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10th Navy Symposium on Aeroballistics
Vol. 2

FOREWORD

These Proceedings, published in four volumes, comprise the 45 papers presented at the

Tenth Navy Symposium on Aeroballistics held at the Sheraton Motor Inn, Fredericksburg, Virginia,
15, 16 and 17 July 1975.

This symposium was the tenth in a series begun in 1950 under the sponsorship of the
then Bureau of Ordnance Committee on Aeroballistics, and currently conducted by the Naval
Acroballistics Advisory Committee as sponsoring committee for the Naval Air Systems Command
and the Naval Ordnance Systems Command. The continuing purpose of the symposiums has been
to disseminate the results of aeroballistics research and to bring the research findings of industry,

the universities, and government laboratories to bear upon the Navy’s aeroballistic resecarch and
development programs,

\ Over 160 research scientists representing 56 organizations attended this tenth symposium.

Session I covered the subjects of missile stability and performance; Session 11 was concerned with
missile stability and performance/launch dynamics; Session IH dealt with heat transfer; Session IV
covered inlets and diffusers/gas dynamics; and Session V presented acro-elasticity and structures. \(

The papers in these Proceedings have been reproduced in facsimile. They appear in the
order of presentation except that all classified papers have been taken out of sequence and

grouped together as Volume 4, a confidential volume. Volumes | through 3 are unclassificd. This
is Volume 1.

Requests for or comments on individual papers should be addressed to the respective
authors,

THOMAS A. CLARE
General Chairman
Symposium Committce
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GREETINGS

The Navy Aecrohallistics Advisory Committee (NAAC) provides valuable assistance to the
Naval Air and Naval Sea Systems Commands. It is extremely active in promoting the exchange of
techrical information among Naval activities, Navy contractors, and other govern:nent agencies. It
also provides effective guidance by recommending aeroballistics research investigations and
identifying the new acroballistic facilities necessary for future weapons development. We hope that
this Symposium, as in the past, will provide for a stimulating exchange of information and will be
of value to all participants. Best wishes for a successful Symposium.

A. B. McCaulley R. W. King

. Caprain, USN Rear Admiral, USN
Assistant Commander Deputy Commander

- for Research & Technology for Research & Technology
Naval Air Systems Command Nava! Sea Systems Command
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WELCOME

On behall of the Dahlgren Laboratory of the Naval Surface Weapons Center, we are pleased
to welcome you to the Tenth U. S. Navy Symposium on Acroballistics.

The Navy Acroballistics Adwvisory Committee, esablished jomntly by the Naval Air Systems
Command and the Naval Sea Systems Command, has prepared an excellent program covering
diverse technical disciplines in the fiels »f acroballistics. It 15 noted that the Symposium brings
together speakers and guests with speetat competence v aeroballistics from the Navy, Air Sorce,
Army, other government agzncies, wmversitie wrd Yrom industry. 1t is cur hope that wr can
provide a pleasant aimosphete for you dwring the Syvi. posivm.

C J. Rone
Cap-uin, USN
Commander

Naval Surface Weapons Cemer
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U S. NAVY SYMPQSIUMS ON AEROBALLISTICS

FIRST SYMPOSIUM — NOVEMBER 1950
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I - INTRODUCTION

An enormous amount of material exists on the subject of store
separation. Notable previous surveys by McKinney and Polhamus (Ref-
erence 1) in 1966 and Ryan (Reference 2) in 1973 contain extensive
+bibliographies of data and techniques up to the respective dates.
Other extensive bibliographies are by Marsden and Haines (Refer-
ence 3) in 1962 and Knutsen (Reference 4) in 1968, These references
are essential to an overall view of the subject of store separation.
The purpose of this paper is to briefly review developments since
the last of the above surveys and to attempt to show the interaction
of many of the diverse elements. References cited in the above
surveys will not be cross-referenced again except where a particular
point or comparison is to be made.

Generally speaking the whole subject of store separation can be
sub-divided into three separate but definitely interacting sub-areas

of analytical mechanics, simulations and full scale flight testing.

The analytical techniques for mathematically modeling the store/air-

craft combination have steadily improved to the point where the
aerodynamics can be calculated for many relatively complex store
aircraft configurations at least for subsonic flows. Supersonic tech~
niques are well along in principle, but they are not as far along
as the subsonic models in a general correlation and implementation.
Transonic mathematical models are less well developed.

The wind tunnel is the prime simulator of the store separation
problem, and various wind tunnel tests of different configurations
make up the largest amount of the material available on this subject.

The bulk of this testing is very small scale, generally in the
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neighborhood of five percent. Only recently have systematic tests been

It appears that these effects can be large ar times, and they must be

. taken into account.

Full scale flight tests present a unique situation in that they

2 constitute the real world environment in which the store is to be used,
but additional features to be considered such as elastic structures,

{. ejectors and the lack of control in the full scale 'laboratory' all

lead to few legitimate correlations of the make-up of the aerodynamic

o
P .

contributions to the performance of an airborne weapons delivery
system., An overriding feature of full scale work is the safety of
flight, and, as a result, most testing is oriented toward definition

of a condition of minimal store activity. Likewise, in the event of a
- catastrophic occurrence, the thrust of subsequent work is not likely to
dwell on correlations. These features combined with the difficulty in

fully instrumenting full scale flight tests have led to the situation

that few if any comprehensive tests have been carried out to correlate

the use of small scale and mathematical simulations.

undertaken to determine the effects of scale and other related features.
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II  ANALYTICAL MECHANICS

General Development

In this section, techniques that calculate flow fields and asso-
ciated store loads for complex aircraft/store configurations are dis-
cussed. Previous surveys, such as References 1 and 2, list at length
the many reports written in this technical area and those lists will
not be repeated here. Emphasis in this report is placed on the compar-
ison of two current subsonic methods with each other and with experi-
mental data. The first of the methods was developed by Fernandes at
General Dynamics reported in Reference 11, and the other was developed
at Nielsen Engineering and Research, Incorporated, by Goodwin,
Dillenius and Nielsen and is reported in Reference 8. The NEAR method
has been improved to alleviate two important restrictions. The non-
circular fuselage was treated in Reference 9, and the pylon model was
improved in Reference 10. Comparisons here are made in regions where
the restricted NEAR model is expected to apply. The General Dynamics
model also includes a capability of predicting loads for supersonic
flight, but no general correlation has been conducted with that model,
and it will not be discussed at this time.

Both the computational techniques of the General Dynamics and NEAR
models are similar in that they solve the potential flow problem with no
viscous effects for the store loads. This potential flow problem
represents two distinct calculations, and for ease of discussion they
will be treated separately. The first calculation is associated with
solving the non-uniform flow field which the store experiences. The

second determines the loads on the store from that flow field.
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¥

. Both the NEAR and the General Dynamics methods solve a potential

flow problem using discrete singularities, the major differences being

L %E‘h *E?‘; pe

"n

% in the interaction of components. The NEAR method allows the lifting %
] surfaces (wing, pylon) to be influenced by the thickness effects of 3
{. bodieé (fuselage, rack, stores) in the configurations; however the %
1- bodies are not influenced by lifting surfaces. The body thickness is %
L represented by axial sources calculated independently of the lifting ;
7
g surfaces in the given freestream. The General Dynamics method con- %%
t siders the effect of each configuration component separately. The 2 3
}; effect of the mutual interference between components, particularly a % 2
- store and wing, can be significant near the mate position. This is the DA
- region which has been shown to affect the resultant store motion the § 3
!
: most and should be modeled properly. ;
: Both methods model the wing-pylon with a vortex lattice which % E
L% allows for most conventional wing characteristics except for discontinu- ?
ities in the chord. Wing-pylcn thickness is modeled by source strips i >
T
which are three-dimensional surface source. singularities thin in the § a2
axial dimension. The NEAR model uses an externally determined, discrete § A
source distribution to account for all body volume effects and a two- z o
ig dimensional upwash to account for fuselage angle of attack. The General éxg
- Dynamics method uses line source and doublet singularities to represent ; i%
j; fuselage volume and angle of attack effects. 3 %%
; Both methods allow the flow field to be calculated at any point in | §
ki the aircraft flow field. The main limitation in both models is that : ;
; ’§ bodies such as the rack that are very near the store are modeled as ;
> 3
- axisymmetric shapes. The improved non-circular fuselage model that was 3 é%
5!2‘& =
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developed at NEAR, Inc. can represent a realistic fusel 'ge; however the

rack models look nothing like a conventional rack shape.

The first comparison was made using the theory and data presented
in Reference 8., The configuration involved a test at Mach number 0,25 of
a simplified model of a circular fuselage with a constant sweep wing
'which was used in a component build-up in support of the development of
the NEAR model. The General Dynamics method was also applied to the
model of Reference 8, and the perturbation velocities are plotted in
Figures 1 and 2, along the centerline of the position the store would
occupy. In general, it can be seen that both methods produce nearly the
same trends of the data; however, the magnitudes are more nearly matched
by the NEAR method, Figure 1 shows the effect of the pylon,and both
potential techniques overpredict the pylon effect, probably a result of
the discrete nature of the vortex lattice. Figure 2 shows the effect
of a rack and stores at twv vertical positions. At the carriage position
or Z/D = 0, the General Dynamics method, which allows for no interaction
between the stores and the lifting surfaces, is drastically inaccurate.
The inaccuracy in the NEAR method is probably due mostly to the lack of
interference between the stores, including the rack, and the fact that
the rack is represented as an axisymmetric body. At Z/D = 1 the NEAR
method 1s more accurate, as would be expected.

The second comparison was made using the theory and data from
Reference 5, and is presented in Figures 3 and 4., Here the downwash
and sidewash flow angles have been measured beneath another circular
fuselage constant sweep wing model. The method of Alford is compared
with the NEAR method and data for the model at various lift coefficients.

Alford used a rectangular vortex lattice for lifting effects and the
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method of Kuene for thickness. Kuene's method basically uses two-
dimensional airfoil theory applied to a swept wing by considering the
wing section perpendicular to lines of constant percent thickness. Both
methods generally predict the trends of the datx very well. It can be
seen that™at CL = 0 the downwash flow angle magnitudes predicted by
Alford are in better agreement with the data. This indicates that the
thickness model Alford useé, the Kuene method, is better than the
thickness strips (source strips) used in the NEAR method. At « = 40O
Alford has the advantage of the known 1ift on the wing to generate the
circulation strengths in the vortex lattice. This provides a geod
comparison in Figure 3 of the downwash angles, perhaps better than the
NEAR method directly beneath the wing. However, Figure 4 shows that
the rectangular lattice used by Alford poorly predicts sidewash flow
angles, whereas the swept lattice used by the NEAR method provides very
good predictions here. At « = 80 both methods are departing from the
data due to non-linear and perhaps viscous effects.

The third comparison was made between the NEAR method and the data
presented in Reference 6. This data for an F-4C aircraft flow field was
taken for the clean aircraft; aircraft with pylon; aircraft pylon and
rack; and the aircraft with pylon, rack and stores. This allows the
analysis for the theory with a build up of various components for a real
configuration similar to the procedure with the simple configuration
reporved on in Reference 8. The data and theory are presented in Fig-
ures 6 to 13, Figure 5 illustrates the positions beneath the F4 air-
craft model at which the data was taken and the sign convention of the
flow angles. This is the most extreme flow conditions to which the NEAR

model was applied. Very rapid flow angularity changes that are visibie
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in the data indicate that the existence of compression and rarefaction
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waves are probably present in this high subsonic Mach number. This

effect can be seen in Figures 6, 7 and 12. Also at locations close to 7%
the fuselage the magnitudes are not well predicted due to t*2 non-cir- i § %
cular shape of the fuselage model tested in the wind tunnel. The first ! %
series of Figures 6 to 9 shows the flow field beneath the wing-fuselage i ; 3
. cnly, Chordwise plots of downwash and sidewash flow angles are shown at % %
‘different spanwise stations and different vertical positions beneath the § ; '%
%
wing. Agreement can generally be seen to be poor except for the side- g ;‘
wash in cases below MWL of -3. The downwash predictions are not able to ‘ g%
make the rapid changes exhibited in the data, even relatively far from i %
the fuselage as in Figure 8. The predictions do approach the data in ‘ _%g
a qualitative sense as the distance from the fuselage is increased. hg E%
This is to be expected since the effects of the non-circular fuselage 1 j%

become more source-like with distance. However, Figures 6 and 8 show
that the downwash flow angles are also not well predicted quantitatively, I

indicating the wing model is not accurate at this Mach Number.

Figures 10 and 11 present the results of the NEAR theory for the Fé !

wing-fuselage model with an inboard pylon attached. It can generally be
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. .
Gl T N R
I
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seen that, considering the previously mentioned disadvantages to which

the model is subjected, the trends of the data are quite well accounted (
for excepting, perhaps, the sidewash flow angles near the downstream

gide of the flow investigation region. The qualitative agreement and .j
the substantial difference in the flow field created by the pylon, e.g. .
compare Figures 9 and 11, indicate that the theory is properly accounting “!
for the interfering effect of the pylon, This 1is true both 1 .>0ard, 'g

MBL = 3, and outboard of the pylon, MBL = 5.
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The last flow field comparison, Figures 12 and 13, represents the
most realistic configuration which a store might experience. The model
tested in the wind tunnel consisted of the F-4 fuselage-wing-pylon with
a TER rack. Inboard of the pylon/store combination at MBL = 3 and
MWL = -3, the flow is poorly predicted, where the flow angle 1is not
varying rapidly. Directly below, at the centerline store position on
the TER rack, MBL = 4 is the position in the flow field which the store
would occupy. Here the theory is in much better agreement with the data,
although it cannot match the rates of flow angle change. MBL = 5 is the
position outboard of the pylon/rack combination. The flow at this posi-
tion has smoothed out considerably and the theory is in good agreement.

