = (capoii+tl)—capp(j-1))/(dely*2.0)
Tdrdy = (capriai+l)—capr(j=1))/(dely*x2.0)
15 drdt = (i.0 'gamma) *(dpdy—gamma*dirdy)*v{j.1)
dvdy = {(cepvia+l)—capvij—1))/(dely#2.0)
capr(j) = capvr(j) + drdtrdelt
rodj.1) = (2.718231822) ®#%caprij)
dvdt = —viy1d¥dvdy—(p(js1)/rolj,1))*dpdy*SIH(phi(j))
vl = (capviy) + dvdt*delt)*8IN{phi(j))
diff = ARS(viv3.1)=v1)
1T (diff.ot.zpsb) then
v(3ial) = vi
gc to 15
els

n



20

VARER! = vl
LUljal) = w1 =TANEH ()
endif
continue
return
end

ORIGINAL PAGE i3
- OF POOR QuALITY
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ATINTR calculates interior peint properties:
CE\:."l"(j,’j)l Ll\’i_v‘j)g \v’(i_lj)p pSl(luJ‘)

Note that 1nput values need to be transferred to subroutines

alec, variable{m.n) needs tc have m and n transferred:
don’t forrgat that (m.m) refers enly toe INTERIOR points

Subirocutine ATINTR(capcscappycapr capb.psi,delv.delzet.del.
delt) .
COMMON pilsgammasvintipinfaroinfeainf ..
u(B,E)-v(S,B)pp(B.B),ro(S,B),sp(B.E)gbp(B,E),
dhdy (4)

Real pi.gamma,vinf,pinf,roinf,ainf,k,u,v,p,ro,sp,bp,dbdy.
CapCimerm)scapp(myn)caprim,n) canbim.n)psi(msen)
de]:et.dely,del(m),delt,drdx,drdy,dud:,dudy,dvdz,dvdy,
dpsico.dpsidy.dpdz,dpdy,

Cr#xrrxalNOTE: The next 3 line reguire m's actual value

C
C=momsmes
C
c
c
c
c
C
Cc
C
C
Cc
Cc
Cc
c
C
C
c
C

dudti2.83),dvdt (2,8),0dp=i1dt(8.8),drdt(2.,8) ,rbar (8.3) .
Whar (248) s vbhar (8,8) vpeibar (8,8) spbar(2.8) ycaprnw(8.2),
WNeRIE«B) s vnew(B.8) ypsinewid, ),
dudtl.dvdtl.dsdtl.drdtl.drdtav.dudtav.dvdtav.dsdta

Imtegsr memsnt.mi

ni = nn - 3

delzet = 1.0FLCATRL)

rr'|1=m—1

Do 20 5 = 1. a1l

Do 1001 = 2. nl

oroa 1otericor (i.3). Epatial erivatives are calculatad
For 11 terionr iag) hatial d i tive re 1 latad

call FUDicapri{jst) capr(j+l,i).delzet.drdz)
call FUL{capr(jsi)capr(jsi+l) dels. drdv)
call FWDIiu(ja1)sufj+1,1) delzet,duds)

Toeall FUDIu(je1)suljsi+d) sdely,dudy

call FUD v{js1)av(j+l,1)sdelzet.dvdz)

call FUDU(v{jsid)av(jai+l)sdely,dvdy)

call FUOtzz1{jyi)apsi(j+lsi) delzet dpsics)

cell FUD psi(),i),pzi(jsi+l) dely.dosidy)

call FUDAvp{jsi1)ap(j+lsi)sdelzpt .dpdzeta)

call FUDp(jsi)apljai+l)sdely,dpdy)

call EDHDT(j,i,capc(j,i),capp(j,i),capr(j.i),capb(j,i:,
psi(j-i),d@l(j),drdz;dud:,dvdz,dpd:,dudy,dvdy,drdy.
dpdy,dpszd:.dpsidy,dudt(j,i),dvdt(j,i),dpsidt(j,i),
drdt(j.i))

rbar(3.1) = capr(j.iy + (drdt(j,i) * delt)



10

videulno A b e i/ — \.r'\” 1 LRI B S O O
peibar{jsi) = pzii;. - {dpsidt(js1) * delt)
pbar{j.i) = peibar(j,1) + gammaxrbar(j.1)

cantinue

20 cantinue

00N
q
!

1 is firet analyzed: the rest are analyzed accordingly

13 1 = 2. nl

cxll REAR(rbar(lsi)s,rbar(l,i~-1),delzet.drdz) ORIGINAL PAGE |s

call REAR(rbar(1l,1).rbar(2:1)dely.drdy) OF POOR QUALHW'

call REAR(ubar{(lsi)subar(i,i~1).delzet,.dudz)

call FEAR(ubar(1l.1),ubar(2,1)sdely.dudy)

call REAR(vbair (14i)svbar(l,si—-1).delzet,dvdz)

call REAR{vbhbar(l. 1) .vbar{2.1).dely .dvdyv)

call REARR(psibar(l.1)ypeibar(ls1~1).delzet.dpsidz)

call REAR(p=ibari{ls1).peibar(2.i) dely.dpsidy)?

call REAR(pBai-({141)yphar-(l,1-1),.delzet,.dpdreta)

call REAR{pbar(lyi)spbar(2,1).delv.dpdy?

call ECMMOT(l.d.capcil,idscoppili,sidicapri{lisidsacapbil. i,
psiilsid,del (1) dirdazsdudzssdvdz.dpdz.crdyv.dvdy.dirdy.
dpdy«dpsidz.dpsidy.dudtl,dvdtl,dsdtl.dirdtl)

drdtayv = 0.3 ¥ (drdt{(l,1) + drdtil)

dudtav = 0.5 ¥ (dudt{(lis1) + dudtl)

dvdtay = 0.5 % (dvdt(1ls1) + dvdil)

dsdtiav = 0.5 % (dpsidti{l,1) + dsdtl)

caprmwi(lyl) = capr{l.1) + (drdtav ¥ delt)

unerilsi) = uilyl) + (dudtav * delt)

vitgw{la1l) = v(1,31) + (dvdtav * delt)

psinemwtl,s1) = psi(l.i1) + (dsdtav % delt)

15 continue
Dl:' ) £4.0) j = £ ul

-

a0

P »
= 2. nl

call REAR(rEar{jsi)srbar(jsi-1),d=lzet .drdz)

cell]l FESR(rbar{js1)srbar{j-1.i1).dely.drcv?

call RiEAR(ubar(jsi)subar{jsi—-1),delcet.cuds)

cxll RESRE(ubar{jyi) yubar(j-1,1),dely .dudv)

call REAR(VDar(js1)svbair(jsi—-1)delzet,dvdz)

call REAR(VEar{jel)savbar{j—1.1)delyv.dedy)

call REAR(ps=ibar(j.i1)speibarij.i1-1) delz2t.dpz=idz)

call PREER(posibar{j,1)spsibar{j-l.1)delyv.dpsidy)

call RE~Ripbtear(jsid.pbar{js,i-1).delzet.dogzeta)

call RESSE(phar{isi)spbar (j—1.1) sdelydpdy)

czxl)l EU T i3l vcapec(isi)scappijsldcapriysidcanb(jea .
a1 (3a1),del ) sdrdzsdudsdvdesdpde sdugdysdvdy s dirady
diudysdpzidzWdpsidy.dudti.dvdtl.dsdtl.d-dtl)

dratey = 0.8 % {(drdt(i.1) + dirdtl)

duodtae = 2.5 * (dudt(j.1) + dudti)

cvdtav = 0.0 % (dvdtiisi) + dvdil)

dzdtav = 0.% = (dpsidt(j,i1) + dsdti)

Caprmwl 3ei) = caprija.i) + {(didtav * deli)

Wrowdjeld = Ll gs1) 4+ (dudtav #* delt)

vinRwilyel) 5 vijel) + (dwvdtav * delt)

PE1mEWl ja1) = pe1ijsl) + (dsdiav % delt)

continue

40 centinue
Do 105 3 = 1.m!

De

90 1 = 2. n!
uijel) = urmEwl jol)
vijel) = virew(jsi)
ro(je1) = (2,7182318B28) ¥ icaprnu( js1))
arg = psinew(ja«l) + gammarcaprnwiji)
plis1) = (2.718281223)*xarg

0 Coemtinue
1035 Contirue
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ORIGINAL PAGE IS
OF POOR QUALITY

Subrocutine BHDREY(m,n)
COMMON pis.gamma,vinf.pinfsroinfsainfak,
LIBs2) viB a3 piB848) 1 (848)+s5p(B:2):bpi(83.2) >
. diody (4)
Feal pilsoamma,vinT.pinf.roinf,ainfsksbevapsrossp.bp.dody
Intecer 6ian
e 10 1 = 1. n
uimei: = ({(Wim=1,1)=-u{m=2.1))/uim—2,1))¢
. uim—141) + uim—1.1)
vimai) = ({vim=1,4i)=v{(m—2:1))/vim—-2,1) )%
vim=1s1) + vim—1,1)
pitme.1) = ({p{m=1.+1)—-pim=-2:11)/pim=2,1))*
. pim—141) + pim—1,1)
el = ((ro{m=1.1)-ro(m=-2,1))/ro(m—2.1))*
. roi{m—1+1) + ro(m—1.1)
10 Conmtinue
return
end

ITINE FWD

FUD generates the forward spatial derivative at (1.30:
dvardil g

Sutvreutine FRDivarij.variljsdu,dvard:ij)
il varijeveril j.dusdvard:ij
dvavdiaii = vvarialy — vari ) du

I E"’.’. L7 i
end
C
" SUPRIUTINE RELR
(: S e I L R N T e A I T T T T N T T I T T T II T TN I mETE=sx

C ..

C REAR genevates the rearward spatial derivative at 1.3:
C dvdx1 il :

C

-

Subroutine RERR vearij.variml j.ditadvdeer 31)
Fraoal varid jeavairimt jedusdvdii jl
dvdsi1jl = (variy = varaimljo/dx
retuwrio
e



C
C INTERF interpolates for a value answer OF POG
C

Subroautine INTERP(rowl,rowE,mid,coll,colE,answ@r)
Real rowlsrow2s.midscoll,cold,answer
answeyr = ((mid-row) ¥ (colli-cal2))/(rowl-row2) + col2

return
end”
c
C=================::===========================I=====
Cc SUEBRQUTINE EGMOT
C====::::::====::==::=::.========================::.-_-.::===::
cC
C ECHOT coemputes values for time derivatives of the
C cquaticons of motion at (1.3):
C drdt, dudt. dvdt, dp=sidt
c
Subroutine EDHDT(j-i,capc,capp,capr,capb,psi,del,drdz,dud:,
. dvd:,dpdz,dudy,dvdy,drdy,dpdy,dpsidz,dpsidy,dudt,dvdt,
. dedt.,dirdt)
COMPaN pi,gamma,vinf,pinf,roinf,ainf,k,
. u(B,B),v(B.B),p(B.B),ro(B,B),sp(B.E),bp(B,E),
. dbdy s
Feal p1,gamma,viﬁf,pinf;roinf,ainf,k.u,v,p,ro,sp,bp,dbdy,
. capc,capp,capr,capb,psi,dEl,drd:,drdy,dud:,dudy,dvdz,
. dvdy,dpsidzgdpgidy,dpdz,dpdy,dudt,dvdt.dpﬁidt,drdt,y
Integay 1sj«mem )
y = 1.0
drdt = —((capb * drdz) + (dudz/del) +
. ((capc/del) x dvdz) + dvdy + (v{js1)=drdy) +
Chx(v(3eid)/yd))
dudt = -((capb*dud:)+(v(j,i)*dudy)+((p(j,i)/(ro(j,i)*del))
. * dpdzeta))
dvdt =—((capb*dvd:)+(v(jgi)*dvdy)+(((p(j,i)wcapc)/(ro(g,i)*
. del)) % dpdreta) + ((p(j.1d/rafj,1)) ¥ drodyv))
dpsidt = —((capb * dpsidz) + (v(js1) % dpsaidy))
returm
end
C
C::::::T:.‘::::‘.:‘:::::====——-====='—’-‘====================:===
c SURROUTIMNE EQSHE
C::::::::=:==:==:=====================:'::‘_:T:‘-':'.:::::::::::
C
C Franliine—Hugonict relaticns
C

Cubroutine EDSHK(w,theta,ushh,pshk,roshk.vehk)
COorMon mj-gamma,vinf,pinf,roinf,ainf,k.

. . - U(S:8):vi3.8) ypi2:B) sro(8:B) spiB.2)bp (8.2,
. -dbdy(4)

Real pi,gamma,vinf,pinfgroinf,ainf,k,u,v,p,ro,sp,bp,dbdy,
. w,theta,unel,ushh,pshk,roshk,vshh

unel = (gamma-l.)*((vinf—w)*SIN(theta))**E+E.§ainf*ainf
uehl: = un&]/((gamma+1.)*(vinf—w)*SIN(theta))+w*SIN(theta)
pohlk = (Z.2((vimT-w)*GIN(theta))**2-{gamma—1.))/(gamma+1.)
reshh = ((gamma+l.)#¥pshhk+{gamma—-1.))/({gamma+1.)+
. (gamma-1.)#pshk)
vahb = vanf % COS{theta)
return
end



C OF outputs values in the physical plane OR“*NAL PAGE’
S

Subroutine OF{im.n.tt)
COMMON pisgammas,vinf.pinfaroinf.ainf.k,
. - u(8,8),v(B,B),p(S,S),ro(B,B),sp(S,E).bp{S,E),
. - dbidvi{4)
Real pi,gamma,vinf,pinfgroinf,ainf,k,u,v,p,rm,sp,bp,dbdyg

C
Cxsxsxxsr NOTE! the next lirne reguires actual m.n values

»

(B8 w(B) dn
Inteaesyr tt
Openia.tile="shack.out?™)
Wl te (4, 1000) Tt )
1000 formati/ s TIME STEF NUMBER: TaI4as)
Wit te (a,1020)
1020 formati/ /787 QUTFUT FROM STJER Ta /i
EHYSICAL LOCATIONS OF GRID POINTS: ".//)
wirite(4,1040)
1040 format(SXs7 I X J Y TN
Do 20 3 = 1am
vii) = bBplj.2)
de o= (1.0/(FLOAT (1)) % (sp(ja1)=bp(j+1)"
Do 101 = 1. n
%(je1) = (n=1) # dit + bp(j.1)
Wit1tei{d,s1030) 3 yxas sy .
1050 Format(SXaJa,.2XFB.4.2X,I14.28X,FB8.4)
10 comntlnue
=% comtinue
Wl te ld, 1080)
1050 format (/7" FHYSICAL LOCATIONS OF SHOCH AND BODY FOLINTS3: ™.
/747 (Hote that o coordinates are presented for a given )7,
. SheT Y X locations: SHOCHK =aDY T /)
Do 30 5 = 1. m
e tEla.1020) vii)espljal)abpn(jial)

10320 Format(EXF3.4.18XF3.4,3X.FB8.4)
40 contirue

Wrltevas L1000
1100 Tormatis/se T EFHYSICAL LOCATIONS AN VALUES OF FLOY
SROFERTIES: "W /0
Do &0 5 = 1.

writevad 1100 v
1150 Tormate s 7 Y LOCATION: *WF

write(as117E)
1178 Aformat Sy’ x (i \ F RO T4

['co =0 1 = 1.1,

W

. PP
't eSS

- WrAIEE s 1200wl g s al)aviial)spliea)svraijal)
1200 Format SR F.4,2%.3{F3.4.,2X))
pAW cormtlvitve
&0 ‘cortinue
Clasev4)
retuwn
end



e e
. L.l(898),-v\'8-8),p(8,8),-\‘Cv(B_-E’),Sp(B,E),bp(BpE) .
. dbdy(4) .
Real pisgammasvinf.pinf.roinfsainf,k,usv.psro.sp.bpdbdy.,
C .
Cx*#xxxx%x NOTE: the next line requires actual msn values
C

. b «8)a 8).dx
.Integef‘efi 1y (8 OORIGIN/I e
Ppen(B2.file="shock.fin") F-POOR QU“M-,S
write(2,1000) tt Allty
1000 format(//+° TIME STEF NUMBER: *al4a,70)
wirite(2,1020)
1020 Tormat(///s° OQUTFUT FROI STUER Ca /S
. ? FHYSICAL LOCATIONS OF GRID FOINTS: " ./7/)
CwWrite(2,1040)
1040 s -format(SX,° I X J Y /)

Do 20 53 = 1 m
vii) = bp(js2)
di: = {1.0/(FLOAT(Nn=1)))%{esp(j.1)-bp{js1))
Do 10 1 =1, n
#0je1) = (N—1) * dx + bp(js1)
wirite(2,1050) 1.8sjsy

1050 _fc-r'mat(S.‘f._. I(*_!E.'XQFS-‘E’EX! IQ-EX QFB-LP)
10 continue
20 continue
wirite(2,1060)
1060 format{//,° FHYSICAL LOCATIONS OF SHOCE AND EBEODY FOINTS: ",
. /747 (Note that ¢ coordinates are presented for a given y) 7,
. SXa Y X locations: SHOCE BODY Ta/)

Do 40 3 = 1, m
write(EngBO) y(j),sp(jpl),bp(jpi)

1080 format{(SX,F8.4,1468X,F8.4.,.3X,.F3.4)
40 continue
wirlte(2.1100) -
1100 Tormat({// " FHYSICAL LOCATIONS AND VAILUES OF FLOW

FROFERTIER: "o //)
Do &0 3 = tyom
wrlte{2.1152) yv(j)

1150 foormat (774" Y LOCATION: CWFBLG. /)
wirite(2,11758)
1175 fTormat (SX.° X ] v F RO "/

o S0 3 = 1t n
wititaen2.38200) x(j,i),u(j,i),v(j,i),p(j,i),ro(j,i)

12000 Format (SN Fo 42X 4 (F3.4.2X))
S0 cantinue
&0 cont e

Closs(2)
e U
el
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Description of the Program SEAGULL

The program SEAGULL is a code designed for the analysis of
two-dimensional or axisymetric supersonic inviscid flow of an ideal gas.
All the discontinuities are treated explicitly. The limitation of the
program is that the axial component of the mach number should remain
supersonic during the execution. Although originally designed for internal
flows, SEAGULL can be used for external flow due to optional input of the
lower or upper wall geometry. The geometry for the upper wall and lower
wall are assigned in subroutines GEOMB and GEOMC. Descriptions of the
input and outputs are given on the following page. The code could also be
used to merge several ducts into one analysis.

For the purposes of the propL'JIsion group, the program is used to
calculate the flow properties along the forebody of the hypersonic drone.
The flowmpararmeters=obtaimed - from this program will be used for the
boundary layer code EDDYBL to obtain the shape of the boundary layer.
Once the .boundary layer geometry is known it could”be added to the
forebody geometry for a better estimation of the flow properties along the

forebody.
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Steps between output

Number of sharp corners on upper wall and lower wall
(10 maximum each),their locations and angles in degrees
Type of the flow (2D or axisymetric)

Mesh points

Geomatry discription

Constant or variable Gamma

Mach number

Distance to end the run

Free stream Pressure, Temperature, Gamma, Inclination in
degrees, Mach number, Gas constant

Lower and upper wall temperatures

Forces and Moments on the wall and on the R-2 plane

Viscous and Inviscid forces

Heat transfer from upper and lower wall

The pressure, temperature, velocity componant in the R and 2
direction, the mach number, the streamline inclination in
degrees, total temperature, for each mash point and its R
location.

P e e

Bh!



Verification: Seaaul

For the five degree cone, the downstream values output from SEAGULL

at Mach 10 upstream conditions are:

M = 8.271
P/P_ = 3.060

RHO/RHO_ = 2.139

From [22], for a five degree cone with no angle of incidence to the
freestream and M_=10, we have:

M - 9.925
P/P =295

RHO/RHO_ = 1.8033

A comparison of these values illustrates a limitation of the code;
specifically, SEAGULL's downstream values are somewhat in error. Also,
SEAGULL shows that the flowfield downstream of the shock decreases in

velocity with increasing distance from the nose. These effects are caused

by the duct flow modelling that SEAGULL uses. This effect is minimal,
however, and the properties on the wall change by less than 5% over the
entire forebody if the walls of the duct are kept far apart to minimize the
compression caused by the internal modeling of SEAGULL. This introduces
some. error into the downstream flow properties. This error is unavoid'able‘
due to-the necessity to model multi-ramp geometries, which was not
possible by merely using conical shock tables because the ramps are not

subject to uniform freestream conditions.
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: E IS .
ORiGINAL PAG
OF POOR QUALITY .

PROGRAM

EDDYBL

EQDYBL i & fullwv compressible. two-dimensional or azisymmetrir
cnmputér Prog+=aim for the calculation of boundary laver properties. The
program  accounts  for msss  flux at  the body surfare. heoat flux.
Frescure ard temperature -qradients, and both transverse and
itngirtucinal body curvature. The program has_rthe- capability to start
from 2 stsanation ooint and proceed through transi1tion ik
turbulence. The equations used by the prcocaram camnot account,
however, fo- the effects of shock-boundary laver interasction or
separated flow. 11 the program encounters separation, execution
terminates at that point, although the data is saved for all
Calculstiors pricr te that poini., Also, the program does not account

tor Qav saraficatoion o it’'e effects in any wawv.

The i'alcuistina of the »oundarv laver propesrties cans ke mHLE
P wee sl Luuog Mo D) lGredts leo-eGuolion T0Ce. or 1t's nultisiaslc
\9'11—

madel  Iref i), Ir chort. the twn €quation model uses rcorservation
of mass and mumentum i fonjunctiaon with an equation for the turbulent
TN ENergy . Ar another  =quatinn  for the turbulent cdissicaticon
rats.lref. 4. p.2). These lazt two equations account far the creatin-
a0 destvurtion o9f tarhalence.

The mulliscale model diffe-s from the two eqguati;r  mode! ir-
Coversl wavs. Althougs the multiscale mode! alsa uses the cnage vation
¢f mass and momentum. aL well  as the ssme turbtulent miving energ.
fQuationt the multiscale model uses s slightly differenrnt equation fer
the turbulent dicesipation rate to "predict the effects of planme strain
and nhe;r ¢n  homogereous  fturbulence.” refd@. p.4). The larges:
Jrtferent: baetweoen the twn midele lies in the wav that theyv treat the

Roaynold’s Stress teacor. which 3ccounts for vortices and turbulence.

EL)
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The two-enquation mode? lumps 511 of the wvortices, or "eddies"s intn

ene term. The molticrale mods]l jJomps  the ecddies intc "large"” andg
"emall” eddien. IreN\R., p.7). Thie staling af the turbulence prove-
ter ke move sccurate than two-équ slron mode) . Dur applications use t ke
modtraealic meel oacingively. and s further discuscion will he
Itmarted +2 4he r.--ulf'i5~‘:alt:- mudizl v Referonces 1 throunh & offer a5 muck
more cunmi.lete deszraibption of the twe nod2le used.

Rs previously menticred. CODDYEL is o fullyv compressible bounds' v
laver coda. In &addition ty  the other capabilities previousl v
menticned. EDCVYRL  hacs the canability tc start form user-supplied
boundar: Jlayer oroperties. That i« if the user krows what the
propertie: ot tre houndary Taver zrs gt & certain point irn the
flowtield. thes  compototins c.om Leair st that point and there is ro
aTEl to mele casirulatiens for points furthes upstiresm., Further more

this sllows veslsrtinng FDDYRL frow previnue rums. In cour applicratian.,

wee wa bl o nse EDRYBL  te ralenlste houndary laye: properties to a voint

where tha free strose conditione chsrne., We then restart compatation
from the o0ld boundarvy  lgver propecties  with the rnew free ostrzanx

ronditions. To this wav we roceed A piere wise manner alorng the

Body o oan oozt o,
There  si0 agrwy VOpat D3y g Y e, e for FDMY3L . The: froe oty osm
ity etgtrs tenrerghoge.. DU DY S m3. YLe ilthes B> 1rcut

Mirectlv-or mav be raleulated by the proaram 1tself . The program Wil
Calrulate the fres stream propertics: baced upcen the far ubstream totel
Nressure, total trmpesatore. mach oumber and shock wave AarQle. ‘EDLYEL

utel the Rand poc=Hygnnr ot Felatjoreg te Calruuiate the free atreasm

e coertades dawnetean of the whoch )y,
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The properties of the free stream Qas itself are also defined by
the user. The ratio of gsperific heats, the specific qQas constant. én'd:!
both t.hé laminar and turbulent Prandtl numbers mact be defined by the
ueer. The turbulent Prandtl numbher has been determined experimentally
tobe 0.9 far. most flows. but communicatior with the author indicates
that more sccursts resullts  are obtained if the t(urbulent Prandt}
number is set to Bs/9. The laminar Prandtl number is » functiom cof
vistnsity. which is in turn a function of temperature. [t's value b=z
calculated by the user and input for esch free stream condition,.
Another free stream property thst is user-supplied is the free stream
turbulence intensity. This value varies from 0.05% for wel] designed
wind tunnels to 100% for turbulent jets. [ref.lﬁ- p.2571].

The properties of the surface itself are described by thres

I TS A ) F S T arery-mmes =. ¢
soparote dsta failes. The first data file conmtains N arclenath-pressure:
pairs that def_ine the static pressure at the body's surface. (The user
determines the number of arclength-precsssure pairs, N). Specifying the
pressure 1n this marnner allows the user to impose pressure qQradients
upon Yhe boundary laver. EDDYBL uses a cubic splinme fit to determine
Fressures at intermediate pointe. ’

The vssacor-di;file defines the thermal properties of the surfsre.
Acain. M gete of arc lermgth, temperature and pressure values are
spelified. Note that only tempersture 0 heat flux need be specified.
If temperature 15 specified. heat flux will be calculated. If hest
tlux ig specified. then temperature will be calculated. |

The last data file specifies the body geometry of the surface and
the rate nof mass &ddition or removal at the wall. N sets of five

rnambére defijine the mass flus and body oeometry. Fpur of the rnumbers

gescribe the arc length, asxial distance, the radius from the center
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line, and the Jocal curvature for a given arc length. The fifth number
epecifi?s the mass flu~x at that.station.

Finmallv. within the program itselfl the user defines the angle
that the free stream males with the center line of the bodv. Also. tha
vrouaghness keight Reynolds’s number is defined to allow for different
curface roughnesses.

The arid resolution for the finite difference methed is also
determined by the user. Initial and final arc lenghts, maximum number
of stream wise steps arnd the initial step size are all defined b\
the user. The step size betwéen stations will be changed bv the

progranm 1tself as needed to maintain accuracy and conserve time.

Exizcuticn will be terminated when either the specified arc length has

bemin ngWv%‘b' broqrarr.‘l"\as reached the mavimum number of stresm
wise stens. Rlso. the user can specify the number of grid points
normal tn the surface. More points willd 1nc;ease the resolution but
will alsc 1ncrease computing time. The number of points nrormal to the
surfarze remaing constant. Also. the user must choose the model to tbe
us2d. The clowure coefficients for the models mav also be changed. bu*
tre author has shown the default values tn perform weill when comparer
te experamental results. (ref.\Y,81. Also, the velocitv profile of th=
troungdary  laver obevse the Sutherland Viscosity Law, althounoh 3 power
Jaw mav Ihi- invoked by the ucer.

Finallwv. the user must define bLoundary layerr properties if

-

starting from his own predetermined conrditions. The coefticient of

th o foietiu... the  houndasey Y oowre thicl reee, shapc fTactor. and
Teoanhl T sl Lszend e a o U e L ot el ] Lo supe)iend
the user e additiron trn the paramotere mortioned ol ...
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The program outputs boundary lJayer properties for each stream
. . . 17

wise station.lsee attached chest and ref &, pp.23-24 3. The output
lJisting is very complete ond easilv lerds itself tco comparison with
esperimental wots, Additionally. the program Outputs & boundary laver
rrofile a3t the last station and at anv I1ntermediste ststinn requested
by the user. It alsc creates an nutput fil; thst carr be used to
restart from the last station’s properties.

The program has several basic limitations. First, it 13 limited
tao laminar or turbulent. nrnon-rarified boundary layer analysis. a0
previously mentioned, the program cannot a;count for separation o-
shochk-boundary laver interaction. Also. free stream wvalues reméin
conotant throughout & given run. and if the free stream i3 indeead
vari1able thﬁn ihe program must b2 run in 3 serivs 6° stream wis:
eactions. #ach epction maintaining constant free stresam conditions.
Firally, the program is limited to twc-cdimensional analysis, although

trte effocts of stream wigse rurvature are accounted for in t- o

as1svmmrtriCc case.



Verification: EDDYB!

Program EDDYBL is a product of DCW Industries and has been tested by
the author for compressible flows ranging as high as Mach 5 and including
the effects of cooled walls and adverse pressure gradients. [19, p.11-13].

Accuracy of the computed values is shown to be within 8% of experimental

results.

Despite verification of the program's accuracy, there are a number of
factors affecting the program's application to hypersonic boundary layers.
Among these are surface roughness and freestream turbulence. Another
possibly important aspect which was not considered in this application
were real gas effects,. which become important at high Mach numbers. The
groups original intention was to compare the results of this program with
those of another boundary layer program which accounted for real gas
effects. This comparison was never accomplished. However, results in”
literature for high Mach number flows and communication with researchers
at NASA indicate that the freestream conditions under consideration are

not sufficiently severe to warrant consideration of real gas effects. [16].
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The following quantities are printed in the
portion of Program EDDYBL output.

Neme
BETA
CFE
CFw
D/T
DELTA
DLTAST
DPEDS
DTEDX
DUEDX
ECOUNT
EMAX
ES
ETAEDG
HD
IEDGE
ITRO
M

ME

MUE
NSKIP
NSTE
NSTW

PE
Qs

RE
REQBLT
RES
RETHET
RFCTOR
RMI
RVWALD

TAUD
THETA

UTAU

A?PRNDIX: fDDYBL OUTPUT PARAMETERS

seoiategpy
M N

(V20 JPEL N Ff.ﬁnt E’S

C-2

o2

OF FOCR QUALITY

integral parameter

Symbol/Equation Definition Dimensions

B=(2t/Ua)dU,/dt Pressure gradient parameter None

cye=2=./peve2 Skin friction based on edge density None

c,,=2cw/p“uez Skin friction based on wall density None

H=5%/0 Shape factor None

s Boundary-layer thickness ft

s¥ Displacement thickness ft

d(pe/p.U.z)/dE Dimensionless pressure gradient None

dTe/d¥ Transformed edge temperature gradient None

dUe/d¥ Transformed edge velocity gradient None
Number of points where k < 0 None

VBE¥(pk) gax/ Tw Maximum turbulent energy parumeter None

S Dimensionless surface dissipation rate None

Ne Mesh point number at B.L. edge None

h=qyu/ (Tw~Taw) Heat transfer coefficient Btu/ft2/sec/°R

N Total number of mesh points in B.L. None
Number of iterations for convergence None

m- o, Streamwise step number None

Me Edge Mach number None

He Edge molecular viscosity slug/ft/sec

- Number of points below u = USTOP None

h/pellecp Stanton number based on edge density None

h/evwleCp Stanton number based on wall density None

Pths/ueCp Nusselt number based on edge viscosity None

Prihs/wCp Nusselt number based on wall viscosity None

Pe Edge pressure 1b/ft2

Goy Surface heat flux Btu/ftzlsec

Pe Edge density slug/ft3

Re;;=peU°8*/pe Displacement thickness Reynolds number None

Reg=pgUas/ve Arc length Reynolds number None

Reg=palUe 8/ ke Momentum thickness Reynolds number None

r Recovery factor None

ro Body radius ft

" PyVw Surface mass flux slug/ftz/sec

s Arc length - ft

Tw Surface shear stress 1b/ft2

Te Edge temperature °R

] Momentum thickness ft

Ue Edge velocity ft/sec

ug Friction velocity ft/sec



Name
WCOUNT
XI

z

_ t=fpelakero2ids

Symbol/Bquation Definition
Number of points where w ¢ 0
Transformed sircamwise coordinate

z Axial distance

Dimensions
None

None
ft

- The following quantities are printed -in the profiles portion of
Program EDDYBL output.

Name

i

y/delta

—_ u/Ue
yplus
uplus

- k/Uexx2
omega
eps/mu
L/delta
uv/tauw

- T/Te

Symbol/Equation Definition
i Mesh point number
v/ § Dimensionless normal distance
u/Ug Dimensionless velocity
Yy zuey/w, Sublgyer distance coordinate
u*zu/u, Sublayer velocity coordinate
k/Ue2 Dimensionless turbulent kinetic energy
Ve““"ez Dimensionless dissipation rate
v/ u Dimensionless eddy viscosity
JEK7B%/ (w$) " Dimensionless turbulent length scale
(-pu’'v’/z, " Dimensionless Reynolds shear stress

.y;smn.nwature ratio

ORIGINAL PAGE IS
OF POOR QUALITY

-Dimensions
None
None
None
None
None
None
None
None
None
None
None
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A computer program entitled "Design of Supersonic Inlets by .
a Computer Program Incorporating the Method of Characteristics"
(Ref. 11}, dubbed "Inlet" by the propulsion group, was obtained
to aid in the design of the inlet of the scramjet. Inlet is a
sophisticated program written in 1968 by Bernhard H. Anderson of
the NASA Lewis Research Center in Cleveland, Ohio. Inlet is
based on ste;dy. inviscid, irrotational, two-dimensional or
axisymmetric flow. Its main solution scheme utilizes the method
of characteristics, which was originally developed in 1929 but
only practically implemented after the advent of modern comput-
ers. The method of characteristics as used in Inlet has its root
in two-dimensional potential flow theory. Not only is the poten-
tial function, phi, included (phi is actually'incorporated into
the method of characteristics equations), but the stream func-
tion, psi, 1is also included for determination of the diffuser's
physical boundaries by numerical 'mass flux integration. The
oblique shock relations are also extensively utilized to deter-
mine the flowfield; hence <continuity, momentum, and energy
equations are also considered in the <calculations. Additional
equations incorporated which yield design consideration data are
mass flow spillage and additive drag equations. The numerical
techniques used by Inlet to solve these equations simultaneously
include finite difference techniques, Runge-Kutta numerical inte-
gration.‘and iteration.

Inlet is particularly useful in designing scramjet inlets
since it allows the internal boundaries of the cowl or centerbody

walls along with freestream «conditions to be prescribed. This

s
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results in theAcalculation of the internal cowl and centerbody
wall geometries required for the input flow conditions. A useful
application of 1Inlet is to calculate the internal cowl and
centerbody boundaries from given upstream flow conditions and
desired downstream conditions at the entrance of the diffuser.
This is done by specifying forebody ramp geometry and freestream
flow conditions along with desired shock pattern at the cowl lip
and internal to the diffuser. Inlet then calculates the geometry
required to cancel or réflect the shock at either the cowl or
centerbody boundary by using the characteristic equations. Con-
currently, Inlet determines the placement of the boundary by
considering mass flux integration and performing iterations until
the mass flux obtained by the placement of the boundary equals
the initial mass flux entering the diffuser. In this manner, the
internal boundaries are constructed and printed out as part of
the output data. .The boundaries <can then be used to study the
off-design conditions for the scramjet inlet just constructed.
Some important phenomenon to be studied in the next two
quarters include the boundary layer, shock wave-boundary layer
interaction, and <chemical dissociation in the boundary layer.
Because inlet does not account for these phenomenon, a comparison
of the results obtained from Inlet at high freestream Mach
numbers (M>5) with experimental data in that regime will be
essential in justifying the wuse of 1Inlet for the design of the
forebody'énd diffuser geometry. Such a comparison performed in
the Inlet_déscription report (Ref 11) revealed good Inlet results

for Mach numbers less then 2.5. However, comparisons at M = 3.85

2o



begin to show deviation between the theoretical and experimental
data, probably due to the increased boundary layer effect at this
higher Mé@h number. Since boundary layer effects and shock wave-
boundary layer interaction become increasingly more significant
at Mach numbers greater than 5, the determination of the extent
of this deviation for Mach numbers at the design region is essen-
tial if Inlet is to be useful for the final design of the foré—
body and diffuser. Nonetheless, should deviations prove to be
significant, Inlet should at least yield some qualitative guide-

lines to consider in the final design of .the scramjet inlet. -
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INPUTS

Freestream Conditions

AMO

GAM

Free-stream Mach number

Ratio of specific heats (Use 1.4 for ideal gas)

Ramp Geometry

THETC
BETAE

ALPHA

Initial ramp angle, radians
Estimation of ramp shock angle

Deflection angle of second ramp (measured from tangent
of first ramp) -

Cowl Specifications

COWLA
THETAL

SPILL

XCowL

YCOWL

Initial interior cowl angle, radians

Location of cowl 1lip relative to spike tip measured
from centerline of ramp in radians (Note: THETAL
is used only when the cowl contour is unspecified.
Under this condition the cowl lip radius is 1.

Set SPILL = O to locate the cowl at along initial
shock wave. Set SPILL = 1.0 to locate the cowl at
THETAL.

x-coordinate of cowl lip position (Used when you want
to place the cowl lip somewhere besides at the location
where the ramp shock wave would intersect it. Use when
inlet geometry is known and off-design performance is
to be studied. Set XCOWL = 0O to place the cowl lip
along the ramp shock wave.)

y-coordinate of cowl lip position (Used when you want
to place the cowl lip somewhere besides at the location
where the ramp shock wave would intersect it. Use when
inlet geometry is known and off-design performance is
to be studied. Set YCOWL = 0O to place the cowl lip

-along the ramp shock wave.)

g9



OUTPUTS

Conditions in the Vicinity of Ramp Oblique Shock

Program outputs:

1. position of point for calculations

2. Mach number

3. angle of-flow

4. angle

5. ratio
front

6. ratio
front

of

of
of

of
of

shock wave

static pressure behind shock to static pressure in
shock

total pressure behind shock to total pressure in
shock

Conditions on Ramp Contour

l. x-coordinate of point

2. y-coordinate of point

L4

3. magnitude of velocity vector

4. flow angle

5. x~direction component of the velocity

6. y-direction component of the velocity

7. Mach number

8. ratio of static pressure to freestream total pressure

9. ratio of static pressure to total pressure behind the shock
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SPECIFYING COWL GEOMETRY

Cowl contour is specified by third-order polynomial of form
Y = R(I,1) + R(I,2) X + R(I,3) X? + R(I,4) x°

The coefficients are specified in sets from 1 to NR where

NR is an input variable specifying the number of sets of cowl

contour coefficients to be read in. Also the starting position

where the above equation is in effect must also be specified by

the variable COWL(I) which specifies the X-coordinate to impose
the specified set of coefficients.

Centerbody Specifications

Similiar to cowl specification, centerbody is express as a third-
order polynomial of the form

Y = S(I,1) + S(I,2) X + S(I,3) X2 + s(I,4) x3

The coefficients are specified in sets from 1 to NS where

NS is an input variable specifying the number of sets of
centerbody contour coefficients to be read in. Also the starting
position where the above equation is in effect must also be

specifiedphbsmmhhensrdebde—B6BY (1) which specifies the X-

coordinate to impose the specified set of coefficients.