The comparison of the NEAR potential model with the AEDC test data
at M = 0.85 for the F-4 model provides some insight into the extent to
which the theory applies. As would be expected at some distance away
the non-circular fuselage can be modeled with simple sources. The
complex interaction of multiple stores also appears tractahle. Yet
in the same comparison it is very evident that regions exist which
cannot be modeled by the NEAR theory of Reference 8. More calculations
and comparisons with data are necessary to build up a complete understand-
ing of the limits of this theory.

The surveys of the theories and data here lead to the conclusion
that the NEAR model is more accurate in predicting the flow field than the
Genaral Dynamics model as 2 result of the mutual interaction of the air-
craft components. The non-circular fuselage modification should be used

for stores close to the fuselage, but this will introduce the very complex
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problem of modeling the engine inlets along with flow spillage. The

General Dynamics model actually makes an attempt at this. Another

possible modification should include mutual interference between the

stores and rack on multiple carriage configurations.

i,

Calculation of Loads on a Store in Non~-Uniform Flow {
Slender body theory has been used extensively to formulate the

calculation of the store loads in the influence of a non-uniform flow ‘

S R AT e T B L1

field produced by the parent aircraft in both the General Dynamics and

D ‘«av

WA VM) Mg

NEAR methods. ! ,
The General Dynamics metho<, although generally derived from g 5’ i?
slender body theory, was developed for complicated store configura-
tions and coefficient slopes derived from any source, such as experi- ,i : E
mental data. The store body including the fin section is broken into ! z &i
axial sections, and a coefficient slope is required for each, and . .é
slender body theory wing-~body interference factors are used tc complete I L éé
1 %
the configuration aerodynamics. Although being able to input the load- i
ing slopes may enhance the accuracy if they are well known, this require- { é%
ment becomes difficult if the aerodynamics of the configuration are not I i %%
known. The buoyancy term assumes a linear static pressure gradient § ? '§
across the store and the velocities are calculated at surface points to { i '§
determine the gradient.
The NEAR method calculates all the aerodynamics internally and is 1{
all based on slender body theory except for a vigcous cross flow and a
buoyancy term. The slender body theory for the body loads does not K

require any aerodynamic inputs; however the results are limited by not

i
S

taking advantage of experimental data when it is available. Only
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cruciform or planar tail surfaces are allowed by this method. The ;

viscous cross flow term is difficult to use because not much is known

uidabos st

i

about flow separation on bodies in non-uniform flow, and a downwash

i

field under a wing could inhibit lee side separation on a body. The
buoyancy term is derived from two-dimensional flow considerations

assuming that the static pressure gradient is linear and just equal

oI R,

approach for non-uniform flow and the method is presented in References

to the centrifugal force created by the curvature of the streamlines. é§
Thus, the buoyancy term looks exactly like the slender body term due ;’i
to axial rate of change of perturbation velocities. %%
b The NEAR load calculations appear to be a well formulated, unified %g

i 7 and 8. However, as a unified approach thc approximations seem

inconsistent between the sleuder body and the buoyancy calculatious.

i The slender body apprcximation takes the boundary condition to the
centerline of a body by assuming that changes across the radius can be

2% neglected. The buoyancy term assumes that thesg changes are sigrificant

. and is the largest component of the calculated load in the vicinity of

: the carriage positiocn.

Comparison of Load Calculations with Data

i; A limited amount of aerodynamic load data was considered here;
however, several conclusions can be drawn from these calculations.
The incremental load due to the presence of the parent aircraft is
assumed to combine linearly with the freestream quantity. Therefore

only that incremeut is considered here. Two store shapes were
-~

. considered, tne MK~83 which is slender, and the M-118 which is not

!

so, slender. The data was tia'ien from Reference 13 and is presented here

P e
5 4w

PN A 5




10th Navy Symposium on_ Aeroballistics
Vol, 2

Vo A R e

in Figures 16, 17 and 19. The parent aircraft was an F-4C model at a

Mach Number of 0.6. All load calculations were made using the NEAR

method.

The pitch plane aerodynamics of the MK~-83 store is presented in
Figures 16 and 17 for different vertical positlons beneath the carriage
location. Qualitatively the theory predicts the trend of the data very
well, and if the 10X data were adjusted for an apparent flow angle, the
theory would predict the magnitude of the data well all the way to the

carriage position. This indicates great prom.se for the use of com-

-.«'Tu = -

pletely potential models for predicting complex flow situatious.

The incremental normal force and pitching moment coefficients are
presented in Figure 19 for the M-118 store. Here it appears the data
and theory differ substantially thrcugh the vertical range of consider-

ation. It also should be noted that the two data sets also disagree

PESEprEY RERVh S e R . oI

and thereby add some question as to its validity.

One important feature of the potential model exhibited here is

[OOSR P R

the monotone decreasing nature of the loads with vertical distance

P

away from the mate position. This will always be observed in the theory

since the velocities vary as 1/R, where R is the distance from store
to any singularity of which the parent aircraft is composed. More
simply stated, ar the store moves uniformly away from the aircraft the

perturbation velocities die out which in turn uniformly decreases the

loads. There have been numerous examples in the data where this is
not true most likely for a fat store carried in close to other surfaces.

This leads to the conclusion that there is an inconsistency in the

ET RPN

buovancy term which must be resolved.
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Slender body theory may lack the ability to model general body :
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shapes as well as the ability to consistently predict loads close to
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5 the airecraft. It is suggested here that a computational technique
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g

which employs surface singularities and surface load calculations

ATA}
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{
£ should be utilized for these difficult conditions. s
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IIT - SIMULATION

Background

The wind tunnel is the prime simulation device for the store/air-
«craft aerodynamics and hence the store separation problem, and this is
likely to remain the case for some time. The bulk of these simulations
have been at the relatively small scale of five percent with the main
objective of determining that a given store will clear the aircraft
upon ejection. Little attention has been paid to the 2ffects of scale
not only on the aerodynamics but on the hardware aspects of mounting
the configuration, and, in general, scale corrections have not been made
to the data. At about the same time, researchers in the Air Force as
well as the Navy began to view this situation with some concern., Dix
in Reference 12 first outlined a comprehensive program at Arnold
Engineering Development Center (AEDC) to investigate some of the effects
for several stores mounted on an F-4C, The test program proposed an
investigation of the effects of tha presence of a sting and its size
as well as the scaling of the gap between the store and the mounting for
both pylon-mounted and rack-mcunted stores. Also to be considered was

the effect of altering the store afterbody to accommodate the sting.

Arnold Engineering Development Center Test Program

The test was conducted essentially as proposed with some expansion

of interest such as the inclusion of another store of mutual interest

to both the Air Force and the Navy. The results of this test pointed out

a secondary factor often ignored but frequently a hindrance in a store

separation investigation. The plethora of data created not only a mas-

sive data handling problem in the reduction but also an in-depth analysis
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of the large amount of data that can nearly overwhelm an investigator.

Results of the first phase of this series of tests will be reported by

Dix in Reference 13, but some of the preliminary data is shown in Fig-

ures 14 and 15 provided by AEDC.

The effect of the sting presence as well as the afterbody modifica-

tion is small at lcast on the finned bodies where the fins dominate the

loading. On unfinned bodies where only the body loading is important, the

sting presence has a larger effect not generally dependent on the sting

size within the limits tested here. The effects also seem to peak in the

transonic Mach range. Effects on cther coefficients show a similar pattern,

but it should not be concluded that a large effec” in the pitch plane sig-

The eiffects are

nifies a large effect in the yaw plane at the same time.

a little more subtle. Examination of the effects of the sting on the

store on the outboard station in Figure 15 as compared wiih the same store

on the inboard station reveals a much larger effect on the outboard station.

This would be mysterious until a check on the flow field data of Refer-

ence 6 shows the fin region,when the store is on the outboard station,

is in a much more severe flow gradient than when the same store is on

the inboard station, and small changes in the flow should have more effect

when the gradients are large. This same situation generally holds true for

other configurations and has led to the formulation of the following
conclusion in conjunction with AEDC investigators:
"Uf the sting affects the measurement of loads and moments on
a store in a free stream environment without the aircraft present,
then the effect of mutual interference between the stove and air-
craft will be to exaggerate the sting effect depending on the
severity of the flow gradient over the affected regions of the
store."

All the effects and trends pictured in Figures 14 and 15 are clouded

by the fact that the data uncertainty is so large, but it should be noted
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that the larger increments in coefficients shown here constitute on

the order of thirty percent of the absolute coefficient level. Sim-
ilar data for a smaller family of stores on th# A-7 aircraft was
taken by Hill and reported in Reference 14, A similar qualitative

correlation of this data with A-7 flow field data reported in Refei-

ence 15 reveals the same conclusion regarding sting effects.

Naval Ship Research and Development Center Test Program

To contribute to the development of a store separation technology
development, the Naval Ship Research and Development Center (NSRDC)
conducted tests to complement the prior sting-effect tests at AEDC.

Parameters considered were Mach Number, Reynolds Number and store

attitude, and position relative to the parent aircraft. Two AEDC store

configurations were considered as follows:

1. M-118 3000 1b. General Purpose Bomb.

2, Mk-83 Low Drag 100C 1b Bomb
In the second case, the TER was loaded with storesin both of the other
positions. Some overlap of test conditions of AEDC was made to establish
mutual confidence in the data.

Six-component loading on the store was datermined by the Modified
Grid Method utilizing the Captives Trajectory System for traversing the
aircraft flow field in the 7 by 19 foot Transonic Wind Tunnel at NSRDC.

Data for the Modified Grid Method was acquired by the automatic travers-

ing through a predetermined grid of X and Z tuvnnel positions when the

store was manually set in a given alpha, beta and phi attitude and Y

tunnal position. Only one or two manual settings were required for
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each automatic traverse (one data run). Configurations evaluated

were as follows:

1, M-118/F-4, 5% scale, mounted left inboard pylon
2. Mk-83/F~4/TER Sta. 1, 5% scale, other stations occupied
3. Mk-83/F-4/TER Sta. 1, 10% scale, other stations occupied

The 5% M-118 and 5% Mk-83 balances, and stings were identical to

MRS T P

those used at AEDC. 1In fact, many components were simply borrowed. The

geometry of the M-118 tail cone was modified to accommodate the sting such
that it corresponded to afterbody #2 of the AEDC tests. The Mk-83 after-
body was the same as the AEDC tests. The NSRDC 5% F-4 model employed was

a complete model whereas the AEDC model lacked the tail section. The

SR R b ke

NSRDC 5% model also had closed inlets (no flow through), while the AEDC

5y
a4

dit

b

SR oty sl b

A
it

model had flow through inlets. In the case of the M-118 tests, all five
pareni pylons were present on the aircraft at the conventional stations.
These same pylons were present for the Mk-83 tests, but a Triple Ejector
Rack (TER) was mounted on the left inboard pylon with both shoulder

stations filled with Mk-83 shapes.

The 10% Mk-83 model and associated sting were exact duplicates of the ;

£l
L

bl

5% configurations scaled up by a factor of two. This provided the same

&
M

i
’:

base to sting relationship and reproduced the tail geometry of the 5% tests.

,
f]

R

A 10% M-118 model was also fabricated to duplicate that portion of the 5%

!