Calculation of Cowl or Centerbody Coefficients

When the Cowl or Centerbody coefficients are to be calculated set
the corresponding coefficients equal to O and instead specify the
flow conditions within the inlet by specifying the following
input variables:

NTHR Number of internal isentropic compression sections.

AMT(J) Final Mach number specified for the end of the Jth
section, J = 1,NTHR .

THR(J) Length of Jth section.

ANG(J) Final surface angle (radians) of Jth section.

NIS(J) Number ot surface net points within THR(J).



Flowfield Specifications

START

DELP

PRINT

Initial net point spacing parameter for point loca-
tions. Flow properties are calculated at each point.
(A good initial value for start is 0.050)

Ratio of angular location of last inital data point to
inital shock angle. The program constructs the initial
datum line from the point on the surface, BODY (2), to
a point in the field whose angular location is DELP
times the initial shock angle.

Set PRINT = O to bypass the output printout for the
forebody flow field calculations.
Set PRINT = 1.0 to print flow field calculations.

Number of points in flowfield calculations.

Internal Flow

NTHR

ISHK

NSHK

Number of internal isentropic conpressions sections.

Used for off-design calculations only.

For on-design calculations set ISHK = 1.

For. off-design ISHK is index which specifies at which
centerbody location BODY (ISHK) the shock wave is
canceled.

Number of internal shock waves to be computed.

Set NSHK = 1 to cancel cowl lip shock.

NSHK - 1 specifies number of internal shock reflec-
tions.

Input Parameters

DELB

DELUI

ERROR

OFF

Initial increment used in cglculation of ramp shock
angle (set DELB = 1.4 x 10

Integration increment_gor conic flow field calculation
(Set DELUl = 1.0 x 10 7)

Convergence parameter (Set ERROR = 1.0 x 10™%)

Set OFF = 0 for on design calculations.

- Set OFF = 1.0 for off-design calculations.

NDIM

NR

ND

Set NDIM = 2 for 2-D case.

"Number of sets of cowl contour coefficients.

Number of increments in addiditive drag calculations.

qI



Conditions in the flow field.

1. x-coordinate of point

2, y-céordinate of point

3. magnitude of velocity vector

4. flow angle

5. x-direction component of the velocity

6. y-direction component of éhe velocity

7. Mach number

8. ratio of static pressure to freestream total pressure

9. ratio of static pressure td total pressure behind the shock

Conditions in the Vicinity of Cowl Oblique Shock

1. x-coordinate of point

2. y-coOMNSRREESFH TN
3. Mach number

4, flow angle

5. shock wave angle

6. ratio of pressure behind shock to pressure ahead of shock
7. rato of total pressure behind shock to total pressure

ahead of shock

Conditions along Cowl Contour Surface

1. x-coordinate

2. y-coordinate

3. magnitude of velocity vector
4. flow angle

5. x-direction component of velocity

6. y-direction component of velocity

7. Mach number

Q2



8. ratio of static pressure to freestream total pressure

9. rativ of static pressure to total pressure behind shock

Table of Cowl Coefficients

The program list cowl coefficients along with the x-coordinate
position where the coefficients become effective.

Table of Centerbody coefficients

The program list centerbody coefficients along with the x-
coordinate position where the coefficients become effective.
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gﬁlglc‘)“é\é- gﬁiinf APPENDIX CPIPE

CPIPE is a fortran program written in 1948 by G.Y. Anderson
of NASA Langley Research Center. CPIPE is a 1-dimensional, real
gas analysis of the combustion of hydrogen in air in a supersonic
channel (see'Figurehl). CPIPE was originally intended to perform
a one step analysis of the entire underbody flowfield, but can he
modified to only analyze the combustor region. Given the initial
upstream conditions and other inputs (see Tablepl), CPIPE outputs
the downstream l-dimensional flow properties. CPIPE allows for
several fuel injection points and allows the user to specify the
fuel Mach number, stagnation pressure and temperature, and angle
at  which it s injected. There are several other options
available regarding the boundary layer Lrancilion point and
mixing models u;ed (see Options, Table A1), In addition, CPIPE
contains some empirical relations Cintroduced by Chuck McClinton,

NASA Langley Research Center) which approximate the likelihood of

autoignition and flamehaolding.
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CPJPE uses the mass, momentum, and energy conservation
equations to perform a one step analysis of the flow properties
in a supersonic channel. The equations and the control volumes

they are applied to are shown explicitly below:

Control Uslumes

] [ - _!
w | | w | [ w | -
| l—-s's %l ﬁ) s e—n
' l
l
L] L | .
3“’;4,/ , awﬁ%’u &B/ .
(mass) _ ( Ener%ﬁ\ (momendv m>

Mass: w«ram*-—w% =0
E“er‘b\’b: Why oWy l’\n_ ‘f‘d@"’ wgl’\l‘g =0

. Momentum (PA +W\l)+ (F;&Nsm@ -er?V.; CD59>

X
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CPIPE performs a 1-dimensional analysis of the wall heating
in a':supersonic channel. Given the temperature distribution
along the wall of the channel, CPIPE will calculate the heat

flux. The equations used to calculate the heat flux are shown

explicitly below:

Wa\\ heat 'F(OX +found us&r\% Mod: feld Ro.sn_olds Rnalocj%t
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Abstract

The aim of this paper is to design and compare active cooling systems that met the
requirements of a hypersonic drone. The design procedure involved the determination of a
flight condition to be studied; justification of the use of an active regenerative cooling system;
and, finally, the optimization of the design of such a system. Several computer codes were
written to facilitate parametric studies of the design. Two designs are proposed: one utilizing
the hydrogen fuel as a coolant, and the other utilizing ethylene glycol as the secondary fluid.

Due to weight considerations, the hydrogen design was determined to be preferable.
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List of Symbols

Speed of Sound

Specific Heat (Btu/Ib R)
Acceleration due to Gravity
Altitude (Ft.) or Enthalpy(ft2/sec?)
Conductivity

Total Heat Transfer Rate (Btu/ ft?)
Time (Sec)

Area (f1?)

Drag = 0.5p,,V2CpA

Lift = 0.5p,,V2CLA

Mach Number = V/a

Pressure

Radius

Temperature

Flight Velocity (ft/s)




SUBSCRIPTS

B  body

d diameter

eq equilibrium

s stagnation

sh  shock value

SL sea level value

w  wall value

oo free stream

) inviscid edge of the boundary layer
SUPERSCRIPTS

- mean value

derivative with respect to time

SPECIAL SYMBOLS AND CONSTANTS

g

Le

L/D

gravitational constant at sea level
Lewis Number = Pr/Sc

Ratio of lift to drag

Prandt]l number

Reynolds number

sea level density

Stefan-Boltzmann constant



GREEK SYMBOLS
¢ Emissivity
¢ Viscosity

p Density



2 Introduction

The phenomenon of aerodynamic heating was first experienced on re-entry vehicles, where
heating rates on the order of tens of BT U/ ft%s were encountered for relatively short periods
of time. In spite of these high heating rates, the short time interval that the vehicles were
in the critical regime allowed the problem to be managed with passive systems, such as

ablative surfaces or heat sink structures.

Air breathing vehicles, generally experiencing less intense heating rates, tend to be in
the critical regimes for much longer periods of time. The aircraft skin does not possess
sufficient thermal capacity to act as a heat sink. In addition, requirements for reusablility

and turn-around time rule out ablative surfaces.

With these considerations in mind, the aim of the Thermal Management Group was to

design a hypersonic drone cooling system suitable for testing candidate National Aerospace

Plane (NASP) cooling systems. The hypersonic drone vehicle configuration was the same (see Append.x ‘3)

as that studied by the 1987-88 UCLA Advanced Aeronautics Design Class. The analysis

was focused upon the nose region of the drone since the computation of high stagnation
. . I : occorring

point heating rates is simpler and better understood than the heating rates eeeurimg within

the engine.

Due to the relatively low heating rates experienced at the drone nose, the use of a heat
pipe was unwarranted. Instead, the designed system was based on an actively cooled panel

concept. Although the actual thermal design of the NASP nose region would probably make



use of the heat pipe concept, there will exist panels elsewhere that will require an active
cooling system. The design presented here, then, is simply a test of that concept. It would
be judicious to point out that this thermal design is by no means meant to be directly
applicable to the nose of the NASP. Rather, it is the concept of actively cooled panels that
is currently under study; the system design just happens to be located at the nose region

of the hypersonic drone.
t

The design procedure involved the determination of a flight condition to be studied;
justification of the use of an active regenerative cooling system; and finally, the analysis
and optimization of the design of such a system. The aircraft configuration is presented

first, followed by a detailed description of the design procedure and results.

3 Determination of Flight Profile and Nose Geometry

To obtain useful data from flight tests, a suitable flight profile was established. In general,
the flight condition is governed by two basic parameters: altitude and Mach number. De-
creasing altitide will increase air density, resulting in increased heating rates and higher
equilibrium temperatures, particularly at high Mach numbers. Also, with an increase in
Mach number, specific impulse (ISP) and engine efficiency tend to decrease. Thus, given a
range of Mach numbers for scramjet operation (5-12) and a rough estimate of the fuel tank
size (8 feet diameter, 40 feet long), an effort was made to determine a flight condition where
active cooling was required (due to material limitations), while maximizing the flight time

for data collection and experiments.



A code called Hypersonic Equilibrium Temperature and Heat Flux (HETAQ) [See Ap-
pendix 2.1] was created to develop a data base of flight conditions. HETAQ varied Mach
numbers from 5 to 12, altitudes from 70,000 feet to 115,000 feet, and nose radii from 1 to
6 inches. Lees Approximate Method was used to determine stagnation point heating rates,
and an energy balance of the convective heat transfer with radiative cooling produced the
skin equilibrium temperature. A simple routine incorporating the thrust equation was used
to determine the total flight time available given the geometry of the proposed fuel tank,
Mach number, and altitude. The code calculated time to thermal equilibrium for aluminum
and titanium noses at each given flight condition. This was necessary to prove that the
time required for the craft to reach thermal equilibrium would be less than the cruise flight

time.

Once the data base was developed from HETAQ, the group selected a flight condition
suitable for the entire design team. Specifically, though a higher Mach number was desirable
for the propulsion group, the resulting shorter flight time proved to be incompatible with the
Thermal Management Group’s aim of achieving steady-state conditions. From the HETAQ
data, any speed faster than Mach 9 or 10 would result in the use of too much fuel and
thus create undesirable heating rates. Therefore, the speed was set at Mach 10, and the
altitude set at 100,000 feet. In addition, the nose radius was set at one inch, since a smaller
nose radius results in a higher equilibrium temperature (the temperature that would arise
without cooling). The higher temperature was desired to justify the use of an active cooling

system. Indeed, the equilibrium temperature for such a configuration is 4000°R, high enough



to require an active cooling system.

In summary, with a flight profile of Mach 10 at 100,000 feet, and with a nose radius of
one inch, results from HETAQ determined that the stagnation point and points aft required

cooling.

4 Methods for Computing Aerodynamic Heating

In the hypersonic regime, the aircraft endures the most severe heating rates at the stagnation
region of the body. A stagnation point is defined as the point on the body where a streamline
terminates. The stagnation region differs from the rest of the flow field in that the boundary
layer is at its thinnest. A large change in velocity near the stagnation point means a large
change in kinetic energy. This lost kinetic energy is converted to thermal energy in the
form of stagnation point heating. A thin boundary layer means the flow is at free stream
conditions very close to the body. Heat transfer is thus at a maximum where the boundary
layer thickness is at a minimum. The larger velocity gradient and the thin boundary layer

combine to make the stagnation region the area of critical aerodymnamic heating.

It is important to note that the boundary layer, defined as the region dominated by
viscous effects, has a finite thickness at the stagnation point. Thus, the flow properties at
the edge of the boundary layer, required by all of the methods discussed below, are the

properties behind the bow shock, NOT the stagnation properties.

Heat transfer rates from flat plates subjected to convection are given by equations of
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the form

gs = h(Teo — T), (1)

where h is the convective heat transfer coefficient. This quantity depends on the

Reynold’s Number

Re = &¥L
m

The length from the leading edge, L, is zero at the stagnation point. Therefore, instead
of relying on Re as a parameter, the methods discussed use the velocity gradient at the

stagnation point.

A method used extensively is the Fay and Riddell Method. Developed in 1959 at Avco,
it is accepted as the most accurate formula available, but is also one of the most difficult to

use (See Ref. 11). The heat transfer rate is given by

. 1 Pwhw 0.1 0.5 dVs o5 hp
s = (pstsVeo) “(hs — h s ™_1)—=
9 = T530p,06 ’_Ro( ol )" (Psts Voo ) ( w3 [1+(Le™ - 1) Rl @

where

Le = Lewis Number = 1.4

m

0.52 for Equilibrium Boundary Layer Flow

= 0.63 for Frozen Boundary Layer Flow

It is apparent that eqn.(2) is quite complex, particularly since terms such as the en-

thalpies and the velocity gradient are themselves derived from long equations.



Lees Approximate Method, presented in 1958 (See Ref. 11), resulted in a reasonably

accurate (+ or - 12 percent) value for stagnation point heat transfer rate.

) (3)

. 1 0.5n 0.5 VOO

For pencil and paper preliminary design, Lees Approximate Method provided the nec-
essary accuracy with the minimum amount of computation and the least chance for error.

Lees Approximate Method was also the chosen as the standard method by Hankey (Ref.

11).

Fortunately, the group had access to MINIVER, a software tool that calculates stagna-
tion point heating rates as well as heating rates at other regions. MINIVER utilizes the
Fay-Riddell Method among others, depending on the region and flow regime. Between Fay-
Riddell, Lees and MINIVER, the group was able to verify results quickly. This practice not
only served to increase the group’s confidence in the results but also to increase the group’s

understanding of the physical phenomenon.

So far, stagnation POINT heat transfer rates (F—ﬁg‘?) have been discussed. Before one

can speak of heat loads (g—fc'i), the heat transfer rates away from the stagnation point must

be determined and the frontal area must be known. The heat transfer rate away from the

stagnation point is given as a function of theta by

§ = 4,(C0OS6)3/? (4)



for 8 up to 60°. This correlation is accurate to within seven percent (See Ref.11). Since
five degree half angle nose cones are considered appropriate for hypersonic aircraft (See
Ref.4), theta varies from 0 to 85 degrees. This range is beyond the sixty degree limit of
accuracy, but is adequate for a first order approximation. Using the incremental area as
shown Figure 6, the above equation is integrated over theta to give heat transfer (g—%)
through the nose. Recall that heat transfer rate PER AREA decreases with an increase in
nose radius. However, total heat transfer increases with an increase in nose radius. This is
due to the increase in frontal area with larger radii. An optimum would have to be found
between the size of the nose radius and and the size of the conical portion of the nose.
Correlations exist that give heat transfer rates for flat plates at angles of attack. Using the

proper incremental area, these correlations can be integrated to find the total heat transfer

to the conical portion of the nose.

5 Mission Selection

The first step involved the derivation of stagnation point heat transfer rates (f—ﬁ-i“?) using
Lees Approximate Method for various flight conditions. Heat transfer rates were computed

in terms of nose radius and wall enthalpy, k,,, given by

hy = 0.234(T,) + (10)™3(T,,)? (5)

This allowed designers to vary the important parameters of nose radius and wall tem-
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perature at a given flight condition and determine the heat transfer rate. The following is

a list of some of the flight conditions examined. Stagnation point heat transfer is given by

. X hy
gs = ﬁ(l - 7) (6)

where X and Y are constants FOR THAT FLIGHT CONDITION.

MACH ALTITUDE X Y

6 50000 74.07  777.40
70000 49.02  782.70

8 50000 175.75 1307.02
70000 116.19 1315.11

9 100000 93.24 1704.68

10 50000 343.30 1987.30
70000 226.95 2000.45

A graphical summary of this data is given in Figure 2 for various nose radii and flight

conditions. In addition, sample calculations can be found in Appendix 1.

At this point, the worst case must be examined. Provided there exists no active cooling
scheme and the structure of the vehicle does not act as a heat sink, the final equilibrium
temperature of the nose must be determined. Even if the heat from aerothermal heating is
not bled off by a coolant or absorbed by the structure, energy is still lost to the surroundings
via radiation. There exists some temperature such that the amount of heat coming in due

to convection is exactly equal to the amount of heat leaving due to radiation (See Figure

11



3). This temperature is called the equilibrium temperature and can be solved for by using

the following equation.

q's = €a(Tv.‘::,eq - T:o) (7)

T can be taken to be zero and as a first estimate, ¢, the emissivity, can be taken to
be 0.85. For the same flight conditions listed above and a nose radius of four feet, the
corresponding equilibrium temperatures are given below.

MACH ALTITUDE [ft] EQUILIBRIUM TEMP. [R]

6 50000 2225
70000 2090
8 50000 3025
70000 2810
10 50000 3777
70000 3525

Note that even with such a large and impractical nose radius, the equilibrium tempera-
tures become too high for a conventional material such as aluminum. Therefore, an active
cooling system must be designed that can maintain the nose at a reasonable temperature.
Figure 4 shows equilibrium temperatures at 100,000 feet as a function of Mach number
and nose radius. Note that at our designated flight condition of Mach 10, 100,000 feet the

equilibrium wall temperature is about 4500R.
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The next parameter that must be examined is the time required for the nose to reach
equilibrium, provided no heat is bled off by a coolant or absorbed by the structure. An
approximate energy balance that gives an estimate of time required to reach equilibrium

skin temperature is given by

PCoV (Tuw,eq = Tinitial) = §s AAL — 0€A(Ty eq — Too ) At (8)

Assuming an “eggshell” type structure of uniform thickness, times on the order of sec-
onds are required to reach equilibrium (See Figure 5). Aluminum, 1/16” thick takes the
longest to reach steady state. In reality, there would exist some support structure behind
the shell (spars, ribs, etc.) that would act as a heat sink and lengthen time to equilibrium.
However, the craft would have to be accelerated to its target flight condition. As it passes
through the lower Mach numbers, it would experience aerothermal heating. Therefore,
when the clock “starts”, Tinsiq is already greater than the temperature at launch. Despite
these complications, it is obvious that a drone at the designated flight condition would easily

reach thermal equilibrium within the estimated 5.32 minute burn time.
In summary,

1) There exists several methods, including the code HETAQ, that allow rapid and ac-

curate calculation of stagnation point heat transfer rates.
2) The stagnation point is the area of critical aerodynamic heating.

3) Correlations for heat transfer rates can be integrated over frontal areas to determine

13



total heat transfer (g—:%) for a reasonable first estimate.

4) Heat transfer rates and heat loads at hypersonic speeds are large enough to warrant
design of an active cooling system for any vehicle that spends more than even a few seconds

in these regimes.

5) Due to propulsion and drag considerations, Mach 10 and 100,000 feet is chosen as

the target flight condition.

6) With an estimated flight time of 5.32 minutes at Mach 10, 100,000 feet, the nose of

the aircraft should reach thermal equilibrium long before the hydrogen fuel runs out.
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6 Analysis and Design of an Active Cooling System

High heating rates at the nose of the drone dictate that the coolant be routed from the
tank to the stagnation region and then back along the cone before being routed to the
scramjet (See Figure 7). The design is broken up into two parts; impingement cooling and
panel cooling. Impingement cooling takes place in the manifold immediately behind the
stagnation region where a single jet of coolant impinges on the inside surface of the nose
and is then routed into numerous tubes. Panel cooling takes place after the coolant enters

the tubes and is modelled by a fin analysis.

Both impingement cooling and panel cooling are modelled in the Actively Cooled Struc-

ture Evaluation System (ACSES), a FORTRAN computer program written by the authors.

6.1 Impingement Cooling

A method commonly used to cool the leading edge of a gas-turbine airfoil involves the
impingement of a jet of coolant against the leading edge’s inside surface. Impingement
cooling can also be applied to the nose of the hypersonic research vehicle currently under

study by the UCLA Advanced Aeronautics Design Class.

In Ref. 13, Livingood presents Nusselt number correlations determined experimentally
for jet impingement upon a concave, semi-hemispherical surface. Since the nose of the
hypersonic test vehicle was modelled as a semi-hemisphere, a subroutine program called

upon by ACSES utilized these correlations in determining the final fluid bulk temperature
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exiting the semi-hemisphere manifold.

The geometrical parameters of the manifold (see Figure 8), including nozzle diameter,
d, nose radius, R,, and distance between the nozzle and the nose inner surface Z,, were
input into the program. These parameters could be varied to optimize the manifold design.
The fluid bulk temperature entering the manifold from the nozzle (T} »o ), and the coolant
mass flow rate through the nozzle, M FR,,,, were also input and optimized. Finally, fluid
properties for two different coolants were used. The program outputted the fluid bulk
temperature exiting the impingement cooling apparatus, Tyout- This Tp oy value was then
returned to the program as the inital coolant temperature entering the active cooling tubes

extending aft of the nose.

The procedure used to find T} ,,; was an iterative one. First, an initial guess was made

for Ty ous. Fluid properties were then calculated based on the film temperature Tyi1r,:

Tjilm = O-S[Tw,maz + 0~5(Tb,noz + Tout)]s (9)

where T, 1m0, Was the maximum allowable wall temperature. For the design considered, the
nose wall was assumed to be at T, e, for the maximum efficiency of the design. T\, maz
itself was considered a conservative value since it was taken as half of the material’s melting

temperature.

The average Nusselt number correlation, N gy, for jet impingement on a concave semi-
hemisphere, as presented by Livingood (Ref. 13), was used to determine an average heat

transfer coefficient hyy.. The correlation and the resulting average heat transfer coefficient
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are presented below.

Nugye = 2.98Re°'585(%)1'10(%11)'0'007; (10)
howe = Tl (1)
where,
Re = Reynolds number based on nozzle diameter, d
D = 2 R, = nose diameter
k = thermal conductivity of the coolant

Once the average heat transfer coefficient was obtained, the total heat transfer into the
coolant was evaluated. The coolant heat transfer was equivalent to the aerodynamic stag-
nation point heating of the nose minus the radiative cooling. Thermal resistivity through
the thin-skinned, highly conductive nose was considered negligible in this analysis. Thus,

the coolant heat transfer was:

Geoolant = Gnose — Gradiation (12)
where ¢nose Was a function of the stagnation heat flux as determined by Lees’ approximate
method of stagnation heating in Hankey’s report (Ref. 11), and outlined in Appendix 1.
Given the surface area of the nose, the temperature exiting the manifold could be easily

determined:

Gcoolant = haueAaurf(Tb,out - Tb,noz) (13)



or,

Gcoolant

Ty out =
biout haveAcurj

+ Tb,noz ( 14)

This Tp ou¢ Was then compared with the initial guess, and the entire procedure was repeated

until the values for T ,y¢ converged.

6.2 Panel Cooling

The coolant tubes were placed equidistant apart on the cone. The distance between the
tubes L, was therefore only a function of x, the distance from the manifold. This symmetry
of the geometry and the assumed symmetry of the aerodynamic heat load dictated that only
one of the coolant panes need be considered. These panels were then divided into slices of

width and analyzed accordingly.

px
fig a. ux
2
3 -1
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A

The analysis was divided into three modes of heat transfer: convection from the coolant

to the inside wall of the tube; conduction from the inside wall to the outside wall of the tube;
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and conduction from the base of the fin through the nose cone wall (which was modeled as
a fin). Given an initial coolant fluid temperature, the goal of this analysis was to calculate

the maximum temperature of the panel.

6.2.1 Fin Analysis Due to symmetry, coolant temperature at a given x location
was independent of the particular tube. This fact implied a temperature profile shown

below, with %% = 0 at the midpoint section of the two adjacent tubes.

|
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The analysis was then simplified, in that only half of the panel need be modeled by the
fin. The fin endpoints were the base of the tube and the midline of the two adjacent tubes.

A detailed derivation follows.
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q(x) = Heat flux
Xakin = Thickness of skin.
T, = Base of "fin” temperature.
X1,X2 = Station locations: Ax = x; — 2,

Performing an energy balance in the y direction:

eAssume Top surface adiabatic: Temperature and heat flux constant across width Ax

qAcly — qAclysay + g Pdy = 0 (15)
A. = cross sectional area = t-Ax
P = exposed perimeter = Ax

eDividing by dy and using the definition of a derivative and Fourier’s Law: ¢ = —k%i—'

the above equation becomes:

T
ktw-i-q,(a:)—o (16)

sHowever, it was assumed the temperature did not vary across the width Ax so an ordinary
differential equation was obtained (Eqn 17):

2

d*T
kta?'l-qs(z) =0 (17)
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eBoundary conditions:

dT L
—=0...... = = 1
dy 0 y 2 (18)
T=1T,...... y=0 (19)
elntegrating twice:
— 4(z) ,
= "ok v+ Ciy+C; (20)
*Applying the boundary conditions, and solving for the constants, Eqn 20 becomes:
7= 28z _ypyg, (21)

2kt

Equation 21 applies anywhere along the fin; however, the temperature of interest was the
midline temperature of the panel, which was the maximum temperature the panel of skin

would reach: TF% = Terit

L2

Tcn't = qa(z)( 8kt

)+ T, (22)

T,, the temperature at the base of the fin which was the same as the temperature on the

outside wall of the tube, was calculated from the conduction and convection analysis.

6.2.2 Convection The total heat that must be absorbed by the coolant fluid was
equal to twice the amount of heat absorbed over the surface area of the fin, as heat was

entering the tube from both sides

Q = L(z)g,Az (23)
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The flow in the tube was turbulent with a high temperature gradient at the wall. Thus

a convection correlation given by Incopera and DeWitt(Ref. 9) was used to best fit the

conditions.
Nug = 0.027Re’/* pr1/3( £ 014
Hs
mu = dynamic viscosity at the mean temperature of the fluid
mu, = dynamic viscosity at the wall temperature
— Ud
Red = 7
valid if:

0.7 £ Pr £ 16,700,

Rey > 10,000,

4d > 10,

eThe heat transfer coeflicient can be calculated from the Nusselt number:

Nughk
h =
5 (25)
eFrom Newton’s Law of Cooling, the temperature of the wall can be calculated:
_ Q
Twall = Tm + hAxc (26)

The properties were evaluated at T, the bulk mean temperature of the fluid. T}, was

calculated by using a heat balance. Knowing an initial T in, T(m, out) can be calculated:

Q
mC,

Tm,out =

+ Tm,in (27)
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Therefore, the temperature of the inside wall was now known and could be used in the
conduction analysis to calculate the temperature on the outside of the wall of the tube, or

T,, as it was referred to in the fin analysis.

6.2.3 Conduction

fig d.

The equation for conduction heat transfer through a plane was used to calculate the
outside wall temperature, T,. The heat was assumed to flow through the bottom of the tube
only. A fin analysis of the circumference of the tube demonstrated a rapid
decrease in wall temperature after approximately 30 percent of the diameter. Because the

tube was welded to the nose wall, additional heat transfer would occur. Thus, 50 percent
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of the surface area was chosen as the effective area of conduction.

drAz
2

Acond = (28)

Treating the tube as a flat plate of thickness z¢ype, and thermal conductivity kiype, the

heat rate is:

Ktube
Q= J." d Acond(To — Twan) (29)

tubde

This equation can be solved for T,

taube
° ktube Acand i ( )

The conduction heat transfer and the convection heat transfer equations were combined
into a thermal resistance network. Conservation of energy implied the heat rates, Q, used

in equations (26) and (29) must be equal.

Ry R~
network G—_AANV\W‘*-O'————’MMAN\/_‘_O

TO . Tw T

Ttube
R = —— 31
! ktubeAcond ( )
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(32)

_ 1 Tiybe
To B Q(hAcross + ktubcAcond) + Tm (33)

Finally, T, can be calculated from eqn. (33) and T, from eqn. (22). The objective
of the design was to keep T, less than the maximum allowable temperature for the nose

cone material, 7,,,z.
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7 Results/Discussion

Two design configurations were evaluated. One utilized liquid hydrogen as the coolant
and the other a 30 percent aqueous glycol solution. The hydrogen configuration was
composed of supercritical hydrogen flowing directly from a highly pressurized fuel tank to

the active cooling system design. The hydrogen was then diverted back to the scramjet

engine. The ethylene glycol design consisted of glycol circulating through a closed loop -

system including a pump, a heat exchanger, and the active cooling system design.

Both the designs were formulated with three common constraints in mind: the
critical temperature was to remain less than the maximum allowable material
temperature; the coolant velocity was to be less than the fluid speed of sound; and the
pressure loss was to be kept as small as possible. A description of the specific constraints
applied to each design is presented below.

The critical wall temperature for both designs was set at 1000 K. This corresponded
to half the melting temperature of the wall material, molybdenum. This constraint was the
most critical for both designs.

In the hydrogen design, the constraint placed upon fluid velocity was the most
restrictive. The highest value of fluid velocity occurred in the nozzle entering the
manifold. The fluid temperature in the nozzle was assumed to be equal to 20 K. The speed
of sound of supercritical hydrogen was then found to be 1675 m/s (Appendix 4). The
pressure of the hydrogen stored in the fuel tank was assumed to be approximately 3000 psi.
It was decided to set the maximum allowable pressure to twenty-five percent or 750 psi.

Similarly, the glycol design constraints were determined. The speed of sound was
1644 m/s (Ref. 6), and the maximum pressure loss was assumed to be about 700 psi, to limit
the size of the pump required. An additional constraint placed on the glycol design

involved the temperature range of the coolant. The freezing point of a 30 percent aqueous
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glycol solution is 257 K; this temperature was chosen as the minimum coolant temperature.
The maximum coolant temperature was chosen to be 420 K (Ref. 6).

Once given the design constraints, various parametric studies were performed and
several observations were made. In order to decrease the pressure loss, large tubes or
smaller coolant mass flow rates were needed. However, with a smaller mass flow rate, the
nose temperature increased and more tube branching was required. The larger the tube

weS

size, the less efficient"the heat transfer in the tube. Hence the critical wall temperature

increased with increasing tube size.

7.1 Final Designs

Liquid Hydrogen Coolant Final Design:
After parametrically varying mass flow rate and tube geometry, the liquid
hydrogen design converged upon the following configuration (see Appendix 3.1):
mass flow rate : 3.5 kg/s
Tube diameter : 4.88 mm
wall thickness : 2mm
initial number of tubes : 24
Branching locations : 0.225 m, 0.875 m, 21m, 3.55m
Coolant velocities are kept well within the sonic range in both the impingement
nozzle (806 m/s) and the tubes (281m/s). System pressure loss is also kept to a minimum of
about 150 psi. Outlet coolant temperature is 703 K. Therefore, all of the previously
mentioned constraints were satisfied.
Increasing tube size would lower the pressure drop even more for the same mass
flow rate. However, the fewer number of tubes allowed would result in the critical
temperature being exceeded. Hence, 4.88 mm diameter tubes are the largest standard

tubing that can be used with out fear of the craft exceeding the critical temperature.
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30 Percent Aqueous Glycol Solution Final Design:

The critical aspect about the glycol coolant design was minimizing temperatures
near the stagnation region. This was accomplished by using small tube sizes and as many
tubes as allowed by the geometry. Since the density of this coolant is much larger than that
of liquid hydrogen, and since the glycol flows in a closed system with a heat exchanger,
high mass flow rates could also be used to minimize initial wall temperatures. This,
however, created large pressure losses which would have to be overcome with a powerful
pumping system.

The following configuration was determined to best satisfy the design constraints
on wall critical temperature and coolant pressure loss (see Appendix 3.2):

mass flow rate : 150 kg/s

Tube diameter : 6.5mm

wall thickness : 2.5mm

initial number of tubes : 20

Branching locations : 0.1m, 0.75m, 1.9m, 4.35m

The velocity of the coolant remains within the sonic limit both in the impingement
nozzle (953 m/s) and the tubes (224 m/s). The outlet temperature of the glycol solution is 418
K. The pressure loss in the system is relatively high (1422 psi). Therefore, all of the
constraints were satisfied save that of pressure loss.

This high pressure loss was found to be unavoidable. In order to keep the critical
wall temperature below 1000 K at all stations, a high mass flow rate and a thick skin were
required. Since‘weight is a critical issue in any aircraft design, the 2.5 mm wall
thickness was judged to be as thick as desired. Taking all of the above into consideration, a
compromise on the pressure loss was required. This resulted in a pressure loss 722 psi

greater than the imposed design constraint.



a
Because the ethylene glycol design required heat exchanger, a preliminary heat

exchanger analysis was performed in which heat transfer coefficients of liquid hydrogen
and glycol were compared. Given a tubular counter-flow heat exchanger, calculations
were performed (listed in Appendix 1.5), and it was determined that the heat transfer
coefficient for the liquid hydrogen was only about two to three times smaller than that of the
ethylene glycol, given similar conditions. Thus, a configuration of bare concentric tubes
could be used without fins on the inner tube extending out into the liquid hydrogen. If the
proposed ethylene glycol design was chosen as the preferable design, the next step then

would be to utilize software capable of designing such a heat exchanger.

72 Comparison of the Two Designs

The liquid hydrogen design met all of the design constraints with a satisfactory
margin of safety, whereas the ethylene glycol design failed to meet the pressure constraint,
and met the temperature constraint with a very low margin of safety. In addition, the
ethylene glycol design required a heat exchanger and a large pump, as well as a greater
skin thickness, all of which add considerably to the weight of the drone vehicle. Therefore,
the liquid hydrogen design was deemed the better of the two.

One concern about the liquid hydrogen design is safety. In particular, a leak may
prove to be disastrous for such a highly pressurized system of hydrogen. Because ths will be
placed on an unmanned drone vehicle, weight considerations dictated this small
compromise in safety. In application to the NASP, however, appropriate safety measures

. . ocecurrence.
could be taken to insure against such an ceeureRee.

A



8 Summary

Given an existing configuration, the authors determined a suitable flight condition for a
hypersonic drone that would require some form of active cooling scheme and provide the
propulsion group with an adequate challenge. The flight condition chosen was Mach 10 at
100,000 feet. The authors wrote a FORTRAN program called HETAQ (Hypersonic Equilibrium
Temperature and Heat Flux) that parametrically varied Mach and altitude while computing
equilibrium temperatures, heat fluxes and flight times for each flight condition.

Heating rates for regions aft of the stagnation point were derived for the chosen flight
condition. An active cooling configuration was determined and consisted of coolant impinging
on the inside of the skin at the stagnation region and then being routed through numerous tubes
running back along the inside of the nose cone.

The authors wrote ACSES (Actively Cooled Structure Evaluation System), a FORTRAN
program that allows the user to vary tube and manifold geometry, mass flow rate, and coolant to
observe what effect these parameters have on critical temperature, coolant temperature, and
pressure loss.

A design for liquid hydrogen coolant was formulated that optimized pressure loss and
mass flow rate, given imposed design constraints. A design for ethylene glycol was also

formulated. The hydrogen design was deemed the better of the two for the drone vehicle, based

on weight considerations.
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Skin Equilibriun
Temperature Calculation

Energy balance on skin assuming no
heat transfer through back-face:

convective heat _ radiative heat
~ transfer - transfer |

. 7.

A = q, A =

q— L

4 A = €A (TS -Td)

v.eq

g, = heat flux at stagnation point from
Lees approximate method

A = area
‘= emiss1vity of material
C = Boltzmann constant
T, .. = equilibrium wall temperature

v,eq

Te = ambient air temperature

T, o VS calculated as a function of
" altitude, Mach number and nose
radius to obtain a data base

/:/jJ-)



MACH NUMBER

nnw Altitude = 100,000 feet
e Flight time varies from 2. 75 min for Mach = 8
— to 0.68 min. for Mach =12. Vol. fuel = 2010.61 ft 3
o3 Drag Coefficient = 0.20 m " w m wﬁ 23" .?N 221"
ok R = nose radius (in.) )
E
O
©3
-]
3
O I~
1 R=1" Flighttime = 1.8 min R
o3 M=9 T, =4,000°R T
< a ~\\ This condition is possibly
@ 7 the best that can be achieved
n using adrone. However, the
. NASP encounters more
o severe heating conditions.
O3
00 -
.
O
O-—.4.-&.—_-___-q__ﬂ—_]J\q-_q____q__-___4____-_—ﬂ—_~d_-_-__
00.00 3000.00 3500.00 4000.00 4500.00 5000.00 5500.0

FQUILIBRIUM TEMP. (deg R)



Time to Skin Equilibs
Temperature Calculation

Approximate energy balance to give an
estimate of the flight time required to
achieve the equilibrium skin temp.

P CV(TV.eq" Tinitial) =
quAt -0E A ( Tv,eq -Te )At

Some sample materials

at 100,000 ft; Mach 9: radius = 1"
flight time = 1.8 min

Skin Thickpess

| mm 1/16"
Aluminum: 3.8 sec| 6.0 sec

Titanium: 2.7 sec| 4.3 sec

R i

—_ ckness _

((1]5‘__ @eatsink qs - qr
r

ng 5
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i Combined Impingement and
, Actively Cooled Panel Concept
- for the Drone Nose:

‘-\
- q(x)
' SV — - LHj to scramjet
W//AS
~ Tm - 7‘\ VIS WA
17\ K
y 7
- y / r%"’?/manifold
Impingement | { :
~Cooling *( (: v __)="2— LH, from tank
— .4"". £ small tubes
W ‘
_ X\ o
{ ' side VieW % Y2y~ LHj to scramjet
_ \ ) Thax due to
| \ / "fin" effect
\\ /I .’

end view

< * Maximum skin temperature is midway between coolant tubes
* Tubes welded to skin chosen to simplify fabrication

- fig 7 *



Impingement cooling at nose

<& Liquid

l nozzle Td hydrogen

* Livingood’s correlation for Nu = f(Re, geometry)

Nu=298 (Re) 8% | d 110 (2 70007

D = hemisphere diameter
Zn =nozzle exit-to - target separation
d=nozzle diameter

* Average heat transfer coefficient, h = Nu * k

d
- q
* (Tin - Tnoz) = nose ___—.red
area * h

Sm——

e &



Appendix 1: Sample calculations



Appendix 1.1: Stagnation Point Heating
(Lees' Approximate Method)
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Appendix 1.2: Heating Rate Away From Stagnation Point
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Appendix 1.3: Heating rates for Noses of Various Radii
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Appendix 1.4: Equilibrium Temperature Calculation
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Appendix 1.5: Preliminary Heat Exchanger Analysis
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Appendix 2.1.1: HETAQ Description



HETAQ Manual:

We used Lees Approximate Method in HETAQ because it quickly and accurately deter-
mined stagnation point heating rates. From there, obtaining the skin equilibrium tempera-
tures for varying flight conditions was just a matter of equating two equations and solving

for the unknown.

Using the simple energy balance equation:
convective heat transfer = radiative heat transfer

qs = qr

the convective heat transfer qs s identical to the radiative heat transfer ¢,. So we can

now equate g, with the radiative heat expression:
9s = ¢r = 5U(T$a11 = T:o)

Now, equating the expression of g, from Lees Approximate Method with that from the
radiative expression and solving for the unknown wall temperature Tqy gives a fourth order
equation with which Newton’s Method was used, iterating to solve Twant with the HETAQ

code.

Due to the limitations of fuel it was necessary to determine how long it would take for
the nose to reach its equilibrium temperature. If it is longer than the calculated flight time,

then the data obtained is in the transient region, and possibly not as valugable as data

“)l



taken at a cruise equilibrium temperature. Therefore, this time calculation was a valuable

deternvnia

step in detesming what the proposed flight condition would be.