]

Bnbabbiion R bl e

tests, but tunnel time was exhausted before this test could be done. The
10% F-4 model was actually a "B" model as opposed to the Air Force 'C"

model, but the main external difference is in the nose section. This

5

was not expected to affect the flow in the vicinity of the inboard wing

pylon. It also had flow through inlets. :

ARy

In order to facilitate traversing the store model in close to the

aircraft model, a special six-inch offset sting was used with the mounting
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TABLE 1 - PARAMETERS INVESTIGATED g
(Nominal Values) .
MACH REYNOLDS ATI‘ITUDEZS-(DEGREES) POSITION (INCHES) i
CONFIGURATION NUMBER NUMBER LONGT - TOTAL
x106/ ft PITCH YAW ROLL TUDINAL LATERAL VERTICAL RUNS
I
5% M11°  0.600 2.0 3.6 =10°30 -15°15 ~22.540  2+-16  -10+0 110 53 |
0.800 2.0 3.6 -10030 0 0 2+-16 -4 1140 5
]
0.600 2.0 3.5 -10+30 -15%15 -22,5+0  2»-16 -8+0 1140 65 ‘
SAMk 83 o865 2.0 3.5 -10410 0 0 2+-16 -% 1140 3 -
|
0.600 2.0 4,2 ~10°15 =15 15%-22.5+0  4+=16  -12+-2 1140 49
102 Mk 83 5 500 1.0 5.5 0 o 0 4>-16 -8 1140 1 :
‘ L
TABLE 2
REFERENCE INFORMATION _}
Model Scale
1rEM TOPEL 5o vk 83 10% MK 83 5% M118 5% F4C 10X F4C
Area (th)s .002673 .01069 .007933 1.325 5.30
Span (In)B .700 1.400 1.206 23.0445 46.089
Chord (In)C .700 1.400 1.206 9.624 19.248
' Length (In) 5.725 11,453 9,113 - - %
Diameter (Max) .700 1.400 1.206 - - ;
(In) f
Yoment Ref Sta 2,525 5.05 2.81 17.68 35.36
(Inches from
Hose)
(Full Scale (50.5) (50.5) (56.2) (353.6) (353.6) 3
Equivalent)
18
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as shown in Figure 20. No artificial transition strips were applied

to any of the models used, and no base pressure corrections were
applied to the data. The investigations were conducted with the air-
craft angle of attack set to represent a level flight condition for

’the particular Mach Number. This led to approximately 2°2 at the

lower speed and 1° at the higher speed. As a result of angular offsets
of various components the store was nearly zero with respect to the
free stream at the lower speed and approximately -1° at the higher
speed. A total of 176 runs were made over a Mach Number range of 0.6

to 0.865 and Reynolds Numbers from 3.6 x 106 to 5.5 x 106 rer foot.

The range of all parameters investigated is summarized in Table 1.

Data was acquired continuously during a traverse and was eventually

recorded as 2 increments ranging from 0.1 inches near the aircraft to
2.4 inches or greater at large distances from the aircraft. The end
result 1s an average of three readings taken 20 milliseconds apart
with 5-hertz filters. Reference dimension information is given in

Table 2, and the final data is reduced to conventional body-axis

coordinates.

Comparison of Test Results

A general comparison of the results is shown Figures 16 through 19.

Figure 16 shows the normal force from several sources on the Mk-83 as
a function of normalized z-distance from the attached position. The
angle of attack of the store is or should have been "0", and this
coefficient is the increment due to mutual interference. Upon examin-
ation of this data, it is gratifying to see that data from the NSRDC

5% tests generally agree with the AEDC 5% test. The scatter of the
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data is quite large even after averaging three points in recording and
plotting only about every other point. Readily apparent is the data
shift for the 10% data. Two factors are involved. First there is

an obvious small angularity in at least the NSRDC tests. It appeared

to exist at least at times in the AEDC data too, but testing was not
carried out far enough from the aircraft to be definitive. An approx-
imation to the free stream can be made by examining the asymptotic
behavior of the store. A large amount of the data far removed from the
aircraft was averaged together to form an apparent free stream for the
tunnel environment at NSRDC and is shown in Figure 18. The store

normal force coefficients in the tunnel free stream are in relatively
good agreement for the 5% and 10% tests, but they lead to discrepancies
in flow angl: as large as 2°, It is easy to see that such discrepancies
could occur with alignment not taking into account any asymmetrical
blockage effects of the massive dual sting apparatus and possibly some
component misalignment on the model. 2° does not seem large and

Goes not seem a large factor here, but small angular discrepancies appear
much more significant later for the M-~118 store. It should also be noted
that the discrepancy between the 5% and 10% tests and the best estimate
of the true store characteristics as reported in Reference 16 can be
roughly attributed to the reduction in the fin area aft end of the store
to accommodate the sting.

Shifting the data such that all of it decays in a consistent manner
does not affect the agreement of the 5% data sets, but the 10% data, at
least for the near position,is still considerably different revealing
the second factor, probably a Reynolds Number effect. Examination of

the drag data, not shown here, tends to confirm thal this data shift is
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due to Reynolds Number.

To complete the picture here, the NEAR mathematical model results
are also shown. It was originally thought that this model represented
rather poorly the 'close-in' loading, but the data here indicates a good
overall agreement even with the close-in position when the larger scale
data is considered.

Similar data is shown in Figure 17 for the moment, and the con-
clusions are the same as for the force data. Equivalent free stream
data for the moment coefficient is also shown in Figure 18, and again
angular discrepancies as large as 2° appear in the moment coefficient.
Furthermore there is a marked difference in characteristics of the
equivalent free stream aerodynamics between the 5% and 10% data.
Conversations with AEDC researchers indicate that this is not unusual
in tests at this wscale; in fact it is the usual case. If this is the
case then small scale data should be used very cautiously in defining
mutual interference data. Rather than use the data in its absolute
form, it should be viewed as a change from the equivalent free stream
of the tunnel and then combined with the real free stream environment.
The 107% data has the same characteristics as the estimated full scale,
and again the discrepancy existing can be attributed to the change in
fin region to accommodate the sting.

Data comparable to the Mk-83 was taken for a single M-118 store on
the left inboard pylon of the F-4, and this is shown in Figure 19. Un-
fortunately 10% data was not available for this test, and the AEDC
data is of limited extent. The results are not of interest operationally

because this configuration cannot be flown, but they do reveal several

A ¥ S e T o ST

SRS AR LR Saes e 3T A
e e e S S T kaBat o s e DTl

L,

: '
" . . I T T LN
A IS 8 e £ 4o, ikt A R B A LR e B

X

T T T Y.
s SRR T S fe e

i

oo

R AR IO

(&

s A
RE AT

G b
o

BN IR

|

TS

o
S

A PR A L R e RS

s

o
Aoy

4



-

ey

Al g S

e

i

RS S Seb IR
bt

10th Navy Symposium on Aeroballistics
Vol. 2

shortcomings of both the wind tunnel simulations as well as the mathe~
matical model. Results of the normal forces from the AEDC and NSRDC

5% tests appear to be very much in disagreement, but it can be seen

that the asymtotic values again indicate some flow misalignment. Shift-
'ing the NSRDC data so that the asymtotic data decays toward zero tends

to give an approximate value of zero for the initial position values of
the NSRDC data but would not lead to a reversal of sign that exists in the
AEDC data. This feature will be the subject of future analysis, but it
should be nocted that one apparent difficulty which may be un-resolvable is
that data of this level is nearly within the accuracy of the system.

Also shown in Figure 19 are the NEAR mathematizal model results for

this configuration, and they are generally in disagreement with every-
thing. This i1llustrates the problem alluded to before that a strictly
potential solution of this type cannot produce a force that changes
sign, and the use of slender body theory breaks down in close where a
'"buoyancy~-like' term must dominate. Furthermore the M-118 store is far
from a slender body and may in itself violate the model. Lastly, just
as the test data is approaching the limit of accuracy possible, the
model itself may be doing likewise. Preliminary analysis of the data
indicates that at larger angles of attack, where the force levels are
larger, both AEDC and NSRDC data are in closer agreement with each
other 2s well as with the NEAR model.

Examination of the moment coefficients for this configuration
reveals that the same arguments apply. Shifting the NSRDC data for a
consistent decay value tends to give it the same general trend as the
AEDC data, but there 1is still a large disagreement for the rack position.

The NEAR model now has the same trend as the data, but this is considered
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fortuitous in view of the lack of correlation with the force data.

Prpp—

Use of the moment and force data from the different sources

e
R

shown in Figure 19 would clearly give different results for store

-

motion. There have been, from time to time, various comparisons of

i , ) o
s the store motion close to the aircraft as a result of inaccuracies in

the data. This is only half of the problem. If the store-—aircraft

interference is ever to be used in conjunction with aiming informa-

e s A ey -..»“m):,t«qh‘am;‘@ai‘n«%:{&ii@\%ﬂ’%&‘iﬁy 5%
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tion, the effect of various inaccuracies in the data must be carried X
i

fiye
AR

A broad general comparison of this was done by :
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to some impact point.
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Maddox in Reference 17, but the fictitious store/aircraft interactions

o s
it ol

were in general too large. Further studies along this line using levels ;

‘ in agreement with loads shown in Figures 16, 17 and 19 are called for
to determine how good wind tunnel or mathematical model data must be.

Trajectory comparison tests then should ideally accompany most wind

»
.
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tunnel investigations to verify if the test data is conclusive.

The use of a wind tunnel to simulate store separation requires a
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N large number of detailed considerations especially if the resulting

data must be accompanied with trajectory studies involving perturba-

P
x

tions. The wind tunnel data techniques usually fall into two conflicting

One technique referred to as the Point Prediction

: schools of thought.

Technique, or in some cases the Captive Trajectory Sting, allows a store

o to "fly" a limited trajectory in the tunnel in which each point is

: 'computed from the simulated loads as seen by the model. The final result,

in this case, is a trajectory. On the other hand, there is a technique

which might be called a Field Array technique which seeks to map the flow

field or perhaps the loads on some store as a function of position and

) attitude in the vicinity of the aircraft. The result is a set of aero-

dynamics at discrete points in the combined flow field which must be

P
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used with separate programming to generate a trajectory.

Generally speaking, wind tunnel installaticns have tended toward
the PPT/CTS approach parﬁly as a result of the neat concise form of
the final answer and certainly because of the unquestionable cost
effectiveness of generating a single trajectory. On the other hand,
field installations have tended toward a preference for the Field Array
data largely because of the data flexibility through which it can be
manipulated to apply to different flight conditions, different initial
conditions or even different stores. Other important attributes of the
Field Array approach are the ability to make necessary corrections to
the data such as that for scale, ready integration of data from multiple
sources and the small effort required to extend the trajectory to an
impact.

It would be most advantageous to the technical commuanity at large
ts try to retain both techniques which at first glance appear mutually
exclusive. This is an expensive proposition, however, to simultaneously
develop and keep current procedures and software for two separate tech-
niques. Bamber, in References 18 and 19, foresaw some of these problems
and suggested, as an alternative, some sort of combined system capable
of doing both techniques. The numerical techniques developed there are
quite bulky especially in view of some current unpublished work, but the
comparison of systems 1is wvalid, and the conclusion has concijerable

merit in future wind tunnel simulations.
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IV - FULL SCALE TESTING Vol. 2

Background

Carefully structured testing both in flight and on the ground serves
to verify the functioning of an airborne weapon delivery system. Marginal
aerodynamic performance areas are usually identified by wind tunnels or
theoretical models. All reasonable failure modes, including instrumen-
tation systems, are anticipated with estimates made of their probabilities
of occurrence and of the consequences. Validated simulations are of great
value here and allow a quantitative analysis of worst-case failure modes.
This includes the concern for range safety under some conditions. Separations
ranging from jettison through pcssible Jlaunch failures (i.e. week ejection,
control failure, and etc.) to perfect launches are all analyzed before a
new store/aircraft combination can be accepted for flight test. Finally,
the concern is for success of the test and acquisition of engineering data.
Table 3 lists the engineering information that is sought in normal flight
testing. An evaluation is made as to the items that are nearly always
obtained and thosc which are more difficult to instrument and are thus
acquired only in special cases.

An example of a program wnich includes most all of these considerations
is the recent missile development program for the Air Launched Low Volume
Ram Jet (ALVRJ), and a brief description of the separation investigation
of this vehicle may serwe to illustiate the interlocking nature of various
features of this type of launch certification. The missile was developed
by Vought Systems Divisiun of LTV Aerospace Corp. as a propulsion test
bed and bad a critical separation phase requiring launch wvithin narrow
Mach Number and angle-of-attack limits at the performance limit of the

A-7 launch aircraft. With fixed fins. it is statically unstable at launch

25

n

P A

i

VT R s A R G

ERDITS

o e

i A A AR o W

AEE (RN oo

|
i

e o s b e




T S
; s s F R SR AT e T e L TR
LRSI ) ‘h_azx-uasat h;am e s M st A G

EFTpyipeto—t o

10th Navy Symposium on Aeroballistics
Yoi. 2

TABLE 3

e e AR ¢ D

ENGINEERING DATA ACQUIRED DURING SEPARATION PROGRAMS :

. Typlcal Status

e AT ! N R
iyt i RS A . B O Attt ek,

Determined Instrumented i
B | Prior to During i
| Flight Fltght
£l
a;g Aircraft Related Variables: ;
Mach No, e=e=cecenmovccnracccncccen 2
® Altitude =~e=--rmcccccccceccccnnaaa 2
Normal G-Load =-~=-=-~=-ccwccce- mese= 3 ;
Lateral G-Load =-<-=-cc-c-cecaccccaa- - 3 ,
Angle-of-Attack ==-<-====scccreocenn- - 4
Angle-of-Side Slip ~=~-e==sc-=c~u- .- S
Trajectory Vertical Angle ~--~-c=ce- - 3
Pitch Attitude --c--wcecec.- ecoemea 3
Roll Attitude ~~-~--- R - 4
Store Station =---=-sc-ccecc-a- comce 2
Adjacent Store Loading ---c-vece~-caa 3
Local Flow Field -~ Infl, Coef. ~--~-- 3
Local Flow Field -~ Angularity ------ 4 6
Ejector Support Struct. Compliance -- 5 6
%
Ejected Related Variables:
4SS -c--ececmemeiemavoceecmamanc~ 1 l
CG Pousition ---c---cvcceemeccnncoaa- 2
Mements of Inertia -e--=-ececaccaa-ws K}
Free Stream Acvodynamic Char, «-=---. - 3
Contrel Characteristics ---=-eo~e-. - 3 !
Thrust Characteristics ---=e-=------- 2 2 ]
Structural Vibration Char, ~-----<--- 3 4
Translation Rel. to Afrcraft ---~---- 3
Bodv Angular Rate Histery -----=-=--=< 3 l
angular Attitude Rel. to Alrcraft--.- 3 j
Scdy Accelerations ------s-ve-ecna- 3
Control History =-----e-ceiccececcn-a 3 ‘
Store Related Variables: s
Erd-of -Stroke Vz2losity -=-c-rccvecn- 2 4 {
End-of-Stroke Pitch Rate -=c--eceevo- 2 4
Stroke Position History ----«------- 4 4
Stroke Force History =--s---eove-- - 4 4 g
Cartridge Loading ~e---ccwccccce- > 1 !
2lumbing Initial Temperature -------- 4
Sway Brace Pre-load ---c-vecccwcannn - 5
Stow Loads --=-=-ceceesecnacon. ---- 4 5 i
Piston Gas Pressure History ------ e 3 s i
Ejector Pitch Rate History <------- .- 4 4
Certridg-Related Toleranceg -=--eca-vo 3
1
i 4
Legend: )
1 - Always, 2 - Usually, 3 - Sowetimes, 4 - rarely, 5 - very rarely, ] }
[
6 - Never :
26 ;
2
H
g ;

[T LTI e g e 7 =8 - .
mexmhm R QO Ty N T




10th Navy Symposium on Aeroballistics
) Vol. 2
i {.

=
o
B
>3
H

&

Laits

k)
A

and it must be stabilized. Tenth scale captive rig model tests in the

oL NSRDC tunnel indicated a strong pitch~down flow field throughout the
planned launch envelope; thus a modified single piston ejector was posi-
tioned to apply the ejection force aft of the imissile CG off-setting the

pitch~-down flow field for a limited flight range. In addition to the above

constraints, the booster motor was an experimental design so that ignition

was delayed until 5 seconds after separation.

Considerable simulation of the separation phase was undertaken using

various control and ejector failure modes. Fixed fin and hard-over fin as

well as weak and overly strong ejector impulses were tried. In addition,

ejections at the instant of aircraft response to an air gust were simulated.
! Three fixed fin unthrusted versions of the ALVRJ were launched at pro-

gressively greater Mach Numbers at the planned altitude. These were known

as the STV (Separation Test Vehicle) one, two,and three. As dynamic

i pressure increased, their transition into tumbling occurred sooner after
i

launch la accordance with predicted behavior. Table 4 compares predicted

{ and test results from Reference 2} for the three STV's.

) The first real ALVRJ launched was the DTV No. 1 (Demonstration Test

Vehicle No. 1) shown in Figure 21.

Comparisons of predicted and actual

separation dynamics are shown in Figures 22, 23, and 24. Both pre-flight

and post-flight predictions are made. The pre-flight prediction assumed a

standard atmosphere and the launch aircraft flying at the planned launch

condition.

The post-flight prediction was initiated with the actual atmos-

pheric condition and the launch aircraft flight condition. The post-flight

prediction allows valldation of the simulation.

Since the three STV's were

unguided and unthrusted, only the first fraction of a second of their sep-

: aration trajectory afforded data for validation of the simulation.
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TABLE 4

STV NUMBERS 1, 2 AND 3 TEST RESULTS

Launch Conditions:

STV_NO DATE ALTITUDE

MACH NO. DYNAMIC PRESSURE

1 10 May 1974 13,000
2 6 June 1974 13,000

3 13 June 1974 13,000

Summary Results at 0.5 sec. After First Motion:

PREDICTED VALUE

Vertical Clearance 9 to 12 ft.
Pitch Attitude +1° at low Mach No.

-16° at high Mach No.

Rnll Attitude ~29 (ejector on CL)

-270 (ejector 1/8 in.
left of C/L)

28

ol e

.6 326
.77 536
.84 627

TEST DATA
9 to 12 ft.
-2° at low Mach No.
-12° at high Mack No.

-7° to -120
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This sortof analysis represents a formidable undertaking for a single

store/alrcraft combination in a Limited flight range. S$imilar undertakings

for all sturef/afvcraft/f1ight conditions constitute an impossible task.
On the other hand, traditional test techniques involviug starting from an
obviously safe condition and gradually progressing through the flight envi-

ronment also represents an ineffective procedure. Some combined use of

theoretical models, simulations, data from other tests and limited flight

tests must be brought together in a simple effective analysis of the sep-

aration process.

Measurement of Stowed Loads

Most local flow fields are at their greatest intensity at a nomlnal

missile-stowed position and decay monotonically with distance below the

aircraft to the free stream. Thus, measurement of the air loads acting on

the store while in the stowed position is beneficial. The local flow ficld

air loads are separated from the total air loads by using the known free-

stream acrodynamic characteristics of the store by post-flight computer

processing of the data. "On line"computation would vequire high capecity

machines; however simplified data libraries could be used for approximate

"on line" determination of the local flow field. This could be of coun-

siderable value in conducting an extensive flight test program by direct-

ing the rest pilot toward (or away f{rom) the most critical portion of a

flight envelope.

Once the stowed loads are determined, wind tunnel grid surveys for

the store determine the rate of attenuation cf influence air loads with

vertical distance. Use of only the stowed-loads influence field coef-

ficients has led to good results in some cases as described in Reference 22

LA

Grumman Aerospace Corp. used botn the stow-loads-determined infiuence field

coefficients and captive rig grid-survey-determined influence coefficients
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in its separation math model for predicting AIM-7 separation from the

F-14. The best results were obtained with the stow-loads-determined coef-
ficients in the subsonic and transonic speed regimes and the grid-survey-
determined influence coefficients in the supersonic regime.

Unfortunately there are a number of situations where stowed=loads do
not accurately indicate the influence field at positions below the stow
position. This is true where shock waves emanate at acute angles from
major launch aircraft components at supersonic speeds, as shown in Figure 25
from Reference 23. Abrupt changes in influence coefficients can be expected
when traversing downward through such shock waves. Anomalous flow condi-
tions at certain flight and adjacent store loading combinations can even
strongly vary the influence field even within the stroke distance of an
ejector. In Reference 24 it is reported that: the AIM-7E at station 4
(fuselage aft centerline station) of the F-14 experiences an increasingly
strong rose-up pitching moment from the stowed position tc end of stroke at
high dynamic pressure transonic speeds; however, Reference 24 goes on to
say "by Mach 1.2 the trajectories match the strong nose-down predictiouns
indicated by wind tunnel and installed loads flight tests'". Figure 26,
Reference 24,shows predicved and rlight test results compared for station 4
separatious within the transonic regime. Another instance during stowed
loads flight testing of the F-14 in which measured stow loads lead to an
erronecus prediction of separation trajectory was in the case of a small
bomb carried on a forward left hand station. The local flow field at this
one station experienced an anomalous preturbation due to cutflow from a
vent on the underside of the F~14. Maddox, in Reference 17, stressed the
strongeffect that the close-in gradients of the influence force field can

have on the separation trajectory. This situation can be aggravated in the
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case of an unstable m’ sile such as the AIM-7E which is statically unstable
at subsounic speeds and small angles of attack.

In response to the need to measure full scale stowed air loads in
flight, a number of force balance configurations have been devised. One
technique is to instrument an operational rack with strain gages. Two such
racks, the MAK-79 and the BRU-10, were used in the program described in
Reference 25 with the F-14 external stores certification program to measure
the stowed loads on a variety of air-to-ground stores. As a result of the
great number of external store combinations only the worst flight conditions
and store loadings were flown. By fon line" processing of the telemetered
data from the F-14, it was possibie to alter the flight conditions during
testing thus allowing optimum use of flying time to evaluate the many com-
binations of external store loads.

Hooton in Reference 26 describes a similar instrumented TER rack. All
standard racks of this type must be strong enough to hold a heavy store
under maximum expected stowed loads; thus the seperation of air loads
becomes a difficult calibration problem with very large tares. As a result,
such racks frequently have limited ranges and/or do not measure full six-
degree-of~-freedom loadings. Smith, in Reference 22, describes the use of
another type of device that still has difficult calibration features but
has lower tares. The device incorporates a balance designed to go insid
a lightweight shell. It can be used with any configuration for which a
dummy shell to represent the store will fit over the balance. The most
extensive use of this device has been with a Rockeye II store, but the
results were inconclusive because of an inability to make a confident cor-
relation between aircraft flight conditions and wind tunnel conditions.

In addition to the instrumented racks and more sophisticated airborne

balances, the quest for reliable large scale loading has even led
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investigators to attempt extendable load measuring devices, but the hard-

»

ware and other associated problems have kept this device from becoming a

practical reality.

Ejector Characteristics

The ejector plays a key role in intiating the separation trajectory,
and studies such as Reference 17 have shown the ejection event can have a
strong effect on the separation motion near the aircraft as well as the
impact point for unguided stores. In addition, the ejection can also
strongly affect the structural integrity of light weight structure stores.
Included in the factors that affect the ejector characteristics are the mass
properties of the store itself, air loads on the store, compliance of the
supporting structure of the ejector, and the cartridge burning and internal
gas dynamics in the case of the hot gas ejector. Characteristics for an
ejector are usually determined experimentally in what is sometimes called
a "pit" test 'v.. re the ejector is mounted on a rigid support and physically
ejects a body of dynamic properties similar to desired stores. The body is
sometimes rigged with some sort of elastic restraints to simulate aerodynamic
loads. Results of such a test are shown in Figure 27 from Reference 29 and
in Figure 28 from Reference 30. Repeatability of these results under oper-
ational conditions as well as the effect of the crudely simulated air loads
have both raised serious doubts of the meaning of such results,and espe-
cially of the use of fixed end-of-~stroke condition as an input.

The interaction between the ejector and the supporting structure has
recently been investigated by Devan as reported in References27 and 28,
Military Specifications require that ejection racks must be qualified by
structural testing to loads 100% in excess of worst expected loads, and

one would expect the result to be a fairly rigid structure. On the other
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hand, store release films, particularly for the Multiple Ejection Rack,

-

clearly show considerable vibrational excursions in many cases. The

. representative case examined by Devan was a MER on the center wing pylon

of an A-7D and loaded with M-11l7 bombs. Second, fourth and sixth release ‘

stations were considered for a dive angle of 30° at 10,000 feet and a Mach

i Number of 0.9. Aircraft pull-up rate in the vertical plane was varied
i

between 0 and .l rad/sec., and representative air loads from 5% wind tunnel

et e
- .

tus*ing were used. General computational results illustrated in Figure 29

N
N e s Tt ot e s i o b et AT RS B 14

= are summarized as follows:

(1) Ejection velocities,mainly vertical component, deviate by

§ 15 percent or less from the rigid case.

) (2) Ejection pitching and rolling rates are affected significantly
. by flexibility. For the second bomb in the normal release by
sequence at .l rad/sec. aircraft pull-up rate, the increment

is about 35 percent of the rigid case.

F T SRR TR IR 7 Ty Sy PR R/ R 7

~
Sy

(3) Ejection yawing rate is insignificantly affected by flexibility.

Finally, in recognition of the variability of current ejector char- !

acteristics to various factors, a number of adaptive or "smart" ejectors

s e sk

- have been developed in conceptual or prototype form such as described bv

5
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Maestri and Schindel in Reference 20 to use various levels of feedback of

i aerodynamic information to place the store in a more predictable condition
&

outside the interference flow field of the aircraft. No known flight test-

ing or ground simulation of these concepts is available at this time.

Comparison of Separation Prediction and Testing Results

Even with limited knowledge about most flow fields, separation predic-

"

. tion has in most cases become sufficiently accurate to define safe or

)

- unsafe launch conditions when backed up by wind tunnel testing and sufficient K
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analysis particularly parametric studies to reveal especially sensitive g
7

conditions. The separation perturbation on aiming of a free fall store §
]

£

has not yet been introduced into use exaept through a large sample statis- %
1

tical approach. As indicated previously, the ALVRJ did have considerable E
3

initial testing to define its separation characteristics, and the com- §
:;j

parisons of pre-flight prediction, flight test and post~flight corrected g
3

prediction are shown in Figures 22,23, and 24. The AIM-7 on the F-14 is g
i":’é

less well defined even with considerable background investigation. The %
=

o3

results of this store separating from a semi-submerged fuselage station f:
at high dynamic pressure and low G-load are shown in Figure 26. ] %
Agreement between wind tunnel derived interference effects and flight ¥%

:,"_5:;1_]

test results is achieved by treating the wind tunnel data as a library of Z?
interference influence coefficients and by adjusting the library to agree , %
B

. B

with flight tests as more experience is obtained. Such adjustment would | ’~§
3

account for scale effects such as shown in the Simulation Section or zny

»
5oy et
Ly e

other effect not covered by the wind tunnel testing, but it is generally !

Yt

an empirically determined adjustment. Once predictions agree with one or

et

Sty

more flight test separations, the library is assumed trustworthy enough to .

o

N

predict separations of that particular store under similar conditions.