In calculating the time it took for the skin to reach this equilibrium temperature, an

approximate energy balance was used to give an estimate of the flight time required:
PCV(Tuw,eq — Tinitiat) = s ADL ~ 0€A(Ty eq — Too )AL

This equation assumes that the nose piece is a simple thin skin structure (no heat sink)
which is actively cooled to the desired wall temperature—to be determined by the material’s
thermal properties. The time needed to reach equilibrium is quite short for the materials

. . . . . . n .
we analyzed. Using a thin titanium skin around 1 mm thick would only require* time of

1.8 minutes. This should leave enough time for equilibrium data to be taken.

Here is a summary of the process used. Calculate what the stagnation point heating
rates will be using Lees Approximate Method. Then, determine what the skin equilibrium
temperature will be, using the ¢, = ¢, energy balance equation. Now, in order to show that
there will be a heating problem, if the equilibrium temperature is greater than the limiting
temperature of the nose material, active cooling must be used. To determine how muchj
cooling will be necessary, set the wall temperature at the limiting material temperature and

use Lees Approximate Method to determine

95 = ¢r + Geool

where g, is the cooling rate to be determined by the active cooling system.
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Appendix 2.1.3:

HETAQ Results
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JLlol

i DIM T(4.12.6),0(4,12.5>.FL(4,12,6),TR(4,12,6),T1(4,12.6),T2(4,12.6).I

SP(12).TS(4,12,6,4)

2 TEXT : HOME : READ N: FOR I = | TO N: READ ZCIY,ROCIY,TICIY,CSCI): NEXT

It REM READ IN DATA...ALT (FT). DENSITY (SLUGS/FT"3), TEMP INFINITY
(R), SPEED OF SOUND (FT/SEC)

4 READ NUM: FOR I = | TO NUM: READ M$(1>,CP¢I),DNSCI).TH(I): NEXT : REM

READ IN MATERIAL PROPEPTIES

S FOR I =8 TO i2: READ ISP(Is: NEXT : REM ISP FOR MACH =

6 E

Z
DI

a ~)

= 0.85:S = 4.81E - |3:P] = 3.141592654:S0 = 605: REM SET SIGMA, EMMI
SSIVITY, PI, PLAN FORM AREA (FT"2)

= 0.0!l: REM ACCURACY SETTING

= 8:L = 40:CD = 0.20:HD = 4.42: REM set dimensions of tank, drag co
eff, density of li1gq hydrogen

9 VOL = PI # ((DI / 2) ~ 2) #» L:WH = HD # VOL: REM voi, welght of HZ in

10

97
98
99
3
i
!
.
210
220
230
240
500
600
610

620

I
967

" 998

996

1000

1010

1050

1060
1079
3

1inn

1200

ft°3, Lo

PPINT : PRINT “(Ajutomatic calculation or (M>anual? “:: INPUT I
$: IF I$ = “M" OR I$ = "m" THEN 2000

REM

REM VARY PARAMETERS

REM

2: REM MACH NUMBER
: REM PADIUS IN INCHES
)

RO
ISP = ISP(M)

GOSUB 5000: GOSUB i0000: GOSUB 30000
TCILM.K> = INT €100 # T> ~ 100:0¢1.M,K> = I{NT (100 » G - 108

FOP L = 1 TO NUM:TS¢I,M,K.L> = INT €100 % DNS(L) » CPCL)> = TH(L) #
(TCTLM.KY - 5000 » QCI.M.K)) / 100: NEXT L

FLCILM.K> = INT €i00 # FL) - 100:TRCI,M.E> = INT ¢1CC » TR) 7/ 10C:
REM FL= FUEL FLOW. TR = THPUST
TUUTUNLES = TITEIMLEY = T2

pE

REM SAVE DATA TO DISK

REN

PRINT CHR® (4):"OPEN HETAQ.DATA"

PRINT CHR$ (4):"WRITE HETAQ.DATA"

PPINT "Initial conaitions:“: PRINT : PRINT "Density of hydrogen =
"$HD:" Ipo/ft*3"; SPCC 3):"Tank: tength = "L ft Diameter
= ";DI:" £t

PRINT "Fuel: Volume = ":VOL:" ft-3*;: SPCC 5);"Weight = ";WH
PRINT "Cd = ";CD; SPCC 3):"Pian form area = ";80:" ft°2
PRINT

FOR I = 4 T0 4

PRINT : PRINT : PPINT “Altituge = ":2¢]):" ft

FOP M =8 TO 12

-~

g
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7 FRINT  SPCC 3y Macn = "M

laud FOP K =1 TG 6

") PRINT SPC¢ 6):%“Radius = *:iK:" inches"

iodll PRINT  SPCC 9)i"Nose equil temp = *$TCI,M, kK0t Bri SPCC $)i0g = "
OCI.M.K):" ptu / ft°2 sec”

1710 PRINT : PRINT SPC( 9):“Steaav state reached I mm 17
16": CHR$ (34);" (1.5%9 mm)"

1720 PRINT SPCC 20):Msc13:": "; SPC{ S53:TS(I,M,K,1);" sec”; SPC( 8):TS
(I,M,K,2);" sec"

1730 PRINT SPCC 19):M$(3):": “: SPCC 5):;TSCI,M,K,3);" sec"; SPCC 8):TS
(I1.M,K,4):" sec”

1800 REM FLIGHT CONDITIONS

1810 PRINT : PRINT SPCt( 9);"Fiight conditions: ISP = ":ISP(M);" sec

Thrust = "3TR(I.M,X):" ibs"

1820 PRINT SPC( 29):“Fue: fiow rate = “:FL(I,M,K)>:" Ip/sec’: PRINT SPC(
29):"Flight time = "TI(I,M,K):" sec Flight time = ":T2¢(I,M,K>:" m
Inli

1890 NEXT K,M.I
1900 PRINT CHRS® (4):"CLOSE HETAQ.DATA
1901 END

1997 ReN
1998 REM DO MANUAL CALCULATIONS
2000 REX

2010 PRINT : PPINT : INEUT “Mach numper = " :M
2050 INPUT “Density = *:RC

2”70 INPUT "Speea of sounc = ":CS
¢ 3 INPUT “TCinfinirvs = “:T1
2”0 INPUT *"Nose raaius = (1n ft)":K:% = SOR (K)

< O ISP = ISP(M:

2200 GOSUB 5000: GOSUB3 100C0: GOSUB 30000

2205 PRINT "Initia! conditions:": PRINT : PRINT “Density of nvarogen =
"tHD:" losft 3": SPCC 3):“Tank: length = ":L:" ft Diameter = ":DI:"
fro

2206 PRINT “Fuei volume = ":VOL:“ ft 3"; SPC( 5):"Fuei welight = ":WH

2207 PRINT "Ca = ";CD: SPCC 5):"Pian form area = “;S0:" ft 2": PRINT

2210 FOF L =1 TO NUM:TM(L> = INT <100 » DNSCL) » CP(L> % TH(L) % (T -
500> » Q) 7 100: NEAT L

2300 PRINT : PRINT : PRINT "Equ:iiibrium temp = “:T:" R“: PRINT “"Heating

rate = ":0:" ptu - ftr°2 sec

COTTTNT o TETNTORTIU 95 Steacy state reacheq L mm 1
16": CHR® (34):" (1.59 mm>

2320 PRINT SPCC 20):M$C[):": “: SPCC 5):TM(1):" sec'; SPC( 8):TM(Z):"
sec’

2336 PRINT SPCC 19);M$(35:": ": SPC( 5):TM(3):" sec”: SPC( 8):TM(4):"
sec"

2400 PREM FLIGHT CONDITIONS

2410 PRINT : PRINT SPCC 9):"Fiight conditions: ISP = ":ISP:" sec Th

rust = ";TR:" lIps"

2420 PRINT SPCC 29):"Fuei fiow rate = ";FL:" Ib/sec”: PRINT SPC( 2901
“Flight time = “;T1:" sec Fiitght time = *:T2:" min*®

2500 GOTO 2010
7 REM

4998 REM CALCULATE COEFFICIENTS

<« REM

5000 V =M # CS:A = (2.192031E - 8> % ¢ SQR (RO)) # (V # V # V) / (E % S
>

5012 =(T] / 43 + (V % V) » 350100:C = (A / B) » {E - 5

5020 D= (A 7 BY » 0.234

5036 REM M = MACH #: CS = SPEED OF SOUND (FT/SEC>: V = VINFINITY (FI/S
ECY: RO = DENSITY AT ALTITUDE: Ti = TEMP INFINITY (R>: S [=] BTU/FT"

32



2
5040
Q9998
999Q
10000
10100
10500
R
10800
10900
11000
29999
30000
30001
30010
30020
30050
FL
31000
49997
49998
47NGQQ
{00
£ 10
: 20
50030
50040
60000
-3
60010
-3
61000
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SEC R4

RETURN

REM

REM DO ITERATION CALCULATION
REM

T
X
*

2500
T~ (R *»T #«T » 7]

n ) + (C # T *T)+ (D*T) -4, (4 #
* T #T) + (2 »C » )

Ty + D
T = X: GOTO 10500

—t
LI s I I ||

Q=E*»S *T #T »7T =

RETURN

REM

REM DO THRUST CALCULATIONS
REM
TR =CD » 0.5 %# ROV »V » S0: REM THRUST EON

FL = TR 7/ 1SP: REM FLOW RATE (FT"3 / SEC)
T! INT €100 » WH ~ FL) ~ 100:T2 = INT (100 # T1 ~ 80) / 100: REM
IGHT TIME IN SEC AND MIK

RETUPN

REM

REM ATMOSPHERIC DATA

REM

DATA 5.70000,:.3761E-4,392.97.971.05

DATA  80000.8.445E-5,398.46,977.81

DATA  90000,5.2173E-5,403.95,984.54

DATA 100000,3.320E-5,409.17,991.2

DATA 110000.2.01E-5.419.87.1003.8

DATA 4,"Atuminum’,0.208.169,3.281E-3,"Aluminum"’ ,0.208,16%9,5.208F

DATA "Magnesium'.0.232.109.3.281E-3,"Magnesium*,0.232,109.5.208E

DATA 2350.1988.1775.1488,1313
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Thig program integrates the theories of conduction, convection, and £in
analysis discussed alreadv. Its main objective is to provide a3 first approximation
in the design of 3 combined impingement and actively cooled panel concept for the
drone nose. The code allows the user to vary tube/nose geometryv and
material/coolant properties with which it uses to calculate the critical skin
temperature distribution, total pressure lass, and exiting coolant temperature.

The design constraint is that the skin of the nose never exceed a maximum
allowable temperature. A branching routine 1s incorporated in the program to
nelp avoid this. but at the expense of an appreciable pressure loss. Thus the
task 1s to £f1nd a design that limits the abount af branching necessary to keep the

sKin temperature beinw this maximum value and the pressure losses at a minimum,

ACSES reauires the foliowing 1nout parameters:

- Numoer of coniant tubes (tubes)

- Maximum distance bark on nose to be analvzed [m]

- Number of stations (subdivisions) for iteration of properties (xnum)
- Coolant tube 1pner diameter (dtube [mm2J)

- Thickness of conlant tubes (xtube Cmm])

- Friction factor of coolant tunes (f)

- Radius of the nose cone (rnose [mm1J)

- Skin thickness of nose cone (xskin [mm 3

= Skin limiting temperature (tmax (KD

- Mass flow rate of coolant jnto the manifolo (mfrQ [kg/sD
- [mplngement nozzle 1nner diameter (nozd CmmD

- Distance from nozzie ex1t to impingement on back of nose wall (zn [mm1)

1



- GHHLER B coRldnt (LLAUIH HYHFEHEH, water Wives! seldtian a0%), Therming! §0)

= Initial coolant temperature (tman [KD)

ACSES glves the following as nutput:

- The location of each required branch
- At each station along the nose cone:
== Surface heat flux (gmm [W/m~2D
-~ Bulk mixing temperature of conlant (tmav (kD)
-- Ins10e tube wall temperature (tw [KD
-- Base of tube temperature (t0 {KD
~= Local Revnolds numper

== Pressiure lnss (presst (Pa))

Final results

-- Ex1t1ng conlant temperature (tmo (KD

-- Total oressure loss (ploss [PAJ, [psil, [atmd

-- Qutlet tube mass flow rate (mfr (kg/sJ ORIGINAL PAGE |

OF POOR QUALITY
-- Total number of branches

Assumprions:

- The properties of tne tube and skin materials were evaluated near their
maximum ailowable remperatures, tmax. and taken as constant along the entire
nose cnne reglon, Since the properties don‘t vary too greatly at these
temperatures. a constant value serves as a good approximation,

- Nonaccelerating, level-cruise at Mach 10, 100.00Q feet. This flight profile

allows ACSES to calculate the stagnation point heating rate and use it to

determine the heat flux at any point along the nose.



- Each tube branch is perfect and occurs over a negligible distance. Pressure and
frictional losses are neglected as weil,

- Coolant properties vary greatlv along entire nose region but are taken to be
constant over each differential starion. They are evaluated at the mean bulk
temperature (Tmo - Tmi) / 2 and iterated to within { degree accuracy.

- Tubes start at hemisphere of Nnge cap and extend back radially.

- The distance that the heat transfer across the coonlant tubes occurs is taken to
be 50% of the tube rircumference. This approximation is valid due to the fin
effecr of the tube shell. Analysis shows that the wall temperature decreases
tn the coolant temperature within 15% of the circumference. The other 35% of
the circumference approximates the heat transfer through the solder that
welds the tube to the nose skin.

- Radiation off tne noge and away from the inside wall have peen neglected.

Calculations shnow that it contributes less than 1% of the total heat flux.

Eaquations:

After the input of the paramerers, the program goes through a set of

equations to caiculate the outout. The order is as follows:

- Find the conlant temperature exiting the manifold

- Calculate nose and wall enthalpy to be used in heat flux calculation

- Start ar first station

-~ Calculate heat fluy

ORIGINAL PAGE IS
OF POOR QUALITY

12



ORIGINAL paGe g

-- Calculate distance between two tubes OF
POOR QuaLTy
L=
-- Iterate on energy balance to find temperature leaving station
-=- Evaluate Cp at Tm
-=- Find temperature leaving statinn
Tmo =
--= Recalculate mean dulk temperatige
Tm=Tmi+ Tmo 7 2
-== Check wirn first guess, 1f not within | degree, iterate again
—-— Evaluate conlant properties at new mean hulk temperature
-= Caleulate Prandrl. Reynolds, and Nusselt numbers:
Pr =
Re =
Nu =

from turbulent inner flow correiation valid for Re greater than and 0.7 < Pr ¢
13000 ano ..... Viscosity 1s evaluateo at mean bulk temperature ang at wall

temperature,

-= Caleulate heat transfer coefficient between inner wall and coolant

== Calculate thermal resistance network

94
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Ri = R2 = OF POOR QUALITY

== Wall temperature ot tube from convection of cooclant 15 used to evaluate

viscosity of coolant--jterate to within 1 degree as before.
tw = tmav + (am = R1)

-~ Find base nf fin temperature from conduction through tube wall
th = tw + (gm = R2)

== Find critical wall temperature using the base of fin temperature with the £in

analvsis
Trrit = t0 + (amm % (L ~ 2) / (8 = kskin ® xskin))

== If rerit > tmax branch
=== douole the numper of tubes
~-- half the mass flow rate
-- Evaluate pressure loss along the station. Total pressure loss is found from

the sum of each station loss.
ploss =

-= Print out calculations to an output file

== Continue the analvsis with the next station
- Print out results

-= Total pressure loss

-- Fipal coolant exiting temperature

s
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Limitations of ACSES: OF POOR QUALITY

The program only permits the design of a welded tube system. This
configuration was chosen hecause of its eaée to manufacture. The analysis also
assumes 3 unifarm heat distribution along the skin which in reality, might have
several "hot spors” due ro surface irregularities. This could be potentially
disasternus because the existing design has no way of knowing where these hot
SPOtS are or any wWav to divert coolant to cool them off. If the temperature
exceened critical limits, the skin loses its structural integrety. This in turn
would cause the conling system to fall and allow temperatures to reach
eaquilibrium anag burn through the skin, destroying the drone. Currently under
Investigation are wavs of discouraging the formation of hot spots—--possibly bv

applving a thin ceramic layer on the ourside nf the nose.
Advantages of ACSES:

The program 1s 3 auick and relatively simpie way to initiate the design of an
activeiv conied nose cone. The assumptions and correlations used in the code are
accurate for rhe purpnses they are serving and were rasily integrated into the
analysis. ACSES proviges the means for a first approximation on what might
otherwise be 3 series of tedious calculations. Due tn the 1nteractive nature of
the program, manyv different cagses varving in geometry, coolant choice, and
marerials can be run and compared in a short amount of rime.

In rhe future. ACSES can be modified to provide the tnermal design of the
leading erdge of the drone as well. Correlations would be needed for the given
wWing geometry which express the heat flux along the leading edge. The code
would also have to allow for variable mass flow rates with multiple

impindgements along the span.

Te



Appendix 2.2.2: ACSES Listing

1



(

I

fenpnn P~anannnannnnaaanannnannnr @ang

L)

IR e BN S R T A BN AT A B

O NN

On NN

]

g
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OF POOR QUALITY

A TS E

Ginger

Kach

Veirrslion: S.

Actively Cooled Structure Evalusation System
v James Marcolescos Breg Moffz. Jerivry Yen

24 .88

tubes
dtube
wtube
ek im
A RINI
i
meozd
choice
Pt

L =
alphia
F

A

tins

tma i
e
P
.f.'
betbiyi

ktube

Comimerc

1a]

number of tubes

tube i1nmer diameters inmput Lmml, converted to (ml
thickrness of tube, input [oml. converted to [ml
skin thickness. input Lmml, cooverted to Lol
number of stations

mass flow rate of coclant inte manmifold [ka/s]
impingement nozzle irnnmer diameter [md

choice of coolant

1) short print 2 long prirt

TANT FARARM T N5

radius of nose cone (ol
cone aAngle,. convert from degrese toe radians
maimion disternce back from nose analyzoed Lol
imzingement nozzle distance Lmld
material limiting temperabture [(H]
100 [T for molvyvbdenuun
1&v: LRI for molyvbdeonum
temperature of coclant 1nte mevifold K3
F.1aloREs04
friction factor of cooclant tubes
thermal conductivity of nose [W/mbll
evaluated at tmas for materisl
103.77 for molvbdernun at Toax
thermal conmductivity of the tube wall [W/mk]
2% .4 [W/ mk]l for Cupromiceel 304

Tubing Sizes:

I oD Thickness CHAC)E: m&s number
Camm ] Civd Cmml for 1" nose
1.68 1/8 0,76 A 0

3.24 3716 0.76 (&) 33

4.88 1/4 078 A 25

3.92 1/4 1,24 18 25

&.32 /1A 0.81 21A =39

Cupircnmi

chkel

70% Cuw 30% N1 Wrought

vield strength: 7,000 [psil 393 [MFal

tencl le

Et.‘-

engthiz 60,000 [peil 414 [MFal 9%

meltimg temperature: 1300 (K]

smeclftl

g

avity:r 8.55
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Mozzle

ORIGINAL PAGE IS

Tubivg Sizes: . OF POOR QUALITY

1D aD Thickness Qage
Lmm3 Cinl Lmmd
11.08 1/2 0,81 Z21R
.40 1/2 1.65 1é&
14.12 5/8 0.9 20A
17.32 3/4 0.89 206
DEFENDENT FP&AFRAMETERTES:
tocin = coclant temperature exiting manifold
and entering tubes = thktl K]
tfozi = temporary tfilm calculation [KI]
tmaes = bulk mixing temperature of coolant, used
to evaluate piroperties [K]
tio = base of fin temperatucre [R]
t = temperatuwe inside tube wall (K]
tocrit = midlivie critical temperature [K]
tmistmo = mean fluid temperature at stationm k. in and out [E]
tout =  fimal fluid exi1ting temperature L8]
mfi = mase tlow rate in orme tube [hass]
e ] = wnezzle velcoccity [m/sld
tvel = tube velocity [m/e]
q =  totel keat at de suef in terms of enthalpy from free
styveam conditions DWW
crin = [/ Am3d
Qe =  [W/m&]
chicice = cholce of coolant
o = demgity of coolant from curve fit (kg/m™31
il =  dyvramic viscosity of ceoclant from curve fit [kgs/m™31]
ML = dvirnamic viscosity of collant at wall temp
cp = gpecific heat of coolant from curve fit [T kgk]
F = Fyrandtl]l number of coolant from curve fit
v = fFeyrolds number of coolant
L = Mu =1t number of coolant from correlation
hyicise = nose enthalpy
hwall = wall enthalpy
b1 = local heat tramnsfer coefficient for tuwrbulent flow
correlation at staticrn » [W/mmEk]
kfluid = thermal conductivity of fiuid from curve fit [W/ mk ]
ploss = gyetem pressuwre loss [7]
pressl = dummv variable, plrecewise pressure loss
L = distarce betweern tubes at distance w [ml
b = positicr numbery k= 2. xXnum
T P e = = distance back firom manifold of rnext and previocus
staticn = (k—-1) * b / wram [md
di = distance between stations (x2 - 1) [m]
areah = area that heat transfer takes place aciross tube
areas = area that conduction takes place across skin
T = number of branches
b = digtance back of each branch
b = flag that branching has ccocurred



ORIGINEL PACE 3
OF POOR QUALITY
¢
L COO0OLANT FRIODFERTY SUBROQOUTINE®S::
- c
c thcond(choice, tmava . kfluid) thermal cond at tfilm. kb [W/mk]
c
I spacht(choice,tmav.iop) specific heat at tfilm, cp [J/kghk]
c
c dyrvichoice. timav.emud dvrnamic viscosity at tfilm. tw
c mu Clkg/{m)(sec)]
B
c dense(cholicestmavaro) density at tfilm, exponential fit,
c o Cka/m™33
— cC
= fitl(choice, tmav.asanswer) curve fit routines
C
c
B
c
C
—
c
C23LGTe7
FrimCeddyv Sl ma o
- Integer dnams tubecs Flags. numtab,s chosces abr. b
real hamfroamfrabkfluid. ket irs bk tubs e mu el shroseiwal laFo
‘ * meczchyrive b adtulie smoe miwr s b msc
(T e e e e e et e e e e e et e e e et e et e e e e e e e e e e e
c
_C FEAD I N I NPFUT IaTa:
' C TN N S o NI S T I s rs e s SRR e Ryttt el
c
e e e e e e e e e e e e e e e e e e e e
cpenid.file="acsez.in™)
read(2,1400) rrnose.alpha.on
14600 format(4f 1O, 5
read (2. 1401 tmarstmesrkskinyemiss . htubesapslion
1401 formaet {afio,3)
close(2)
Pl = 3.14159356%
ploss = 0O,
100 farmat (/)
200 format(//)
print #*#,° Farameter input:?’
- wirite (0,100)
print *,” Coclants: (11 liguid hvdrogen
primt #*,° {21 water-glyecol scluticrn (30%) °
— ( print #*,° £3] Therminol &0 °
Frint #,2" Input coclant cholce ———————m e i
read *, choice
Frimt ¥, Mimimum coolant temperatures:
- print %, 11 1&g & ?
print #,.° [2]1 270 k :
pirivit e, [31 250 K ?

Pt ¥ Input initiel coclant temp [E1 ————e e

100



CTERD R T3

or it *7 Ivput tube diameter [l ——————————- w7

read ¥a. dtube

dtube = dtube / 1000 ORigm,
pirimt %, Input tubke thickness [oml —~———————— = OF Pd
read *. wtube

shubie = wtube /7 1000 LITY

( max = 2 % pi ¥ rvinese / (dtube + (2#xtube))
print ¥," For given geometi-y, # tubes < "amax

print *,° Input number of tubesg ————w—r——————- s
read ¥, tubes

peant ol Inpnt wall thickneses (omd ————e———ee .
. *,

= L PN RSINTY]

prrint v, Mo diztance back on cong [m] ——m——=—k 7
read ¥. b

of etationg ——m oo

. - e Lo
A R Toae b maunlzen

I
b e T T e b woed s Tl rate Dhgoed e 7
1 Py bR

N T TR ; IR Y Do - ?

-
(D~ o o o R S L e o e T £ o o e e

Frocese = (o0 @5y ¥ baa o ) A4 (0,000 ¥ tmas #w 2D

Frwa 11

[ o o ot e e e e e S e i = e o o T o S o o ke S e i i i e e

-




R T

el
timy = toin
tmav = 1.& % tmi
tw = 10, # tmi
w1 o= 0. ORIGINAL PAGE |5
du = h 7 OF POOR QUALITY
by = ©
mby = 0
mamtub = tubes
rad = alpha * & % pi / 360
f = 0.008
mfr = mfrd / nuecbub

sy = p1 o* dtube S 2.
nE = pi * dtube /7 2.

call denselichaolcestmisio)

rwel o= Lawmtro) /0 fvo ¥ opa ¥ (rnoed ¥ 200

tviel = (4%mfr) oo % opl o #® (duube #% 20

Tlle = Tagses.out ™)
CprE 10,3 le = "nlot.ags’)
openlll.file = "plobtotm™)
operl . Tile = "ploatotor
SRR ATRE: I
P S NT
I O TR N R T S S R TR

wir e Ve, 1]

[N ST

HERN

2

QL3
VL
Wiy e

Wi

erpda F

houlate tmilatmoo &b ,
Foaway from manrfold. @oom times.,

cenr ation are ol

mea1im oot iee Lo oo

P -
Lot <«
Timites

Tn TN n n!ﬁ‘.‘
i
|
|
|
i
I
|
I
i
|
|
{
H
|
t
i
i
!
|
]
|
|
|
t
I
|
1
i
!
H
1
t
i
|
i
|
i
i
|
!
|
]
1
|
i
t
I
|
]
|
I
|
!
|
|
|
|
|

doo 1 ko= Fa uwam

\

L= {oe % p1 / pumbold ¥ (2 ¥ sinlrad) + rross)

from Btass ftsgrd to Watoe msard

agmm = 11352.8855% cl * (a2 #% (—~0H.2))
agm = L * gmm

qQ = qm * dx

1f dprntoeq.0) wirite (¥,1510) k.xE
format (34137 Hooo= TLaFILES

1f (ovraeqg.l) then

by = O

1F fprirbeeg.Or wlte (#,1011) nmbr P
ey f IO



(

ITERAT T OMN OF p

&)

700

1005

1009

*

call spechtichoicestmav.cp)

two = twmi o+ (g / (wfr o ® cp)

titer = (ftmoe + tmi) / 2

1f fabsltiter — tmavi.gt.epslon) then

titer
&I

call thoondicholcestimavebkfluid)
call dyvrrsfohioice s bmay . mit)

call dunvicholoe, bwsmuw)

call dencelcholoe.tmav o)

Fiv = m % Aok fluid

TEo= g R ol #F o % ditube)

VG OET S e (B8R O Smw ) % 14 (pr R 1 300
v = b loand = v/ dibube

1= 1 S (b ¥ ouh)

twiter = tmav + (am ¥ 1)

T fatsdteator ~ twrliot.epslon) then
T = bwi e
Qoto 700

ernd:.f

ve = wtoabie S T hktubie ® sk
[

L = T o+ am # @)

terit = &0 - tgrm % (L #% Z5 /(8 % kakim * wshking)

o iR TR mT e ERE) ) S pi g i groRidtube s

plogs = plose + pressd

1f Ttcvrtlge. TS % tmas) ) then
by = 1
nbr = nby o+ 1
swbr = g
numtub = tubies * (2 #% abe)
mfr = mfrd / mnmtulb

endif

format 7 H e Qs tmasy e oreEsss Ty
AT tios tcirite Res ™)

format (7 Lad [W/m™2] k] [Fal T
TR [k CEI 7))

wirlte (5.1010) kyxZ.amm.tmav.pressel.tw.tOtorityre [0



S—

e

(

WL LE L 0Ll ) ng
wirite (11,1015) «
wirite (12,1015) x
1015 format (el1S5.4,14,

QT

{: tma Oﬁky
« terit OFP
15.4) Oog

e
e
=]

1T {prit.eq.l) then
wirite (%,1010) KanEsgmmstmavipressl stwatd.terit re
endif
1010 format (14414, f5. 3310 eB8.3, 10,88, 3, 1,08, 1w,
* €8.35154,e8.3,14,e8.3.14.e8.3)

if (br.eqg.1) then
write (S,1011) nbr

if (prot.eg.l) write (#,1011) nbr
1011 format (/. ———==3% hBranch # R R

erndi:

tml = tmo
w1 = up

10 continmue
FRIMNT QUT <~ E S UL T8 :
wirlbe (501009
witite (Sio10z00
i fprrit.eqoty tharn
Wit bte (%, 1000
witite (. 1OHED)
erndif
1020 Tarmat (/7 /700777007 777777747 Resulte and 1mitial parametere:”./)
£
1t {cholce.eq.l) thern
wirite (5. 10500
1T fprat.eq.l) write (#,10%0)
1050 tormst (° Coclant coneidered: Liguid hvdirogen®, /)
elself (choice.eq.®) then
Wwirite (5,1060)
1f (prnt.eq.l) write (%,1060)
10&0 format (7 Cocolant considered: Water/glycol solution
30U /)
else
write (S,1070)
1 (prnt.eg.l) wirite (#,1070)
1070 format (7 Coolant conmeidered: Therminal &07,/)
endif

wiritte (S5,1110) tcin
1110 format (' Temperature exiting manifald
weltte (5,1180) tme

tLel0.4,7 [E17) 104



2SSy T LR
ploss, fploss * 1.4504e-4), (plass/101350)
Svetem pressure loss = “,el0.4,° [Fal T
* elD.a4,” [p=il’, 8.2, " atm™) fo)
wirite (S5.,1140) tubes
format (7 ITmitial
wirite (S,11530) (dtubs *
Tormat (7
witite (5,1160)

Loz Toyrman
wirite (5,113
format (-

CEARTVIEL LT TEMIET ATure =

number of tubes =
1000)

Tube diameter =
1O0O0)

Taf5.2.7 [mmlT)

(xtube *

11&0 faermat (7 Tube thickness = " ,F5. 2.7 [mml1)
write (S,1170) (rricse ® 1000)
1170 format (7 Nose radius = " ,f4.1. Lmm3™)

— 11an

i

T 1200

1202

1204

1206

1208

— 1210

PR

1215

[

i
nf7m!7rjﬂr’ '3

1220

10000)
Wall

(S5+1180) (uskin +
( h-J
(S,1190)
(
2 1200)
1208 nmvel
Velooity of
13204) mf
format ? Outlet
wrrlhe (5,1804) tvel
format T Outlet vel of coolaint
wWirtte (5 fzv ¥ 1000)
format ¢
witrte (S,1510)
i{

wirite
format
wirite
format
wirite |
format
wirite (
format
wirlite {

thickness = Emm3™)
alpha

Cdegl™)

il
-h
I

190 Covie half angle

mtiD

Muzzle mass flow rats = Ckgrss1")

SR LER

1]

cowglant in nozzle "WfB8.32s7 [m/s17)

tube mass flow vFate = 7,¥7.4,°

ln/7s17)

N

in tubes = ",f83.3,°
108
Tooivgement target distance =
(ncad * 1000)

rczzle diameter =

g Tat4alt.t [mml )

format Impirgemnert TafELET [mml™)
wirite (S.121%) wmby
format (°
wirtte (55,1280 tmewx
foarmat (7 Limiting

close{S)

close {10

closeill)

Number of branches = °,i4)

L7

B S B
? -'f'-..‘.’-Jg

material temperature

1f iprnt.eqg.ls then

Wilte (%1110 boin
write (*%,1120) tma
Welte (*.1130) pla
wirrbe (#1140
wirtte (#1150
wirlte {(#,11&40)
wirite (¥,11700 &
write (%, 1180% {uskin
wirlhe (*,1190);

alphia
wirtte (¥,1200) gfri

€5 1.9%0e-4), (plose/101350)

Ll o ®

(dtube
futube

TG »

*  1000)
* 1000)
150050 )
#* 10000

Wwirite (#,120F2) ivel
wirlte (¥,1204G0 mfr
wrilte (»,1204) tvel

Cam # 1000)
Crczd 10000
it

tman

wirite

wirite

wirite

wirite
endif
erd

(%,1208)
(¥,1210)
(¥,1215)
(*p 182‘:')

HEERFEERERAREL SR H R RS H % SUEBRDOUTINE MARMT %5 5555 5 05 0 533 02 36 222 2 M

Jeriry Yen vereion S.26.88
Variable desciripticon
pis sigma ... constants
thets angle from nose tip of semihemisphere to back erd of
mam1ifold fdeaq)

105



L A EE ... SUCTacs area ol seminh@nlsphen e Trom theta = 0 to g
(1 degrees (m™d)
[ FRGEE ... nose radiug (m)
e wall ... wall enthalpy (Evglish wnits)
cC (All temperatures are in degrees Felwvim?
c thrcs ... temperature of fluid entering maiifold from nozzle
N Ewmas «.. maximum &llowable wall temperature
M ... Tluid bulk temperature exiting marmifold {(entering tubes)
thivl ... guess for thin (used 1n iteration)
tFilmma tfilm ... film temperature at which properties are evaluated
ttube ... tube well temperaturs
ficzd ... nozzle diametes (m)
revin ... Reynolds number based on aozrle dieameter and nozzle exit
velaclity
2r ... Fozzle—to~target separation distance (m)
emizEs ... Fadiative emissivity of wall
dtarg ... hemisphere diameter (m)
1y Grad. gros ... stagrmaticn, vadiative, and nose heat
fFluses (English wnilts)
FREVE ... average Nusselt mumber based on correlation
booL .. thermal conductivity of fluld (WeEmED)
Fbe ... Fiesd transfer ceefficient of fluid C(Wem ™ 2) /D
diff ... used in lteration
. flow rate at mozzle {(kg/s)

get

ONMOOo 000 nf D!

mfracs .. (13

Trputs reauiced:  TENOD. TWMEX . NOZD, RMNOSE. MERNOD.
I EMInn

A0 0n0On 0

Oukput: TR
Subvrout 1ne MHJ]fahoicﬁ.tbnmzutwmau-ﬁm:d,rﬁoeenmfrﬁuz,:n,emias,
. thabe . tbimesslond
Frexa l tbmu;-tumaw‘twm¢x}quoxd‘rnmepurﬁasel«rEyﬁq:n,emisa-ttube,
tbiﬁqplq&Lqma,the#a-area,hwallpq5tag»qrad,qﬁoﬁequrﬁng
- Faeas b nl et Tl Laa kb ahboadi fiatfilinsepslon
Integes: chores

A

pendent of fluid tespereture are caloulated

Var labxles 10

amd comvscted inte 851 wnilte

{
00

CRIGINAL PAGE is
pi o= 31415536540 OF POOR QUALITY
SA0Mma = =3 i

thete = ©5.0 % (p1/180.0)

c

— C noLu1t guentities represent English unlte 17 wEes Ao be that hwall
c amd geten are both in English wnlte. They are converted into
c mbs unlts v grose by L2931,
c

rracsel = rrcse * (3.261)

dtarg = rncse « 2.0

ares = .0 % pio % (rrosessl) ¥ (1.0 - COSithetal)
- twmal = twmax ¥ 1.8
Fwall = 0.234 * twmaxl + 1.0E-O3 * (tbwmar 1 ¥*2)
gstag (120 . 0/ (SORT (rrosel ) * (1.0 - (hwall/72080)))
qstag 3

"

gstza * 3600,
agrad = emiegs * sigma ¥ {twmaxk¥s) ¥ area
griose = getag * rnosel ¥ Z.481&6 ® 2931

C
"‘L Correlaticor is only good for ZNNOZID . le . 7.0

ttilm = ¢ * (ttube + thnmoz)
- call dynvichoices tfilms. viso)
revir o= (4.0 % mfrooz)/(pl ¥ viseo ¥ nozd)?
i if dznsmozd) . lels7.0) then /Ou
fuavo = 2.%8 ® (reyn*x0 . 080 * (iozad/dtarg)**1.10) *
Ch e v e =Ty (N7 )
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S

[ e

Oa0e

€& | se
witlite (s, 1000)

1000 format(//," #*%x%¥ NITE: IN/NOZD  is greater than 7%%sx’,

. /a7 N = nozzle-to-target separaticn distance: NOZD = nozzle
diameter) y/," Flease re-input data: =N, NOZD = *)
read¥ . Ir,nozd ORkyNA
g to 20 OF POOR p"'.u‘t‘ o
endif QUALr'

Now we iterate for TEIN (temperature of the fluid exiting the
marnitfold)

tbin = 1.1*ttinoz
10 tbinl = tbin
tfilmm = OS5 * (0,5 % (thinl + thrnoz) + 0.5 ¥ twman)
call THCOND (choices tFilmn. kO
Rt = (ruavg * ) nozd
thim = thros + ((gnese - grad)/larea % htc))
dift = ARS(thiv - thinl)

Can change the next line for & more precise & time—-conswmig
1terationm

it (diff.ot.epslcr) go to 10
return

subirontive thoomnd(cholce s bma
real bEslbhaal (10 af2(F) . a
tnteqer choice
datz ag

* e L R B e e
datz al
* A EEIRT B L3094

1f {choice.syq.1) then
a = 1,403 0e+0E
b= —=0.&437%
o= 4,110
d = =7.87ve-C
e = &, 277Fe-09

ce—0H

k= at(b¥tmavi+(c¥(tmave*xl) 1+ (d* (tmav**¥R) ) +(ex (tmav*edg) )+
. (FR(tmaverZ)
k= k # 1le-03
elseif (choice.eq.2) then
call fit4i{tmav. ad. k)
else
call fit4aitmavsazZ.ko

endlf
retury
erd
subroutine spechtichuice,stmavscp)

R | ot T T s R A | -2 D e
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.