Figurz 30 taken from Reference 31 is an example of such an adjustment but

b

care must be taken to guarantee that such a representation is not misleading.

1
i

SRR

For instance, the results of Reference 31 are for an inactive store and

Sl

t

4

hence the correlation is probably not at all general.

2
=
Instrumentation and Data Reduction %
=
%
Adequate validation of an empirical separation math model is pre- %
dicted upon accurate and complete instrumentation of flight test separations. jg
g
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By math model in this sense, the meaning, as opposed to the theoretical

math model outlined in the Analytical Section, is essentially a trajectory
program with a library of aerodynamic functions which represent the con-
figuration in question. The extent to which a separation math model can
be forced to fit observed data is limited not only by the library but also
by the data accuracy. As indicated in Table 3, time and cost preclude
instrumenting for many variables to describe fully a store separation
unless the separation is of critical importance.

Inertial instrumentation (accelerometers and rate gyros) is partic-
ularly useful in analyzing the first motions of an ejected store, and in
one program it was found that a double time integration of accelerometer
data agreed closely with onboard camera data. Accelerometer data has been

used exclusively between hook opening and end of stroke ¢+ determine initial
loads on the missile. Photographic data has generally been toc slow during
this period, and second time derivatives of its data resulted in erroneous

accelerations. Accelerometer data has been continually telemecered because
of its high frequency content, while other variables were sampled as ligher
rates.

Photographical coverage of store separ-*ions is most useful in de-

termining clearance with other stores and airciaft. Onboard cameras pro-
viding timing marks on the film to aid synchronization, are carefully
located and boresighted to produce accurate store separation kinematic data.
Reduction of movie films tc extract relative store/aircraft kinematics is
done by tracking reference points on the store images. Triangulation from
several different cameras allows construction of the store trajectory in

the aircraft coordinate system. A new faster variation of this technique

has been deveioped at Point Mugu as the Photo Data Analysis System (PDAS)

employs a television mixing system to superimpose an image. The system is
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described in greater detail in Reference 32, Achievable accuracies with
good lighting and proper positioning of onboard cameras are 0.1 ft. in
positicen and 1° in angle.

Ground based theodolites furnish separation data up to several
thousand feet above ground as well as subsequent trajectory information,
but airborne theodolites, which are dependent on highly stabilized optics,
are still under development. Radar coverage of store separation from
ground tracking radar is of limited usefulness because of the inability
to distinguish two separate bodies until they are some distance apart, but

radar is most useful in tracking after the separation phase.
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. V - CONCLUS10NS/RECOMMENDA™IONS §
$ =
HR %
Operational techniques for mathematica™l; modeling the store/ 3

L aircraft flow fieid now allow at least one class of bodies (slender)
to be treated even in complex configurations. There are some improve-

ments still necessary in simulating the various component interactions

St sttty B 0 ssant sl i

for the fluw field and for dealing with scme of the more complex

o b

relationships in body loading such as the buoyancy component. A large

L. improvement is probably possible by employing the more complex models

which use surface singularities.

© oy

Wind tunnel simulatwions show the sting to be less a problem than

anticipated. There is, however, a large scale effect in evidence, and !

additional work is required oa this effect. Flow angle anomalies were
observed, and in one case a large blunt store gave very erratic results

. in two dirferent facilivies particularly in close to the atta-hed posi-

b e, S o s
.

- tion. This region of erratic behavior in wind tunnel simulations

coincides with the region where mathematical models also produce

-

i

gl

questionable results. Equivalent free stream conditions for the wind

N

+

]
H

C3

Bt b Y

tunnel create a problem in interpreting the results.
. Store separation, when backed up by adequate wind tunnel simula-
- tion and analysis, can be predicted for many cases, but tha typical
operational test or certification for flight of a utility pod does not

rate sufficient back-up information. In addition, much of the data

“
o

on soparation produced by research facilities is not in a format that

. is easily used by field faciiities. Theoretical mathematical models

: would be most effective for field activity use if the internaily

Caow

generated zerodynamics were capable of being supplemerted or revised
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by empirically observed conditions. Likewise, the most useful wind

tunnel information is the basic aerodynamic information corrected

for scale effects in some form of array as opposed to a store
trajectory. The latter imposes the inverse problem of extracting the
basic aerodynamics from kinematic data, while the former provides a
vehicle for transforming the results to other conditions. Cheaper
mor= effective instrumentation is desirable as well as ground equip-
meut to evaluate system performance such as an ejectory dynamometer

to determine ejector output under various conditions.
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Figure 17
STORE INTERFERENCE LOADING - F458c

MK-83 LIP X=0 @=0 Q,~0

M=0,6

r—

A AEDC 5%

e NSRDC 5%

4+ NSRDC 10%
——— NEAR THEORY

-1. 4

-1.2L

S8

it e e e - -

[

o €

«
L aamman P ) &.‘}

[P

iy

s

,.“.......-......
k},ﬁ:n

R e R S S R T B oo AL s LAY i e B dor e Bt s

L s P N

Yt AT

T pat T

AT

J . S

SAATNERD S SIS TY. SRR IC R NS

-
TN,

o,

bl 5 n,

e X

Sl

AL AP SRS B

SR R RN

"
St



A R B A e T A e T T D R B B e T B B A N SR W B SR, s

¢ 5 SR

a DN . e

A - - - W o A N AP PVENY L ks s e MUROTIE W K FAE 7 By o PR S v

.

Vol. 2

c}

Aeroballistics

g i

3

NSRDC 5%
NSRDC 10%

| =4
6
€
.m- m\\ / 3
= 2 :
£ 2 m// S / \\ -
» < » B 3 /
2 a C o aa -
O e 3
£ © v o Ao ~ m -
5 ~ 9~ Qv <
- o 20w z z d
rA%/o g5 1 2
WbM.O. oo
NMWA__ %N
ol
=
n
]
4]
=3
o
fz \\
1 1 1 1
:u Tl [ Tg)
- s ;
».W h

1
il w-t
A




Sl LR PRSP WA Sy

10th Navy Symposium on Aarchailistics

Vol. 2

Figure 19

STORE INTERFERENCE LOADING - F4 8,

M-118 LIP X=0 #=0 g0

M= 0, 6

NSRDC 5%
e NEAR THEORY

& AEDC 5%

z/D

10

-8

il §

Z/D

o5

ETEA e A

60

NI

TG

o e




s R i
2 ks

T

10th Navy Symposium on Aeroballistics
Vol. 2

Ty SR SO T HEo

PG

e, s U RN

»
24

Figure 20
NSRDC TEST INSTALLATION

AR NOIIII T o

STy

g

M~ 118
(offset sting)

2

S

o

s A

MK-83

61

DAY P
et M 2 4

e h i e o PR o e ey S ek ey




X

"IN 39,

W

ot LR S A

3T RITN NI RKATATC AT RGP L VRSN 2T
fn

LN

A T SR A Rt

N I

Y

gﬁ’&.?&&? s e

Ny,

10th Navy Symposium on_Aeroballistics

Vol. 2

s Rty

.o
A

A Nk

<y ol RO

TR T RTINS TR ST QDA e SR PRI IV B IR AT ~Z»¥§m§§%b&§m%§ﬁﬂ#ﬁ%ﬁ«%§w§ n.«»dm-»f. RETIS Sty

L-V NO QH'TIVISNI FTOIHAA ISII CYATV

TZ @an81a

ra o r By -.
T A AR
Ly «../..ww, ST
R

TN G s v ok e,

BT

AT
s
AT

ot
S '5'?:"\‘5%‘%

AN

L4 -
lVIn\ll
TVUR
By E5 3

iy - ; U
A P e AS R AN

B o R R R N N T T

Shedv2rn ol

(4

) u)%. »
RO

S g N 4

-é
[

e 3

S

JRR

*an

O L

62
SET AL Ly
- 2, R R A LA

»




Ry o ¥ v 2 ég?’ﬂﬂ-u ™ W’W”' . WW
A LD e 2 e .gv.r‘;“y..ﬁ,‘,,ﬁmw,“w\ﬂj SRIRAS I st A EY g & K A h_},ﬁ)},:; ‘a».."‘,' N i
= S i 2 AN
—

10th Navy Symposium on Aeraoballistics @
’5 % Vol. 2 "§
gy

2RI !
B '

2 i

: i

Al
-~

Aft Displacement

Feet &h
200 160 120 80 g ?} .
T —@&ig-

ol

R et AL TV T

A UESIGN PRODUCTION
O RADAR
oo &= POST-FLIGHT PREDICTION

4 44
s

40

80

120

Verticle -
1,0 Displacement

Feet R
3

200 .

Sl O o b - 4 20

|
1 f'z_,.__ a ;

4 sec, .0
- - ---/1--—-——- -l 280

e e+ — A%

Ay

a
oy

i ___..1 PR P 4 360

400

RIS
(9]
¢
-
0
o

AT

e

TR

St
2

4

Yy
LSRR
3

A
2 :ﬁ:‘f{"r‘.
—

4\:\. Q‘:‘-'\'Y\
snrald

Figure 22 - ALVRJ DTV #1, Comparison of Flight Test and
Predictions

TT




0 :

A . . . . . - I Y N 4.»4‘»4’.\.1\«“%”._

S&

. s R S T N A AT Y S RS R T R A T AN B T N A G T Fp RS T VTN I o S e R RS TR R
ST A AR R} BRI 7 i (DL ST TS RN AR P T TS R T SRS I R TR O N R - RN g

Telemetered --—--Predicted

Attitude cas
(degrees) ttitude 5o
{degrees/sec.)
0
e e a0 =
Yaw Pitch
Separidtion, t
4 Prediction, No disturbance ' -4o = ‘ —2
— — — Post-Flight Prediction v 10 N . .
/ ——O Telemetered Data aw O pet===3 o ) L z
-8 1 | i i 1 I -10 . b
o 1 2 3 4 5 & 7 20 )
4 . Separation Distance -~ feet Roll 0 by —+ .
-20 ¢ m
¥
lr.O 0( . . . i
8 Wing Deflection -2 .4 .H...mv -8 1 d 1.4 !
8 ime -~ gseconds ‘
= (degrees) 10 ;
M 0 T
: #1
% s -20
mmi £ 10
: ] — R —
#2 O | <= ¥ ~ dem $
! m 4
23 m. \ ~-20
JU m. + % o=
/I #5 o LlZ |
=== e ————
“ 2| ~ 20
m S #4 0 | N 3
«10

Figure 23 - ALVRJ DTV #1, Comparison of Figure 24 - ALVRJ DTV #1, Comparison of j o

Clearance from Flight Test and Predictions Control Response from Flight Test and Predictions !




Y

i s
e

S S i

’

v yie ek e S

e

M

s

24U P

[

U
. N

10th Navy Symposium on Aeroballistics

Figure 25 - Typical influence Field (Supersonic Speeds)
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ABSTRACT
A theoretical structural dynamic model of a MER (Multiple Ejection Rack). N

T SR A PO SR T

based upon Bemoulli pitch and yaw bending deflections and torsional rotation, is

developed. Six-degree-of-freédom storé- ejection conditions are predicted. { o

N

Sumple compufations were made fof a M-=117 bomb :and constant aircraft

.X
=1
i

C
AT 3
o B RRN,

pull-up rates corrésponding to up to a -39 “g” normal accelerition. The J ;"
computations were for the second, fourth, and sixth bombs dropped in the normal )
release sequence from an A-7D right wing center pylon station. i 3

Ejection velocities computed do not deviate more than 15% from the rigid casec.

;
IR PR
b i nd

Ejection pitching and rolling rates are affected more significantly by flexibility. z
}

However, the pull-up maneuver alonhe affects the ejection conditions to a greater B

extent than flexibility for most éjection variables and *“g” values greater than 2. ;' 1
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3
: 1. INTRODUCTION 3
*i Structural flexibity of multiple ejection racks has been recognized as being an E
T important factor in predicting the dynamic response of aircraft carrying external , ;g
stores in References 1 and 2. “
‘ In Reference 3, the effect of MER flexibility (not including aircraft structural %
3«( ~ modes) was considered. This report is an extension of the work presented in z
4 Refsreice 3, in which the detailed development was limited to MER pitch plane i
' - bendi..g and pitch plane motion of the released store. Here, MER pitch plane and *i
_' yaw plane bending and torsional deformation are considered together with 6-D store | %
*39 — ejection dynamics. i“ é
b I. STRUCTURAL DYNAMIC MODEL =
’A 3 Majo: ~sumptions and features of the model were given in l}eference 3. The é
( assumptions are repeated below: ;3., ' %
& (1) Wing, pylon, hanger, shoulder pad, and ejector unit deformations are ; %
{‘ : neglected. . };
: J (2) Coriolis and centripetal accelerations induced by deformations are neglected. | E‘E
f ~'§ (3) Bernoulli beam pitch and yaw deflections are considered. Torsional ; :%
‘ L1 deformation is assumed to induce no longitudinal stresses. longitudinal } §
.7 ~1 oscillations are neglected. 1 ;, ’E
EU (4) Lug connections from the parent rack to the MER are assumed to be ‘ %
é 1 pinned. Parent rack sway brace reactions are assumed to be spring forces. | gf
| It is assumed that the sway braces do not break contact with the MER | i}
" during deformation. l @
{; (5) Static and dynamic aeroclastic forces on the MER are neglected due to § : ’f
; lack of experimental data. : ! f
ZU (6) Kinematics of the ejector foot and in-carriage store c.g. are computed from i ‘ ”}g
Z:_, beam ' deflcctions and rotations at beam-ejector unit conndction cross % ;
* sections using 'linear interpolation relations. ‘

(7) For a given cartridge, a single ejection force-time function is assumed for

o
A
‘nmw

all store loads. Ejector force dynamics are assumed to be independent of
beam motion.

s g NS
FaTR

AL

N . 3 . - F] ’,
obe s bRt A B et s

Z 5N

(8) Beam motion acceleration, aircraft acceleration, ejection force, and

aerodynamic loads for in-carriage stores are translated into beam loads by
statically determinant computations.
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(9) For the applications given, all stores in-carriage arc identical.