Lvteelfere 20 L O

data a2

* /3.5311E03,2.9381E-04/

1t (choice.eq.l) then
a = 5.92055e+03

bb = 1.4584E+08 ORIGINAL PAGE IS
= —-(.78848 OF POOR QUALITY

c

d = 1.8103e-03
e = —1.83%=-06
f b.7730De~110

Cp = a+(bb*tmav)+{c*(tmave*2) )+ {(d* (tmav¥*3) )+ (er(tmave*si) )+

(fo*{(tmavexD))

elsgif (choice.eq.2) then
1f (tmav.1t.280.) then
cp = 3930.
return
elese
call fitadtmav.al.cp)
endif
else

CF = 35.2853598 ¥ (Tmav *% 0,.6487)

erndif
return
ernd

subroutineg dyviw (cholce.tmaw.mu)
real musviscaal Tl a2 a3(R)
imteger chelce
data a
SIS0, 02790/
data a3
/1.0 5eD, -

1f {choice.eq.l) then
a = 2.0053e
b -1.30
c o= 3.9
d = -3,205
& = 7 ,3973e-10

mu = a+ib¥tmavi+t (o {tmave*2) )+idx{tmav**3 ) )+ {e*(tmavety))

mu = oy ® 1 JDE-D7
return
gleerf (cheoice.eq.2) thern
call fit4itmav. a. muw)
retuwrn
else
1f (tmav.le.300) then
mu = 10 * 2.7335e37 * {(tmav *¥ (~14H.5512))
else
call fit4itmav.a3.mu)
mu = 2.674e5 * (tmav *% (—4.7321))
endif
endif
return
eind

subroutine dense(choicestmav.ro)
real a2(2)., al3i8)a. rols tmav
iriteger choice

103



date ad

A1 .1719EZ .4 . 142E-04 /7

1f (choice.eq.l) then

a = 1.0374e+08 ORIGINAL PAGE I
b o= -0.9265 OF PGOR QuaLiTy
c = 3.7198e-03
d = —-7.18%e-06
e = 6.5313e-0%
f = -2.2835e~-12

ro = a+(b*tmav)+(cx(tmav**2) )+ (d*(tmav%x3) )+ (ex(tmav*xs)} )+
(fH{tmav**Z))

returm
eleeif (choice.eqg.2) then
call fitaltmaviaZro)
else

RO= 1173.0802 - (0.5072 % Tmav) —~ (2.79SE-04 * (Tmav #*#% &))

erndif

retuarn

enrd

subiroutine Fitéditmav.,a,answer)

real tmav, ald). answer

answer = ail) ¥ (2.718281828 **» (&(2) * tmav))
retun

e
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Appendix 3.1: Hydrogen Design
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Resulte and initizal parameters:
Coclant conzidered: Liguid hydroaen

Temperature exitime mamifold = 0,.1482E+03 [K]
Final exiting tempevrature = G.703FE+03 [(H]

System pressure lcsse = 0.1038E+07 [Fal Q.1505E+03 [psil 10.24 atm
Initial number of tubes = 24

Tube diameter = 4.898 [mml
Tube thickrness = 0.7&6& [omld
Nose radius = 25.4 [mml
Wall thickvness = 2.0 [mml
Cone half angle = 5.9 [degl
Nozzle mass flow rate = 3.95000 [kg/s/s]
Velocity of coclant in nozzle = 806.27%9 [m/s]
( Outlet tube mass flow rate = 0Q.0046 [hkg/el
sutlet vel of coclant in tubes = 281.257 [m/s]
Impingement target distarmce = 23.4 [mm)d

»

Impingement noczzle diameter = 14.12 [mm3l
Number of branches = 5

—
.
-
-y

1
'

Limiting material temperature = 1000, CE3 '16
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Appendix 3.2: Ethylene Glycol Design
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Fesulte zne initial parameters:
Coclant considered: Water/olveel sclution NGRS

Tenperature exitivg manifold = CL3T70RE+03
= O.O181E+0

= . 0

"

CLl4ERE+D
Imittial wumb of tubies

Tube diamates = &.5
thicknmsuee = O, 70C
= 2504 Lmm2
Cmeml

L 3
Cine d

Veloeodiy
[__'l‘ =k fod e
Outlet vl of
T yngems b
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Appendix 4: Hydrogen properties
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e
- 20.00 nPA 1508AR

) TENPERATURE yoLuNnE

. 0g26. K Cv Asxg
® 19.360  0.91169
20 8.01173

n 0.01100
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23 9.01193
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2 0.01219

, 27 0.01227
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r 0.012458
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3 0.01263

- e 8.01273
33 0.01203

3 8.81293

. 38 0.01304

36 $.01315

3 . 0.81328

3 0.01337
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a2 0.01388

- o 0.01812
&6 0.02448

LY ] 0.014660

se 0.81698

52 0.01529

L 19 0.01562

se 0.01595

ss 8.02630

[ 1] 0.01666

. 0.01760

7 0.01860

- s §.01364
0 0.02073

' 0.02184

9 9.02297

" 0.02412

100 0.02527

120 0.02990

168 8.03451

0.03908
0.08353
B.06790

0.10098%
0.11138
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8.13208
8.15277
0.173463
0.19408
Be21472
$.25599
B.2972%

0.33349
0.37974
B.02100
0.52656
8.63076

®  TMO-PHASE BOUNCARY

THERMODYNAMIC PROPERTIES OF NO

ISOTHERN
CU NenPA/KG

223060
2.2060
21564
2.1007
20013
2.0136
L.9660
1.9198
1.0731
1.827%
La7797

1.7389
1.6937
1.6480
1.6088
1.9603
1.5277
14061
Lebb9e
10146
1.3793

L3004
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1.2220
1.1649
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1.0672
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0.7626
0.7061
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1.9009
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2.0000
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2.8173
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36420
So 541
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1046475
12.7007

APPENDIX 4! Hupoesy Feopezries

“Table 4.12 (continued)

1S0CHORE INTERNAL  ENTHALPY
OERIVATIVE OERIVATIVE ENERGY

nPA/K RI/KG=K  RIIKG
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KJIRG K
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81.203
".%3

RMAL HYDROGEN

10.48
10.43

1804
10.04
10.48
10. 406
u. ,‘
16.59
18.72
10.87
11.273
11.68
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12.97
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.27
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Table 4.12 (continued)

THERMODYNAMIC PROPERTIES OF NORMAL HYDROGEN

Ull".ll.

nv:wnv -y I.ID'\I, ID'IO‘"‘{'

I!!I‘ I’.-CI'!IIJ L
X A
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It was determined early in Winter Quarter 1988 that the
Advanced Aeronautics Design Group (AAD) needed a unifying concept for the
design of the hypersonic drone. This was accomplished by chodsiﬁg a
configuration that had been researched extensively at NASA Langley
Research Center in the late 1970's. The advantage of a single tested
configuration for the entire class is clear: each group would base their
designs on the same vehicle, with the same restrictions applying to all
three groups, thereby forcing greater interaction among the groups.

The configuration chosen by the AAD students was a 70 degree
swept delta wing design conceived by NASA Langley engineers. It was a
hypersonic research airplane concept, and has been dubbed the Hypersonic
Cruise Vehicle (HCV) by the AAD students. Figure 1 shows the HCV as it
was originally conceived. The HCV was designed to be air-launched from a
B-52 at Mach 0.8 and rocket-accelerated up to a cruise speed of Mach 7 by
four liquid hydrogen rocket motors mounted in the base. At this point, the
scramjets would be ignited and the vehicle would cruise until burn-out, at
which pomt it would return to base for an unpowered landing. A detailed
description of the HCV's conflg_uratnon is given in Figure 2. In developing
the HCV design, a wind tunnel model was built, and performance
characteristics of the model were collected and tabulated in Reference 1.
The geometric characteristics of the model are tabulated in Table 1. The
scalmg for the model was 0.021 of the size conceived for the actual HCV.

The first step in adapting the HCV for the purpose of a

hypersonic drone was to size it according to the needs of the class. This

included_calculating the amount of fuel required to go from the air-launch

speed to cruise speed. From that, size and weight necessary for the fuel
requirements were determined . In order to do this, it became necessary to
determine a means of air-launch. The B-52 has size and weight

constraints consisting of a 24-ft. wing span limit, a 9-foot fuselage
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height limit, and a gross weight restriction of 70,000 pounds. | This limits
the size of the drone considerably and, in order to reach Mach 1 0, it was
found that the weight limit was exceeded. Alternatives were then
examined. The 747 and B-1 aircraft were determined to be viable options
for the air-launch.

Therefore, the HCV is a basis upon which each group can build
their desigh. It gives the Flight Systems group the geometry and spacing
of the vehicle so that they can determine which sensors and how many are
required in certain places. This would result in a more detéiled and moré
exact design. The Thermal Management group can determine critical areas
on the HCV that would require cooling. They can change the design within
certain reasonable limits to satisfy their cooling system design. A~
definite configuration for the the drone gives the Propulsion group a
starting point on the design of the underbelly for the vehicle; that is, a
first iteration could be performed from which they refined their design to

achieve an-optimum configuration.
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Introduction

Composing one third of the UCLA AAD program is the Flight
Systems Group. The purpose of this group is to design, find, and
adapt the necessary sensors and determine methods of integrating
these sensors with the structure of the proposed drone envisioned by
the class. The sensors to be designed are to complement the unique
needs of the Propulsion and Thermal Management Groups.

The hypersonic flight regime in which the drone is designed to
be flown and tested makes the design of the vehicle and its systems
particularly challenging. The extremely high speed environment will
lead to a host of problems, including high temperatures, pressures,
and static and dynamic loads. From the viewpoint of sensor
systems, many of the classic methods are inadequate in this region.
For example, because of the huge heat fluxes, external probes are not
usually feasible. Instead, non-intrusive methods need to be
examined.

The parameters to be measured that were studied by the group
were determined by the needs of the other two groups. These
include temperature, pressure, flow constituents and
concentrations, velocity, and skin friction. Sensors were designed
from such diverse fields as quantum electronics, semiconductors,
and fiber optics. The sensors researched originated from a variety
of environments, from medical laboratories, to experimental
laboratories, and our own class members.

This report will now detail the various sensors researched,
developed, and adapted by the Flight Systems Group for the
hypersonic drone design. The report begins with the very flexible
and powerful sensor system called CARS. Next are two conceptual
designs for shock-wave and pressure sensors, followed by a fiber
optic pressure sensor. A hydrogen-concentration sensor realized
using a modified semiconductor device, and a device using a sapphire
diaphragm. The final sensor detailed is a laboratory sensor for
measuring skin friction such as that encountered in the combustor of
the scramjet.



Coherent Anti-Stokes Raman Spectroscopy

Coherent Anti-Stokes spectroscopy, or CARS, is a laser
technique which is capable of measuring velocity, temperature, and
constituents of gaseous flow. This is done by measuring the
returning characteristics of emitted laser light from the molecules.

The range of these parameters (velocity, temperature,
pressure, and species concentration) vary under specific conditions.
Available data reveal as follows:

A. Temperature and Pressure (in N2 gas)

In N2 gas, measurement error is estimated to be less
than 1.5% in time-averaged measurements, and from 3% to 6% for
instantaneous measurements, over a wide range of temperature and
pressure.

B. Species Concentration

Species concentration sensitivity is greater than 1% to
5%, over a limited range of concentration (0.5% to 20.% depending
upon the species). Usually, this is sufficient for practical
combustion systems.

C. Velocity

Velocity of a flow constituent, or species, is determined
from the Doppler shift of the returning beam, and hence, is subject
to the limitations in range of detection possible for this type of
frequency shift, if any.

D. Pressure

Though pressure is probably better dealt with using
Inverse Raman Spectroscopy (IRS), a CARS system may be capable of
measuring variations of pressure in a flow.

The accuracy of the CARS measurements depends largely on the
prevailing conditions, the type of CARS used, and the method of
processing the CARS data. However, good accuracy of readings under
conditions of interest to the Flight Systems Group have been
obtained:



"The velocity in a supersonic jet flow has been measured using
Continuous Wave CARS and agrees to within 4 percent of the
calculated value." (ref. 8).

The dimensions of the CARS apparatus, i.e. its size and weight,
depend upon the type of laser used, as well as the geometry of the
optics technique used to generate and process the CARS signal. The
laser can be made fairly small, thus, it would not have as much
influence on the size of the CARS set-up as the rest of the
apparatus. A reasonable estimate for the area of the entire set-up 3
ft by 2.5 ft. The entire system size does not seem to be a rigid
factor, however, since laser technology is moving toward smaller,
and smaller, optical equipment.

The weight should not be more than a few pounds for the laser,
and a little more for the optics that direct the beam, excluding any
anti-vibrational equipment necessary for the implementation of any
sort of laser measurement system on board the drone.

Power consumption (excluding the computer analysis power
drain) would depend upon the number and type of lasers used. The
supersonic jet flow measurements mentioned previously were taken
with a 100 mW laser.

The CARS measurement rate varies with the type of CARS, and
the laser pulse frequency used. At least one type of CARS can be
used for continuous measurement. This requires a continuous-wave
laser instead of a pulsed laser.

Whatever type of laser is used would definitely require an
active cooling system, as very high power would be used.

Finally, we consider the placement and distribution of the
system. The laser would be inside of the drone in a cooled area. For
measuring wide areas of flow, a rotating platform would enable one
CARS set-up to suffice. Or, alternatively, more than one clear
window could be installed, and the emerging CARS beam re-directed
through any of these temperature-resistant quartz windows. (Fig. 1)

CARS has several advantages that make it a good sensor for
the drone. For instance, CARS will perform a few types of
measurements at once, is generally non-intrusive, and the beam is
not damaged by intensive heat. It is possible that CARS need not
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have any apparatus to reflect the beam back from the medium it
measures. This is due to the fact that the molecules in the medium,
themselves, generate a laser-like beam.

The limitations of the CARS technique depends on which type
of CARS is used. Some types work well in high pressure, turbulent
flow, while others will not work under those same conditions. Most
of the major limitations of CARS are a result of pressure gradient
problems (the beam is refracted by pressure gradients, resulting in
"beam steering" problems).

CARS will satisfy the needs and specifications of the
Propulsion and Thermal Management groups. For example, in the air
flow boundary layer outside of the drone, refraction and reflection
("beam steering”) could possibly be used to our advantage. This is
because the return beam is reflected/refracted back exactly in the
same path. CARS spectra, and some geometry, can give us
temperature and boundary layer data.

CARS can also measure flow constituents in the combustor
nozzle, the mixing rate and turbulence of the fuel, and the
concentration of elements downstream and upstream of ignition.

The most important aspect of CARS is the Raman effect. Laser
light has a single frequency and phase quality. When light of a
particular frequency hits a molecule, it emits a laser-like beam
with the same qualities of the original beam, except that the
emitted light is shifted by a frequency that is unique to that
particular molecule or atom. This phenomenon is known as the
Raman effect.

When this light hits another molecule of the same type, the
probability of the molecule emitting a Raman shifted beam,
originally low, greatly increases. The effect is amplified as the
beam traverses through a sample of these molecules.

The beam is returned either by a reflecting apparatus at the
other end, or by some technique that directs the beam back towards
the source. The intensity, phase, and rotational direction of the
beam and its spectrum gives information regarding temperature,
concentration, and pressure of the molecules hit by the laser. Most
of this information is determined by comparing the beam spectrum
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to some theoretical or reference spectrum. Velocity is measured by
noting the Doppler shift in the returning beam frequency.

Coherent Anti-Stokes Raman Spectroscopy, or CARS, is a laser
spectroscopy technique. Spectroscopy is the study of spectra
obtained from a spectroscope. A spectrocope is an apparatus that
takes incoming light and by using a prism or diffraction grating
forms a spectrum by separating the various wavelengths of the light
into bands of varying intensity. The wavelength of a particular band
can be determined from calculations using the position where the
band occurs in the spectrum. How well these bands are
distinguished from one another determines the resolution of the
spectrum.

In CARS, two or more lasers are combined using a method
called Optical Wave-Mixing to generate a single laser beam. This
beam has a frequency that molecules in a media will resonate when
hit. The enhanced beam that results from the molecule is the CARS
beam or signal. This resonant response is the result of the Raman
effect discussed earlier. Spectral analysis of the returning CARS
signal can reveal information about the temperature, species
concentration, pressure, and velocity of the molecules that it
originates from.

The two or more beams that are optically wave-mixed are
subject to certain requirements. For example, in two-laser CARS
one laser is chosen to be the "pump” laser. The other laser is known
as the "Stokes" laser because its frequency is shifted in the "red"
direction of the electromagnetic spectrum with respect to the pump
laser. The Stokes frequency is not fixed, and can take on different
values.

The wave-mixed beam goes through the medium to be examined
and results in a CARS beam and frequency. This is the "Anti-Stokes"
beam, because its frequency is twice the pump frequency less the
Stokes frequency. It is shifted towards the blue end of the
electromagnetic spectrum with respect to the pump beam.

There are two types of Stokes lasers used in CARS methods:
narrowband and broadband. These two ways of generating the Stokes
frequency separates CARS into two groups which are named
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according to the laser used. Narrowband (also known as "scanning")
CARS builds the CARS spectra piece by piece by "tuning” the laser to
a small range of Stokes frequencies, taking a measurement for each
different frequency. This type of CARS is generally restricted to
steady-state flow.

Broadband CARS, in contrast, will generate a complete
spectrum for a given range of the Stokes frequency in one
measurement. While a narrowband laser will output only a very
narrow range of frequencies, a broadband laser outputs a wide range
of frequencies. This type of CARS is necessary when measuring
"randomly time-varying flows", since the sample could change from
one point in time to the next.

Both scanning and broadband CARS usually examine only one
species in a sample at a given time. There is a method that is
capable of measuring all of the major constituents in a flow
simultaneously. It is called Dual Broadband CARS. This method
seems to hold the most promise to fulfill the sensor requirements
for the hypersonic drone.

Dual Broadband CARS is one of a group of CARS techniques that
utilize more than one pump and/or Stokes lasers to create the CARS
beam. These are multi-frequency (multi-color) methods, since each
laser operates at its own frequency. This method also contains the
most potential for high pressure measurements which are expected
for the combustor of the drone.

Alan C. Eckbreth and Torger J. Anderson, of United Technologies
Research Center developed Dual Broadband CARS. "The technique
employs two independent broadband Stokes sources in combination
with a pump laser. In addition to the two-color wave-mixing
processes between the pump and Stokes lasers, spectrally resolved
CARS is produced in a three-color process from species whose
Raman resonances correspond to the frequency difference of the two
broadband sources. CARS is thus derived from a large number of
species simultaneously removing the nominal limitations of CARS to
interrogate only one constituent at a time." (Ref. 4)

For the Flight Systems Group purposes, the process of two and
three color wave mixing is not so important as is the fact that two
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broadband Stokes sources are used with a pump laser. The result is
the capability to measure more than one species in a sample at a
time.

In the article "Multi-Color CARS for Simultaneous
Measurements of Multiple Combustion Species”, Eckbreth and
Anderson outline three other multi-color techniques as well as
rotational/vibrational CARS methods. They are Dual Broadband,
Dual Stokes, Dual Pump, Dual Pump-Stokes CARS, Pure Rotational
and Combined Rotational/vibrational CARS .

Dual Stokes and Dual Pump CARS are used primarily for
measuring two flow constituents at once. Measuring three or more
are theoretically possible, but the application is too complicated to
be practical. Both of these approaches result in simpler CARS signal
detection schemes.

Dual Pump-Stokes CARS is interesting because the Stokes
bandwidth can be made very narrow. In hydrogen air combustion,
this method can then "track the appearance of H20 product in the
reaction”. This means that it could keep track of how much fuel is
burned in the drones' scramjets.

Pure Rotational CARS is known for its high accuracy in
measuring temperatures below 1000 K, even at high pressures. This
method is difficult to apply. It uses the rotational approach on Dual
Broadband CARS, making it simpler to implement. The advantages of
this is the elimination of a Stokes laser, no calibration for the pump
laser, and the pump frequency can be arbitrarily chosen for maximum
power output.

Combined Vibrational/Rotational CARS combines Vibrational
CARS with Rotational CARS. The result is a method that will
measure two constituents at once over a very wide range of
temperatures.

After considering the assets of all the CARS techniques, Dual
Broadband CARS looks like the most promising as a sensor for the
hypersonic drone. The major drawback is that there will be a loss of
signal intensity in the CARS beam as compared to "regular" CARS.
"Due to the increase of the CARS signal with increasing pressure,
Dual Broadband CARS should be capable of single pulse
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measurements of the major constituents at elevated pressures
typical of gas turbines, internal combustion engines, and burning
propellants. Furthermore, in Dual Broadband CARS, a beneficial
spectral averaging may occur resulting in improved single pulse
spectral quality". It is also noted that "dual Broadband CARS may be
restricted, particularly for dynamic measurements, to elevated
pressure combustion applications. Signal decrease accompanying
broadband sources is compensated by ...scaling... with density". (Ref.
5,6)

This suggests that the use of Dual Broadband CARS in the high
pressure scramjet engines to monitor the temperature, velocity, and
species concentration of the flow there. A remote sensing system is
possible for measuring velocity, pressure, and temperature outside
of the drone as well.