In Figure 1 are shown coordinate systems used. x,y,z is a right-handed

coordinate system embedded in the rigid MER beam. x coincides with a line of

shear centers. y and z are parallel to the aircraft symmetry plane. X,Y,Z is parallel
to x,y,z and embedded in the rigid aircraft frame with origin at the initial rigid ¢
location of the store being released. x', y', 2’ is a right handed sct of body
coordinates with origin at the .translating store c.g.
A. Structural Model and Influence Coefficients

. Parent rack lugs are assumed to be pinned connections for the purpose of
computation of all reaction force components. Sway brace arms are assumed to be
springs. Figure 2 shows some of the force and -geometric relations.

At the lug cross section, a rigid rotation about the lug centerline is

assumed.

n+dyp = 0 (1)

1 is the yaw deflection and ¢ the torsional rotation.
At sway brace cross sections, the forces P, and P, arc assumed to be
proportional to the displacement along the line of action. From this assumption and

the yaw, pitch, and rotation deformations, %, {, and ¢ one can obtain (sce

Figure 2)
P = k[dl¢sine-ncos(e+7)—§sin(e+7)]+PO )
P, = k[-d,¢sine+ncos(e+7)- §sin (e +7)] +P, 3)

If the preload, Po, is large enough P, and P, do not go to zero (break of

contact). If Po is very small, one can assume contact is broken immediately upon

deflection. Intermediate values of Po lead to nonlinear forces which are not

considered. Bcam loads in the z and y directions and beam torque are computed

from Equations 2 and 3 and the geometry of Figure 2.

F, = - ck¢sin? (e+7)

z
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F, = - ckcos(e+7)][ncos(e+7)- d,¢sine] (5)
M, = - cksined,[d,¢sine-ncos(e+7)] X (6)

c is 2 for P, large (no break of contact) and ¢ = 1 for P, small (immediate break

of contact).

e —

Determination of influence coefficients leads to three subproblems. For the

e o

first problem, unit forces in the Z direction are applied at collocation points j and ¢
deflections computed at i (see Figure 1). The bending deflection equations in the z g :

)
l:\'

direction may be obtained from ;

t, = CGF )

ii" zj

A

P Ammawr A

e £

P edl
e

For the second and third problems, unit y forces and unit torques are applied and

N A e

n and ¢ are computed. The coupled yaw plane bending and torsicn equations of

motion may be obtained from

SR
F

%
%E
m = CiFy; + My @) 1
v
P
= (Y9 2
9 = G Fy; + CiM,; ©) {
Longitudinal forces coatribute to moments M, and M, which lead to
negligible défcrmationis.
Distributed loads due to gravity, aircraft normal acceleration, and structural :
dynamic acceleration act along the beam. Beam inertia distribution is approximated L
by point masses and point rotational inertia.
Much larger loads act at the in-carriage bomb centers of gravity.
Aerodynamic loads as well as the loads which act on the beam are also considered. -
During store release, a reaction to the ejector force also acts on the beam. P
74 E
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“B. Natural Frequencies and Normal Modes
The MER beam contributes much smaller. inertial terms than the stores. *
Displacements at the store centers of gravity are assumed to be linear interpolations .
, . _ N |
of displacements at aft and forward hanger cross sections (e.g., points 8 and 9 in N
Figurc 1). The inertial ioads at storc centers of gravity are translated into beam ;
loads by statically determinate computations. ’ g 33
; . oy , E
For a store with c.g. located at (y, z) incrtial loads at the c.g. are given ‘ :i:
by expressions like { .3
|4
—— - - | ',,:?:
F, = -ME+yd) (10) ~{ E
: D
F, = -M@- %) an b
— -8, - § 7@, - 9] k-
My = plia AL f) (12) _%
Xy . 2
— _ LIn, - ne-7($, - 6p) A
M, = 2t ] (13) %
~ xh e .:‘é
where
= ng‘a +Xa§[
§ = —,
Xp
. -ﬁ - XM, +‘xanf .
Xh
a = xf¢a +xa¢f
Xh
The c.g. loads are converted to beam loads by solving the statically
determinant problems for the forces at the connection points between the ejector
units and the beam (see Peference 3). Substitution of these forces and the smaller
inertial forces associated with the beam into Equations (7)-(9) lcads to the
eigenvalue problem.
Release of the rirst, second, and sixth (rear G, forward G, and forward
right shoulder, respectively) in the normal MER rclease sequence {sec also Table 2)
75
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leads to two separate eigenvi’ae problems. In this case, there is no mass unbalance

(after release). One problem leads to modes assocfated with { motion.” The other
problem is associated with 5, ¢ coupled motion.

For the mass unbalance cases (after release) of third, fourth, and fifth
bombs (rear left shoulder, forward left shoulder, and rear right shoulder,
respectively) released {, n, and ¢ motions all are coupled. Difficulties were associated
with these cases in solving for the eigenvalues and resultant dynamic.responses. For
an unbalanced mass configuration, a variable transformation from §, 1, ¢ to ¢ +¥y¢,
n-2¢, ¢ for an unbalanced mass would probably resolve the problems encountered.

Time did not permit reformulation.

The general formulation is non self-adjoint except for the case of the sixth
bomb ejection (MER: beam onlv).

The normal modes and eigenvalues are applied to the solution of the
equations of motion in the next section.

C. Dynamic Response of MER Beam to Store Ejection

For the mass balanced cases (after 1%, 279 and 6'™™ bomb released) the
general equations of motion are

gi = "Kfjmjfj + Liz - Kiipe(t) (14)

n m.n;
B o

Solution of (14) and (15) may be obtained by expanding in the
eigenvectors and using orthogonality between the eigenvectors and their adjoint

eigenvectors. For the first and second bombs released, cases K{f’ = 0.

For the mass unbalanced case, the general equations of motion are given

5'1 mj?i
o\ = —[K,’}”] myfi; + LY29 - KJZ*F, (1) (16)
¢ ij’%J
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iil. EJECTION PHASE STORE DYNAMICS ‘“‘g
. . H i’kj
A.  Fjection Kinematics 1o *:%
. . p I~ R
The kinematic problem consists of finding the intersection betwecn the |
straight line associated with the cjector foot and the cylindiical surfice of the : %
b
cjecting store. No friction between the bomb and the ejector foot is considered !j;
(bomb is free to slide). ‘ ;
" + =
The point, P (Figure 3), is located where the ejector foot exits from the ,;g
cjector unit. Some of the geom:etry for in-carriage conditions are shown also in i ia
Figure 3. 1&
Coordinates of the point P in X, Y, Z coordinates are computed from the i é
- v - L 7
initial rigid geometry and beam deformation. Deformation coordinates of the point P 'g}f
. T by
arc compatible with the assumption of lincar intcrpolation between forward and aft j k:
- A8
gjector unit connection point deformations. '}“?j
by &
(9, - 9)) 7269, 9,) '
xp=xpo+zh,} + —= N (16)
P X p X
h h
Yp = FO-yp )t x4, - 76, a7
= -(z- - +
Zp z- z?)+$‘a 0.},)(p -yp¢p (18)

NN
v, = —f_‘—-l, and
Xh

- (Xp— X3+ ¢,x,

Xn

()p, wp. and l""p may be considgred to be a local set of Euler angles

associated with the deformation of a set of axes with origin at P and parallel to X,

Y, Z. * signs are associated with right and left (looking forward) shoulder stations,

~ respectively. X is the initial piston moment arm from the store c.g.

po
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Initial conditions for the store c.g. in-carriaze are given by similar

: B expressions.

'

. Ve > M - - . Eoe bt T e
T A B0 b M WAL iBrst 5o b s ¥ AT S A AL B

~
v
CONE

e e
s e
AR

i | 0,(0) = 0,(0), ¢,c) =0, Yy o)=y,(0) (19)
. ) V(¢ - ¢;)
‘ X (0) = (z, +Z Z,,)[op * X,
. (4, - ¢)
| £y 47y )[-w - ] @0 |
I P P Xp
| Vo=, i (0) - o) @b i
> .‘I Ef‘;%
E 1) = 8, - %0, £ F8(0) 22) s
; LA
{L;‘ A later times, the six-degrees-of-frcedom are detcrinined by store dynamics.
¢ L

Froia -")(p, V’_ Zp, ¢p. wp, 0p), Xy Y, Zy, 9, ¥, 0,), the store

” Janater, apd ihe asoaphon for small angles one can obtain the coordinates of the
L3

5

Ny

poirt «f intersection of the cjector foot with the cylindrical surface of the bomb. |

-
% vnd
"ol

gl

Siwmaeshiadin

Subsequently, one can ccmpute ejector force moment arms and ejector foot

disvlacement needed for store dynamics.

m.m...‘..-.._.
”
5
Ay
3

| B. Ejeusion Dyramics

H
[,
g

L0

Relzase conditions for a bomb are at an elevation angle of 80, constant

e L
R

pull-up rate . 8, Mach number M, and angle-of-attack «,.

skl

e

0

Stote aerodynam loads are assimed to be a perturbation of in-carriage

; i values (Cyo» Cyy Cp s Cpo). Fur sinall angles and short ejection times i

, s

S gl
SRR

s

Ay

A%

;
4

CNo + CN a"(ao Nee- ao)

Cyq - Cyao¥

e Mg D b T M
RN oL

*
0

Cmo ¥ Crnal@Xa- &)

' - L e

C,o - C,,, (008 (22)
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W, - 0,%,

a-a, =0+ svo° 249

B =-¥+ VIV, (25)

The perturbation terms are given by free stream aerodynamics using local slopes.
Functional values of &, and O indicate what angles of attack are used for
computing local slopes.

Dimensionless aerodynamic forces for the body axes are

'l:!l

—CNo - CNa(ao)(a- o)

L
w

"

Cyo ™ Cnatof

L
w

"

- CD

&
)
w2

}5.
i

D
Q.SD  Cno ™ CmalOF+ G oy

-]

F‘

C_ . +C, (@, )a- a)+C,, 2

Q,SD md 2V

QSD % %P2y,

=

(26)

C C

ap are nominal values and do not greatly affect the solution.

C

mq’
The translational equations will be written in terms of coordinates relative

p)

to X, Y, Z coordinates. For small angles and linear aerodynamics, the equations are
linear as in Reference 3. The rotational equations of motion remain nonlinear.

The direction cosines of the ejector foot are given by

R = Fsing, wp +cos¢ 0

3
]

tsing, - cos ¢°¢p

= tsin ¢°¢p +cos 9, @n
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Contact point of .the ejector foot with :the bomb surface in terms of ;
coordinstes X, Y, Z with origin at the store c.g. but parallel to X, Y, Z are given
by
72 m ;
| ) + Z[-2()(s - Xp)(is +2y,(X, - Xp) " :
B - +—nr(zs-zp)*2—;(Ys-Yp)]-R \ {
2y;m
+'n—' X - Xp)(Z‘.z - Zp)- 29,(Y, - Yp)(xs - Xp) g
i P g2 - Y- Py oy yz -2 )=0
L 7 P (- Y - (Y- Y X2 - 2,) =
1T
e L c M ez oz (Y -
Y= ~2+Z,-Z)- (Y, Y,)
3
% - ) :
X = ;(Z+Z,- Zp)-(X,- Xp) (28) 3
The root for Z with the negative sign is the proper one. The ejector throw length ‘5
f'om point P at anytime is given by é
_2+Z,-7,
i || pt n 29)
L i
2 ) Approximate equations of motion are given as :
8 N
k- | U, = YR [=Cr - ¥,Cy0 = 8,Cy] |
g’i : s : ‘
4 . o ER ‘%
3 . - 0,12W, +V o, - 0 x 1+ N 8sin 6, ‘
;;' s 4
3 :;}:’; L.d
A - 82
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q- 1~ 6, ' g

= r+q, (30)
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Computations begin at the in-carriage position and end when the store

breaks contact with the foot (end of stroke) at time, t = t.. f
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The three ejection velocity components are defined as Vo!. 2
U, = Ut,)
V, = V(t,)
W, = W(t,)- 6,V t, an

The above are the velocity components relative to the initial velocity vector of the
store (wind axis components). W, = (W2 +V2)% js usually defined as the ejection
velocity
IV. A+ 5D COMPUTATIONS

A. Taput Data Generation

The model developed in the sets of equations in Sections II and III were
programmed for the CDC 6700 with general input variables.