To summarize, several CARS diagrams have been included. One
of these is a "typical" CARS system, and also a configuration for
measuring the after-burn of jet engine exhausts. After primarily
examining the needs of the Propulsion Group , Dual Broadband CARS
was selected as the method most capable of fulfilling them.



CARS Supporting Optics System

Having decided upon which type of CARS to implement, the
manner which this was to be done remained to be developed. The
following optics arrangement was designed to make the most of the
CARS laser spectroscopy system as applied in the scramjet
combustor. (Fig 2.)

The first is a result of our desire to check flow patterns in the
scramjet in several areas. The optics arrangement is capable of
achieving this goal because it uses the idea of one CARS system
directed out of many windows.

The second way the optics arrangement optimizes the CARS
system is by making the most of the available laser power coming
from the optically wave-mixed CARS beam. This beam is split up
between these windows in terms of fractions of the original beam
pulse(s), as opposed to dividing a single pulse of the beam between
all of the windows simultaneously.

The third way is that the CARS system is physically connected
to a single, outer structure. This minimizes the effect of the
aircraft's vibrations on the data , since all of the components of the
optics system will vibrate relative to the drone and not each other.
Further, the system may operate at such high speeds ( picosecond
pulses, for example ) that , in comparison, any aircraft-related
vibration would be insignificant. More precisely, if pulses are
generated fast enough, data could possibly be gathered between one
vibration and the next.

Thus, we hope to achieve a system capable of mapping at least
part of the scramjet combustor flow, with a minimum amount of
power loss, and in the most accurate way possible.

The way the CARS supporting optics system ( CARS S.0.8)
operates is rather complicated. The CARS beam is generated in a
separate system that is housed inside the main structure of the
CARS S.0.S. As this beam comes out of the generating system, it
goes through an aperture (marked "A" in the figure) and into the
Supporting Optics System.  As it travels horizontally into the
system, the beam is directed to the first rotating shaft beam
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splitter (marked "C") by a totally reflecting mirror ("B"). On this
shaft, and on the second , tilted axis shaft below it, are disks
which both allow the transmission and reflection of the beam.
These disks are designed such that the beam will reflect off each
one , in succession, for a predetermined pulse length, L. This puise
length is determined by the amount of reflecting disk that is cut
away in the disks between it and the laser aperture. For a cut away
length of circumference, d , assuming the laser beam traces this
circumference, a pulse will be generated of length,
L= (c*d)(Pi*r *f)
where:

r= distance of beam from disk's center

c= the speed of light in a vacuum

f= the frequency of rotation of the shaft about its axis.

Note that the pulse length is dependent on the distance of the
beam from the center of disk and not necessarily on the radius of
the disk. The radius of the disk only determines the maximum r. This
makes the optical design quite a tricky geometry problem, since
the radius of a disk depends on the position of the disk on its shaft
relative to the incoming beam, the horizontal spacing of the
windows, and the amount of room between the horizontal and tilted
axis rotating shafts. Thus, the pulse length may be changed by
change in axis frequency, but the other parameters are fixed by
geometrical requirements.

Once the CARS beam is split into a pulse by the horizontal
shaft arrangement of disks, the pulse travels to its reflecting
horizontal disk which directs it to the appropriate second, tilted
axis shaft disk. These tilted axis shaft disks, also, alternately
reflect and pass the beam pulse -- only these reflect the pulse down
through a collimating lens ( of 300 mm in focal length ) and through
one of the temperature - resistant quartz windows into the
scramjet combustor. There, a CARS signal is generated by the
specific,excited molecules, and travels directly up to the tilted
shaft disk which first reflected it down. As soon as the pulse is
over and the CARS laser is blocked from the reflecting horizontal
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disk's view, the tilted shaft disk allows the beam to travel straight
up to an optical detector.

If the pulse is long, since the CARS stimulated molecule beam
is approximately instantaneously generated, an additional detector
may be placed around the aperture of the original beam to collect
any overlapping signal that occurs during the pulse generation. Any
overlap could then be routed to the appropriate spectral analysis
channel. It is possible to use this same system with an entirely
reflecting second shaft and one photodetector at the CARS beam
aperture . However, having separate photodetectors for each pulse
has the possible advantage of easier signal separation at high pulse
frequencies and faster electronic processing of the almost
continuous wave of CARS returning pulses.

Note that only one pulse will be reflected up from the
scramjet at any moment, in either case. Hence, one spectrograph and
computer, operating continuously, could receive all of the data. It
may, however, take more than one computer to store ,analyze, and
process the information at the speed required.

Note, also, that other means could have been used to make the
division of the CARS beam between the windows much simpler, but
with a considerable power loss increase. Beam splitters which
partially reflect and transmit simultaneously, could have been used
to split the original beam. But such beam splitters, used twice in
succession, would have reduced the outgoing beam intensity to 25%
of the original CARS beam.

However, in return for conserving power and the other
optimization inherent in its design, the proposed Supporting Optics
System has its own particular drawbacks. First, the size of the
optics system in very much dependent on the spacing of the windows
and number of windows used. A fixed amount of space is necessary
to contain the spinning disks and to make sure that the two spinning
shafts do not collide with one another.

Also, more power is consumed than in a stationary optics set-
up, since power must be supplied to the shaft rotary motors.
Further, the very fast rotation of the shafts would generate heat,
which would add to the overall problem of cooling the CARS.
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Lastly, such a system would be more prone to mechanical
failure than a stationary system using half-reflecting/ half-
transmitting mirrors.

In summary, however, even with these drawbacks (increased
power consumption, greater cooling requirements, and possible
mechanical failure), the proposed optics arrangement for the
application of CARS in the drone's scramjet combustor shouid be
able fulfill the requirements it was designed to to a satisfactory
degree. It will allow the measurement of combustor flow

characteristics in several different areas in the combustor, provide

the maximum possible power to these measurements ( and, hence,
the more accurate results ), and minimize the effects of any
aircraft-related vibration.
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The next two devices described are different than the other
sensors. Both use novel pulse-laser techniques that were designed
conceptually from scratch.  Thus, there is considerable ambiguity as
to the actual feasibility of the devices since neither the dollar cost
nor any available substitutes have been considered. Design is
strictly conceptual that can be used as a springboard for further
research.

An Optical Pressure Sensor

This device (shown in Fig. 3) uses a Michelson-type
interferometric technique to measure the displacement of a
material, such as quartz or graphite, under the load of substantial
pressure. The sensor does so by an arrangement of thin aluminum
mirrors of proper reflectivities embedded in the bulk material
through which a laser beam is launched. Fringes are formed as
pressure displaces the upper mirror downward towards the laser
source. These fringes are then counted and the measure of bulk
material displacement under the external load is then calculated.
Through accurate calibration or theory, the displacement of the
mirror, which moves in parallel with the bulk material it is
embedded in, is related to the pressure the bulk is exposed to.
Therefore such a device is useful in measuring pressures exceeding
ordinary pressure sensors, pressure as high as the bulk material can
withstand while still retaining its elastic properties. Outside
dynamic pressure anywhere on the surface of a hypersonic airplane
can be measured with such a device. The data can be sampled at
rates above 100 KHz (limited only by the propagation delays of the
associated electronics).

This device suffers from noise that results from all mirrors
being displaced simultaneously from pressure. One way of
correcting this noise-like effect is by inserting a soft buffer layer
between the upper mirror and the lower part of the device.
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Multiple Shock-Wave Sensor

The operation of the device is dependent of the shock wave
creating a boundary layer. The differing physical properties of
abrupt pressure and temperature changes across the boundary layer
leading to a spatial discontinuity in the index of refraction. A laser
beam can be reflected off of the shock wave because of the index
discontinuity.

Due to the high hypersonic speeds, the shock waves will "hug"
the plane, being nearly horizontal with respect to the surface. A
pulsed laser beam is launched upward at right angles to the surface
of the drone into the air (as shown in Fig. 4). The laser beam will be
partially reflected upon each impact with each shock wave that it
encounters. By detecting the back-scattered beam, its intensity-
time profile can be used to predict the locations of the shock waves
away from the plane. Knowledge of the appropriate permeability "
coefficient is needed in the calculation of the shock wave distance.
This can be easily obtained with a simple in-flight measurement.

Noise from various sources such as the beam oscillating
between two shock waves and beam-steering may be mis-
interpreted for a shock wave. The high temperatures and the near-
plasma environment outside make the device difficult to design. It
is difficult to single out only the intensity peaks produced by
scattering the beam from a shock wave front, effectively rejecting
noise contributions. Beam steering effect can lead to significant
errors in the measurements due to the turbulent environment
expected.

The velocity of the drone can be conceivably predicted from
the angle the shock wave makes with the fuselage. By scanning the
shock wave with the arrangement described above, such an angle can
be computed. Combined with the altitude of the drone, and other
basic parameters, the velocity can be predicted.
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Fiber Optic Pressure Sensor

Fiber optics are currently being used in the measurement of
many quantities, such as temperature, acceleration, velocity,
electric and/or magnetic fields, fluid levels and acoustic waves. In
the measurement of these parameters, the fiber plays either an
active or passive role; active when the fiber itself is the sensing
element and passive when the fiber simply transmits information
from the sensing element. The device considered here is a pressure
sensor in which the fiber takes an active role in the measurement.

The sensor is a flattened hollow cylinder about which is
wrapped an optical fiber. At one end of the fiber is a source, an
AlGaAs LED with a power consumption of the order of milliwatts. At
the other end is a detector, a Si PIN photodiode. the pressure
differential between the inside of the cylindrical cavity and the
outside of it causes the radius of curvature of the flattened section
to decrease from infinity to some finite value. As this radius
decreases further, there is a corresponding approximately
exponential increases in the attenuation of the intensity of light
that reaches the detector. The light attenuation at the curved ends
is constant and is taken into account when calibrating the device.
The amount of light reaching the detector is therefore a function of
the pressure difference between the inside and outside of the cavity.
The outside of the cavity could be another cavity at a reference
pressure, or a cavity in which the pressure can be varied to increase
the range of measurement of the device. See figure 5 for a picture
of the fiber optic pressure sensor. (ref. 12)

This sensor can be adapted to a high temperature environment
by constructing the cylindrical cavity from titanium and threading
the approximately 100 micron diameter fibers through tubes welded
to the outside of the cylinder. Water or the liquid hydrogen on board
would be pumped through these tubes to keep the fibers at a
relatively constant temperature. In this way the device can be
located near the surface of the inside walls of the engine or the nose
of the craft for a flush air data system to optimize the pressure
propagation delay time. The source and detector would be located
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away from the high temperatures, fibers of course being used to
transmit light to the sensor. In this way, real time measurement of
pressures on the surface of the aircraft or inside the engine could be
made.

The theoretical sensitivity of this device is given by the
following equation:

S=(1/1)(dlI/dP)= Sopt a3 (1- u2/eh3) B2 (B + 12/n)/(B + =)
where I=intensity reaching detector
p=pressure
Sopt = normalized optical sensitivity for a
constant length L of fiber bent to radius R. (ref. 7)

This device will use single-mode fibers rather than multi-
mode fibers which were used in the Wright experiment (ref. 20)
because of the vibrations of the multi-mode fibers encountered
during flight would effect the electromagnetic power propagation
and thus pressure measurement. Two advantages are gained,
however, with the use of single-mode fibers. First the sensitivity,
Sopt is an order of magnitude greater, 20 compared to 2. Secondly,
with single mode-fibers is proportional to the number of half
turns the fiber makes around the flattened cylinder. so that the use
of titanium, with two orders of magnitude greater Young's modulus
than the epoxy resin of the Wright experiment, causing a two orders
of magnitude decrease in the sensitivity can be compensated for
with increased half turns of the fiber. Since is already an order of
magnitude larger, two extra half turns brings the sensitivity of this
device into the range of the Wright experiment, S=8*/bar (1 bar =
100 kPa).

The dynamic range of the epoxy resin cylinder was tested for
200 kPa. This range could, of course, be extended with the use of
the titanium cylinder.
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MOSFET Hydrogen Concentration Senducer

Hydrogen flow concentration inside the combustor of the
SCRAMJET is a very important parameter to be measured because it
is related to the rate of combustion, the energy consumption, and
the engine efficiency. The sensors used in the are relatively big and
intrusive. The MOSFET hydrogen concentration senducer (ref. 3) has
many advantages such as small size, low power consumption, high
sensitivity, fast response, and relatively non-intrusiveness.

A senducer is a sensor and a transducer combination which
senses physical quantities and then converts them through chemical
parameters into electrical signals. The acronym, MOSFET, stands for
Metal-Oxide-Semiconductor Field-Effect Transistor. It is a four-
terminal device as shown in Figure 6.

The operation of a MOSFET is controlled by a vertical action and a
horizontal action. The gate-bulk potential difference VGRB sets up a
capacitive effect which adjusts the amount of carriers (in our case,
electrons) in the conducting channel. There will be carriers in the
channel if, and only if, the gate-bulk potential is greater than, or
equal to, the threshold voltage VT. This is the vertical action. The
horizontal action is controlled by the potential difference applied
between the drain and the source VDS. Current flows from the drain
to the source if vertical action causes carriers to be present in the
conducting channel. Depending on the value of Vpg, there are two
regions of operation--the linear region and the saturated region.
The linear region occurs if VDS < VGS - VT and the saturated region
occurs if VDS = VGS - VT. The drain current equations are given by:

ID = u(W/L)COX [VDS (VGS - VT) - VDS2/2]  linear region

ID = (1/72)(W/L)CoOX (VGS - VT)2 saturated region

Where p = mobility of electrons

W/L = gate width / gate length
Cox = permeability / thickness of SiO2

Notice that the current in the linear region is less than the
current in the saturated region and thus a MOSFET operating in the
linear region consumes less power. Also, the fact that the current
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in the linear region depends on VpS makes the linear region more
flexible for out design.

In our design, the gate material used is palladium (Pd) instead of
polysilicon used in microelectronic devices. Palladium, when in
contact with hydrogen flow, acts as a catalyst for Ho ionization t
give 2H*. This H* diffuses into the thin SiO2 layer to give a charge
difference AQ. A AQ changes the threshold voltage VT. If at AQ = 0,
VT = VTQ, then VT = VTQ - VT = AQ/COX. Now, if we substitute VT =
VTO - AQ/COX into the linear region Ip equation, we have:

ID = w(W/L)COXIVDSAQ/COX + VDS(VGS - VTO - VDS/2)]
Notice that for a particular VDS, ID is linearly related to AQ with a
slope equal to u(W/L)VpS and the plot is shown in Figure 7.

The senducers can be embedded in the walls of the combustor.
The advantage is that although the sensor cannot stand high
temperatures, we need not worry about heating effects because the
combustor walls will be actively cooled regardless of the presence
of the MOSFET senducers. ’

Note that we can use platinum instead of palladium as the gate
material. However, since they act the same for our purpose and that
platinum is much more expensive than palladium, palladium is
obviously a better choice.

The senducer has the advantage of small size--approximately
10 -15 m3, low power consumption on the order of 0.1mW, fast
response time on the order of a few nanoseconds, and high
sensitivity to H2 concentration variation because molecular
relaxation takes only a fraction of a nanosecond.

To ensure accuracy, each senducer should be calibrated
individually because of the doping variations and difference in
threshold voltages. However, if all the senducers are made on the
same silicon wafer, this calibration problem can be greatly
simplified.

- 18 -



Sapphire Diaphragm for Pressure
and Temperature Measurement

A sapphire diaphragm approximately an inch in diameter is
placed flush with the aircraft's skin. Pressure measurement with
this device is based on the photoelastic effect. Light from an LED
source is linearly polarized 45 degrees relative to the surface of the
diaphragm and passed across the diameter of it. As pressure is
applied to the surface, the linearly polarized light becomes
elliptically polarized due to the photo-elastic effect. A second
polarizer , again placed at 45 degrees relative to the surface, filters
out the elliptically polarized light at the opposite end of the
diaphragm. The degree to which the linearly polarized light is
attenuated is thus a function of pressure. The accuracy of this
device can be increased by using two LED sources and alternately
polarizing them +45 degrees and -45 degrees relative to the surface,
therefore, obtaining four outputs. The resulting four outputs can
then be averaged. Temperature measurement with this device is
based on blackbody radiation. As the temperature of a substance
increases the amount of radiation emitted increases and the
wavelength at which it is emitted decreases. The relation that
describes this phenomena is Planck's equation. (ref. 17,18)

Since sapphire is not an ideal blackbody, the above
relation must be multiplied by the emissivity of sapphire, 0.15,
which is an indication of the degree to which it approaches the ideal
blackbody.

Sapphire was the material of choice for several reasons. First
and foremost is its high temperature properties. Its melting point
is 2030 degrees Celsius with its maximum normal use temperature
at 1950 degrees Celsius. It is unaffected by oxidizing and reducing
atmospheres at elevated temperatures. Its crystalline structure,
trigonal, is identical to that of alpha-quartz which was used in the
photoelastic experiments. The tested range of quartz was 10 MPa
with a 0.07% accuracy. There is no reason to believe that sapphire
would be any less. It is a low power consumption device; the LED's
are 100mW sources. And finally, since the diaphragm is flush with
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the surface there is no need to wait for the pressure wave to
propagate down a tube to the pressure sensor located inside the
aircraft.

- 20 -



The Dual-Laser-Beam Skin
Friction Interferometer

The skin friction sensor, using a non-intrusive double-laser-
beam oil viscosity balance technique, was developed by Monson and
Higuchi (ref. 14). Two out-of-phase laser beams, reflected from an
oil film, gives alternative constructive and destructive
interferences. The number of fringes, and thus the rate of change of
the oil film over a given time span, can be precisely computed in
terms of the known laser wavelength. The skin friction is related to
the rate of change of thickness of the flowing oil film. The oil film
used is silicon oil since it has a wide range of viscosity, a relative
insensitiveness to temperature, a low surface tension, and a very
low vapor pressure. The following paragraphs give a brief outline of
its operation and characteristics.

Figure 8 shows the configuration of this device. A He-Ne laser
beam is generated. The laser beam is expanded by a telescope,
linearly polarized, and passed through a neutral density filter to
reduce the beam power level to a value that avoids excessive oil
heating. The beam is then split into two, using a interferometric
flat. One of the beams is rotated by 90° by the half-wave
retardation plate, and both beams are focused on the oil film. The
reflected beams are separated by a polarization beam splitter and
focused on a photodiode after passing them through polarizers and
narrow band interference filters at the detectors for additional
noise reductions. The interference patterns are then analyzed to
give skin friction.

This device is very accurate and inexpensive. It can be used in
three-dimensional laminar or turbulent flow. It is only slightly
intrusive and can be used at various points on the combustor surface.

The only problem occurs when there are dust particles in the oil.
A dust particle exactly at a beam focal point could cause erratic
interferometer behavior. A large dust particle just ahead of a beam
focal point could locally perturb either the oil, or the oil flow,
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enough to influence the skin friction measurement, but could not be
detected on the interferometer record.
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Conclusion

This ends the report for the Flight Systems Group. The sensor
system design was approached with an integration with the
Propulsion and Thermal Management groups. The challenging
environment and the variety of needed measurements called for a
equally large variety of sensors from differing backgrounds and
applications. These innovative designs should provide an interesting
testbed for the sensor systems on the hypersonic drone.
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Coherent Anti-Stokes Raman
Spectroscopy (CARS)

Schematic CARS Layout
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CARS Scanning Setup
Figure 2.
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Interferometric Pressure Detector
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Multiple
Shock Wave Sensor
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Optical Fiber Pressure Sensor
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Dual-Laser-Beam Skin Friction Interferometer
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