Bending stiffnesses for the MER beam were estimated with the aid of
Reference 4. Torsional stiffness and shear center location were computed from the
St. Venant theory of torsion() and agree to within 20% of the simpler shear flow
estimates of Bredt.®) Iuertial properties of the beam were estimated from cross
section geometry and material densities. The parent rack was taken as the AERO-7.
H. Washmuth?) indicates that the AERO-7 sway brace pad deflects .1" for a 2000
pound load. In the sample computations presented herein, only one pad at a time
was assumed to be in contact (the most flexible condition possible). MER beam and
ejector geometry were taken from Reference 8.

Tables 1 and 2 summarize input variables used for the sample computation
given below.

As in Reference 3, an ejection force-time curve was assumed to be a mean
curve for the MER ejector unit with a MK 2-1 cartridge.

In-carriage loads for all stores carried was available oy the M-117 bomb
from Reference 9. Hence, all computations were based upon these data. These loads
are typical of the center wing pylon on the A-7D (right wing) at M, = .9.

Free stream static aerodynamic data are taken from References 10 and 11.

Dynamic aerodynamic data are from Reference 12.
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> TABLE 1 (1

? SAMPLE COMPUTATION INPUT VARIABLES :
“ MER DATA : ' .
Ll

Material Properties (7075 Aluminum alloy) ¥
E=39X105psi G = 10.4 X 10°psi .

& BTN T ARy

Sway Brace Variables

& d, =55in, d, =40 in, yv=51° e=9° ;’

k = 2000 lbfin, ¢ = 1. .
Second Moments of Area : é(

On stmngback 1,, (pitch plane bending) = 43.1 in*,

v (yaw plane bending) = 18,06 in*
] (Torsion) J = 42,62 in*

Off Strongback: 1, = 27.1 in*, [ = 17.93 in®

] = 3892 m
Collocatlon Pomt Geometry and Inertial Data (MER Beam)
i 12 3 4 5 6 7 8 9 10

,,‘,. PR 5‘ o
EPEeaar e

~
PRI

A Ay S S st
SR IR gAY

S0

. .
¢ « - 5 Iy
BRI Y RS S S e o ot

(Collocatxnn

b Pomt number)
,"3 X; (m) 00 13.0 33.25 45.75 50.75 70.75 75.75 91.25 106.75 127.00

m; (lbs) 54 360 3680 870 1240 1240 10.10 1540 3830  34.10
i (bft?) 24 496 502 42 60 60 50 .75 509 487

.
Wt dus A g
S5 Sl ki

Ejector unit connections at j=2,3,9 10

Lug connections at j = 4,7

éway braces at j = 5,6

Ejector Unit Geometry
2| Xy = 20.25 in, x, = 8.25 in, ¢, = 45° :
th (end of ejection) = 4.2 in
b ” )
: Centerline unit: y, =0, z, = 5.75 in, Yp = 0, 2p = 8.25 in,

Shoulder unit: DZ = 2.88 in, DY = 1.0 in, y, = 3.31 in, |
{

7, = l‘.9tin, y, = 50 in, z, = -1.0 in

85

R

,l

A

23 ‘{
-l




10th Navy Symposiu;n on Aeroballistics
Vol. 2

TABLE 2
SAMPLE COMPUTATION INPUT VARIABLES
M-117 AND RELEASE CONDITION DATA

Store c.g. Location Geometry
X, = 1.95 in.
Centerline store: ¥ = o, Z = 17.5 in.

Shoulder store: ¥ = 11,6 in, Z = 5.5 in.

.,
» ey . i N A
AR e st Lol B R

Store Inertia and Geometry
D = 16 in, M, = 824 lbs, I, = 1609 Ib-ft?
I = 148 Ib-ft?

Normal MER Release Sequence (Looking Forward)
- 4 o L 6 Forward Number, N, refers to store being

bl

ol

~‘\

w

e

5)
d

®
N

released.

3 e ° 5 Aft Configuration  just before release

{

i consists of storesss, N <M<6

[ ]

in-carriage.

fo e b

Store Dynamic Aerodynamic Coefficients
Cop = -1 Cug © -13 C,, =-43
Aircraft Release Conditions

H = 10,000 ft, M_ = .9, 6, = -30°
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the puli-up r:ate of the aircraft, was varied from 0 to .1 rfad/sec,

e St enn

6,

corresponding to normal accelerations of .9 g to 3.9 g. The store angle-of-attack, «,

I

8w tend

was assumed to vary linearly between .5° and 7° in the interval for (}o.

ey

sat.

B. Discussion of Resuits

Computations for ‘rigid and flexible casés for the second, fourth, and sixth ;

store are summarized in Figures 4-13. A indicates flexible minus rigid -values.

For the second store, 4 pitch-plane bending and 4 torsional-yaw plane ‘
bending modes were used. For the fourth bomb, 3 modes were used. For the sixth

bomb, 5 pitch plane bending and 3 yaw plane bending-torsional modes were used.

b v pnadiamd

The number of modes chosen is compatible with the accuracy of the approximate

computation.

Frdicion 4

‘-3“. R 5

The case of the second store dropped was computéd in Reference 3 for
3-D dynamics. As noted in Reference 3, structural loading increases with the pull-up
rate of the aircraft, éo, but the efféct of pulling-up is more import. - than

flexibility in decreasing the ejection velocity. Here, the ejection velocity has a small

PR
o

y component. Maximum percent difference for the ejection velocity is about 11% or

slightly largér than for the planar case. Rolling rates are insignificantly affected by

[Ie——
—

flexibility. The pitching rate is significantly affected by flexibility as noted in

Reference 3; this is primarily due to a change in initial orientation of the bomb

n
Foor e s

with respect to the free stream (static aecroelastic effect). It is anticipated that the

actual static aeroelastic effect is somewhat smaller. The lower yawing rdtes are

S

affected by flexibility to a lesser extent since the loading in the yaw direction is

less. A g
The case of the fourth store released is considerably different. Ejection

velocities are affected to a lesser extent, 5% or less, since part of the initial stored .

potential ¢nergy and ejection force work is translated into rotational kinetic energy. )

Pitching and yawing rate are affected to a lesser extent. Roll rate is significantly

[Ep—

affected. Computations show that pull-up alone affects the roll rate more
significantly than flexibility. ;

For the sixth store beam frequencies are much greater since after release '
only the MER beam constitutes the structural dynamic systen:. Ejection velocity ' |
effect is somewhat less than for the centerline release. Yawing and pitching rates are ’

slightly affected. Pitching rates are affected slightly less than for the fourth bomb {

release case. )
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I R AP ) S Y R T AP L1




- S o . Org T E o g T T TR T AT S F iy WERTATGIIE o2 S Tartqyl ¢ £ SN OPIN TERE A £ VORRISET a0 SARI AN SN v o IR LS8R
T, | B R e e N ) R e B DBy VARG AT g ,‘_.ysﬂ.:,:m,sdﬁ? ﬁ:ﬂ.u‘.ﬁw.;%ﬁ.?ﬁ@w T EA ?&7.%1. FaIiy } RTINS INPON TR
) }, ~ \ i -
<% . P A ‘o LN ¥

Vol. 2

10

-
3.9

10th Navy Symposium on Aeroballisti

I
0S

8 (RAD/SEC)

gs

FIGURE 4
VERTICAL PLANE EJECTI'_ON VELOCITY COMPONENT

(03S/14)*M :

P .o . N—— oo . . - pomo ey RSO v e prm——y
R PIRPRY; X e o vy - . N N v } v ey » ] B \ v . ] 1 —ulillu
i oo P~ ; 3 - — -

i

v

, R RRATER T e T Rt
e PR A I ST AR AL L aad b Rl B st SRS S AR
p s o PN Ak o ¥ & :




. A A e e e e L R A RS R N o ST BN SO RIS
E .a,wmwf..f S e e e R R T R AN T R R O Y S AN A BV TP e MG SRR S e
LR ‘. , SRS ; 2
N s s = e ————-t e o b ———n s . — - hl M : . i i . :
£ S . . S L S P A e e e - ————
m. H e e e A Neh e ek = - - : A 3
. T . . . B - s . - e e T CARANDIS e e e AOTEYTIY Y i

T

—— T T— ey ey rreoanes way, - PR

e
$ B, — 3T T ) — =
) ) X o TS e

i

P

ml.

~T05

FIGURE 5
VELOCITY COMPONENT

o~
-Q
-lad
2
~
(o]
<
ac
o
D

4
O
ot
O
W
J
w
[ |
g
O
-
(- 4
E"
v.
TS
Q
[
=
>
"
ag
94
z
>
w
b
M
o
™™

10th Navy. Symposium on Asroballistics




B m‘.ﬁw_..gwﬁwﬁ&ﬂ._vuﬁaﬂ.jﬁ,x;?}ii,ﬂ.y’éiiﬁyﬁf S5 u.\ PR AT S R T BT «._wm:m‘.mwﬁE§§A~3w..@.%3ww@a.w%m/%wma&d&?m@fwﬁmﬁﬂﬂ%&q?&.wqﬁzwﬁﬁuw%x;.wﬁiﬂ,..ﬁ%..gwu_mﬁ»%&ﬁ?ﬁ?ﬂ..<.,.,ﬂ...£,@..»u..umm.a§w
g - “ . - .,

B e
Xt f

by PR 4 - AT S I TR P R
'
3 8 b :
m, E 3 S
i £ > ° 4 *
. ] > A
T - Qw o .
p ! = llln —a ‘
! e M i
2 £ (o] u,
ol m Y
X
» % =
1 2 m
2 °
H o 3
4 = * < z
; *
m _lr o O
1 B % - (1Y) "
n . | m
~
o o =
< - .
x
[ ] ° .s L.
D o o
- .
<« |
o
o
~
. ]
I 1 ] °© I~ 1 m




10th Navy Symbosium on Auob_a!listiu
Vol. 2

0 : o5 o
6, (RAD/SEC)
L e R gy

9 T

AV, (FT / SEC)
o

FIGURE 7

- FLEXIBILITY INCREMENT OF HORIZONTAL EJECTION
L VELOCITY COMPONENT

ot

LT

st Ytadd e O S

S ARG S e

s it



=2

P \mﬁ&ﬂﬂgﬁy&ﬁ%ﬁﬁﬁmﬂ?wﬁn&%%@f}&;o B T A e e et et g e T e e N s S L e S S R A e T — e
e | R AR ¢ y
'
Vi i
3 SR |
y

o

el TN
ey DA

£ 8| o o ,,
.WM» 5 3 o &
& =l > = J
Mﬁ. .m S
| - |
| H c w m
‘,x, m. o - “
g 3 ‘D <
4,
i T
. u M ® c
5 P
% m ¢ u o
i S
m © 3
: = 2
5 , -
¥ nPO |/
E |
J \
A
.
nm o
1 .
4 b
w * :
, (93S/7avy)*b “

] «

> . f . . . . . \ . . - ’ oy ey . . ’ . . - R} IS g ey prosse [Ysmr—
[Q— -t [T —Y pov——— P et ressawre o8 : ; : : m [, [— oaL Srmtmap f.ll-llim H

PR

L]
Rlranstes B A, HATY. e Tt Pt AN g L AL W e WA e - - - AR b A A A e e L it W BN e AX Y wn i M g2 - PR
' s T

e, ¥l

- - - 2 anEg e

b - g & g 7 oo Dgpyeycidies

VL IS SR . R It e AN g : N o A A

v frucr e Y £ P T S N I L T T o i b S

5 :,..w {dun.:ﬂ I a0 »,.,.\xr.u GE IS D AR JEnG AR FRROATA I AR A0 b, i A




A e T R T R R e e N AR T R T ET P ST XD RN A PR RTINS 5 A s T ATt g S PP T EGEN e o S V7P €70 20, e e WA VIR AN AT ST B S P TRA I P——
. o z r z o AR TR W A G LS RSN T A TR LU MR it S e S MEAR T A ?ie}.ad BR{ER @ﬁﬁ@&%&%ﬂwﬂuma

Ly

a3 o wYrpemazrennnnirRY,

e N N e R s 5 R i B S o SR aoomes SN veseot S s i T . ’

T M e X AR Y TS X s | GO s n AmAn s M D AArmment S o o e b . Ay o

10
3.9

N

by

T OF EJECTION PITCH RATE

N .o i
- ) - - _
-l A
. t o~ x &£ -
m U m R ey
»n MN d i,
£ ~ @ o ~e"
. Ol w 9 o
<| - .
.m . , cl o Z
A b
o
5 ‘ @S -
o . '
- =S
B 2
.. 3N ~
2] 1 1 : © g @ pl..-
2 < Y] o e
4




[P g ey

£ e s e s e

10th Navy Symposium on_ Aeroballistics

Vol. 2

o

.05

8, (RAD/SEC)

94

3.9

FIGURE 10

EJECTION YAW RATE

-

AN

.
oot

1
©

(03s/4avy) 9

massiamam—y s——p—

Lo o Xomewd Lee o

-t.....,,!.“ mmm I;n“ ey { | SOR | Blaawa 0 F arimice § B g By P rs



[ [ AT T N A T B O A I R S O
m,mmﬁuwf/b«“ L R S S b S S S i R
W S I - ' “
S

2 Kl

- - - z, X N N S o LT
e

[ [Up— ER—— ra——e s ar— jo— -

0
3.9

v e

-
B T Y

PN

.05
29 FERE R et i

#2

FIGURE N

RAD/ SEC)

’
.

e fr R
%

8,
g's

FLEXIBILITY INCREMENT OF EJECTION YAW RATE

dF

| 1
0 o 0 t
o o
L

10th Navy Symposium on Aeroballistics

N
3 93S/AvVY) 1V




SR é%nﬁi B B A A TR T AT T P40 L0 N3 i S 1 RN S KO R " T R y N o - S - N
AL Mw R ' TSR PR Qje,ﬁém.,ﬁnaﬂ?iz?ﬁﬁﬁw\xﬁNﬁ%ﬁ%&w:%%ﬁ%ﬂfﬁiﬁﬁgﬂwﬁﬂ%ﬁx,az;ﬁ?&f%»%s@%xﬁm%%%&%xﬁﬁ% o
. . 0 v : VR VT

L e Eoar i e

N
0

Vol. 2

#4

22 i i

-

10th Navy Sympocsium on Aeroballistics

LB A

0

8,({ RAD/SEC)

ﬂgmi ]

-

FIGURE 12
EJECTION ROLL RATE

Foe Y
T it

TIRL T o T
4

i

1.5
I
5
0
5
I

(03s/avy) Y

T A

5,
i
»

P o~ . PR— f . ¢ -y v oy [N DR ey o . -
Pvrereee [N o . - : 1 ' N i M 1 L ¥ ) r

B NN WS e S Ny - s okt Ean oAt ek T P -

-

YO S T T A rgy
A B e B e A ST ,.(.w.,s..x.,:



. e———————— s ol o NS S e e I L L P L R e
s e e ™ D M t .»xmf s SRRk VDR ERE SRS ( et : EEGN A A ) [ DR LT Xus
.wf?&&& B DA S R T PR R G ..u?.;i ,,. LRI TR e SRS ’ L \» o
ettt b1 - .
- o
L PR Jos— — + R - J—
. " — -
PO | PO [y FRTe—{ *..313.& § oo HEEo v el m.(.:.a.w‘w H . -4 . i 3 3 i .
1 P M L e e v eed Vo trea § ! (R trgere oo E
E:
=
-8
#
k.
M s .
2
. 3
"

* g
. k2
' N . -, :
9. 3
O “ m
# k

ROLL RATE

4

ON

T

>

X

EJEC

05

6, (RAD/SEC)

£
NF
3 Ad
Aneeps vy oo
=

FIGURE 13

Yig DL

PR

!
By

e R W et At i e s e

S
h A LEvS

p

MLITY.

.87

" et Lo L SN

(23S /avy) mq

10th Navy Symposium on. Aeroballistics

FE Y PR A e

N
R .

?
;
|
s

P, . e

o g .
. ‘ JT a&

7 e s s A0Sy T .t

e TP ._ﬁm.?,. Y

T

Bt et

eI

b TR Ll 2

P
E‘
3
i
i
{3
i ?\ .
3%
Y
N
g
iy
v



e

i e B s Ae Y

et R

e P g

¥ AR

e
o r—— o TR i
T < SdbdicaiaiDaiN

w ki e
R DO N

e 3 o AW e W s

O gt
. .

(S

10th Navy Symposium on Asroballistics

Vol. 2
Differences between the effect on the pitching rate between the three cases

is due to differences in initial deformation. For second, fourth, and sixth bombs, 3,
2, and 1 bomb loads, respectively, are present in the forward carriage positions
before release.

The effect of pull-up rate alone affects all release variables to a greater
extent than flexibility above a certain break-even value of éo as was shown in

Reference 3 except for q, for the second store where the break even value is at

9, = .10 (rad/sec).
V. CONCLUDING REMARKS

A three-degree-of-freedom model has been extended to the prediction of
six-degree-of-freedom ejection conditions of a store due to gravity, pull-up maneuver,
ejector, and aerodynamic in-carriage loads acting on a flexible MER beam.

The ejection velocity is probably decreased by no more than 15 percent
for the heaviest stores. The one new effect due to flexibility for a shoulder release
is for the ejection roll rate. Again, the effect of pull-up rate alone is more
significant.

The effect of initial deformation (due to aircraft g’s) on the ejection pitch
rate may be of importance. Aircraft wing torsion is probably important as well as
MER deformation. Wind tunnel captive store trajectory tests with flexible modcls
might decide this question.

The effect of flexibility/aircraft pull-up maneuver on weapon impact point,
must be determined by extending calculations through the interference flow-field to
target altitude. Such computations are the object of subsequent work.
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LIST OF SYMBOLS

Coefficient determining level of parent rack swaybrace preload; 1 for very
low preload; 2 for large preload.

Bomb drag coefficient.

MER beam y deflection at ith collocation point due to unit force in y
direction applied at jth collocation point (ft/lb).

MER beam rotation at ith

collocation point due to unit force in y
direction applied at j*" collocation point (rad/lb).

MER beam z deflection at i*h collocation point due to unit force in z
direction applied at j" collocation point (ft/lb).

MER beam rotation at i'" collocation point due to unit torque applied at
j*h collocation point (rad/ft-Ib).

Roll damping coefficient for a store.

Store in-carriage roll moment coefficient.

Store pitching moment coefficient.

Store pitch damping coefficient.

Store pitching moment coefficient a derivative.

Store in-carriage pitching moment coefficient.

Store yaw moment coefficient.

Store yaw damping coefficient.

Store in-carriage yaw moment coefficient.

Store normal force coefficient.

Store normal force coefficient a derivative.

Store in-carriage normal force coefficient.

Distance from MER shear center to sway brace contact point (ft).

Distance from MER shear center to MER lug centerline (ft).

Store diameter (ft).

Modulus of elasticity in tension (lb/ft?).

Ejection force (Ib).

Store x' body axis force (lb).

Beam load in y direction (lb).

Store in-carriage load in y direction (Ib).
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Store y' body axis force (Ib).

Beam load in y direction at j*® point (Ib).
Beam load in z direction (Ib).

Store in-carriage load in z direction (Ib).

Store z' body axis force (Ib).

Beam load in z direction at jt" point (ib).
Acceleration of gravity (ft/sec?).

Modulus of elasticity in shear (Ib/ft?).

Beam point rotational inertia at jt' point (slug-ft?).
Store pitch moment of inertia (slug-ft2).

Store roll moment of inertia (slug-ft2).

Beam pitch plane second moment of area (ft*).
Beam yaw plane second moment of area (ft*).
Beam torsion second moment of area (ft*).

Sway brace stiffness coefficient (Ib/ft).

Beam y deflection or rotation at ith collocation point due to unit ejection

force (ft/lb) or (rad/lb).

Beam y or z deflection or rotation at ith collocation point due to unit

ejection force (ft/lb) or (rad/Ib).

Beam 2z deflection at ith collocation point due to unit ejection force

(ft/1b).

y,¢ coupled flexibility matrix (ft/lb) or (rad/lb) or (rad/ft-Ib).
Y, Z, ¢ coupled flexibility matrix (ft/lb) or (rad/Ib) or (rad/ft-1b).

z flexibility matrix (ft/lb).

X direction cosine for ejection force.

y, ¢ coupled deflection due to constant forces (ft or rad).

y,z,¢ coupled deflection due to constant forces (ft or rad).

z deflection due to constant forces (ft).
Piston throw length (ft).

Y direction cosine for ejection force.
Aircraft Mach number.

Beam mass at jtP point (slugs).

Store mass (slugs).
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Beam x torque (ft-b).

Store x' body axis torque (ft-1b).

Beam x torque at j'" point (ft-Ib).

Beam y torque (ft-Ib).

Store in-carriage pitch moment (ft-Ib).

Store y' body axis torque (ft-lb).

Beam z torque (ft-1b).

Store in-carriage yaw moment (ft-lb).

Store z' body axis torque (ft-Ib).

Z direction cosine for ejection force.

Store roll rate (rad/sec).

Left sway brace force (Ib).

Right sway brace force (Ib).

Sway brace preload (Ib).

Store pitch rate (rad/sec).

In-carriage dynamic pressure (ib/ft2).

Store yaw rate (rad/sec).

Store cross-section area (ft?).

Time (sec).

Ejection time (sec).

U, at ejection (ft/sec).

X velocity component of store relative to aircraft (ft/sec).
Y velocity component of store.

Aircraft velocity (ft/sec).

W, at ejection —teéovo (ft/sec).

= (V2 +V2)% (ft/sec).

Z velocity component of store relative to aircraft (ft/sec).
Coordinate along MER beam.

Coordinate parallel to x with origin at in-carriage c.g. position of store
being released.

Body axis along store centerline with origin at c.g.

Axis parallel to X with origin at store c.g.

x distance from aft sway brace hanger (MER) to in-carriage store c.g. (ft).
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* Xg x distance fromm forward sway brace hanger (MER) to in-carriage store c.g.
(: (ft).
- L Xy = x, +x; (ft).
' X, x distance from aft sway brace hanger (MER) to the point P where the
ejector foot exits (ft).
Xp X coordinate of point P.
Xpo Initial ejector foot moment arm (ft).
X, X coordinate of store c.g. relative to aircraft.
Xo x distance of in-carriage store c.g. to aircraft c.g.
y Coordinate perpendicular to x-z plane.
y y distance from in-carriage store c.g. to x axis. '
y' Transverse body axis. -
Y Coordinate transverse to X and parallel to y. ;
= Y Coordinate parallel to Y but transverse to X. ’
‘* Y y distance from ejector unit connection point (to MER) to the point P
' - (ft).
- Yp y distance from shear center to the point P (ft).
- Yp Y coordinate of the point P.
{_i Y, Y coordinate of the store c.g.

Coordinate transverse to x and lying in a vertical plane.

P
. .
~N

H
8
N

z distance from in-carriage store c.g. to X axis.

N

Transverse body axis.

Coordinate transverse to X and parallel to z.

pr—— g
N

] Z Coordinate parallel to Z but transverse to X.

L.: z, z distance from ejector unit connection point (to MER) to the point P &

{: (ft). ?;;

4 z, z distance from shear center to the point P (ft). 4
“ A Z coordinate of the point P. 3
L.: A Z coordinate of the store c.g. k
o Bomb pitch plane angle of attack (rad). %2
W i} @, Initial value of & (rad). :
- 8 Bomb side slip angle (rad). §
{ ot ~ See Figure 2 (rad). %
7. 104 s
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~ €  See Figure 2 (rad). ‘ ‘ 3
; ¢ Beam z deflection (ft). * g {;&
¢  See definition below Eq. (13) (ft). I G
¢, ,’ Beam z deflection at an aft ejector connection point (ft). ‘ {’ . ‘
§‘f B.eam z deflection at a forward ejector connection point (ft). o | 3
$p Kj Beam 2z deflections at i,j collocation points (ft). 1 “%
n Bedin y deflection (ft). ) PR
7 Sec definition below Eq. (13) (ft). * - - T
Ny Beam y deflection at an aft ejector connection point (ft). - - i:
oy Beam y deflection :{t a forward e?'ec‘tor conféétion point (ft). i | :’;’
M, m;  Beam y deflection at ij collocation -points (ft). : w5
()p ‘ Mean beam deflection pitch slope at point P (rad). ) ) j ;,,— i‘:
0, . Pitch Euler angle of store relative to the aircraft (rad). : L ;,}{
' i 8, Initial bomb orientation in pitch relative to earth axes (rad). A 1 %%
‘ éo Pitch up rate of aircraft (rad/sec). © E :f;
\ ¢ Beam rotation (rad). . i ' . Z
o ¢ See definition below Eq. (13) (rad). = %
Dy ¢I Beam rotations at aft and forward ejector connection points (rad).
¢;; 4,  Beam rotations at ij collocation points (rad).
¢p Bearh rotation at piston cross-section (rad).
o, Roll Euler angle of store relative to the aircraft (rad).
? Angle between shoulder station piston axis and the vertical (rad).

Beam mean deflection yaw angle at point P (rad).

Yaw Euler angle of store relative to the aircraft (rad).
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ABSTRACT

A continuous Navy (and Air Force) problem is the safe and accurate delivery
of air launched weapons to the intended target. This paper presents an approach to
store separation which considers the aircraft, store-ejector and store as a single
system rather than separate components. A concept has bzen developed for
controlling store motion by using variable orifices which can be adjusted during
flight.

This study also presents a simulation capability for aircraft store separation
developcd at the Naval Surface Weapons Center, Dahigren Laboratory (NSWC/DL)
and the analytical determination of the combined effects of ejector interior ballistics
(using the high-low ballistic principle) and store exterior ballistics (including both the
nonuniform and uniform flowfields). The numerical results show that the
underestimation of the effects of interior/exterior ballistic interactions can lead to
erroneous results in the study of launch dynamics. The study demonstrates that a
dual-piston store ejector, having sufficient ballistic impulse and variable orifice
capability, can compensate for or overcome the given in-carriage store pitching
moments and loads, thus greatly enchancing safe store separation.

The results of limited ground tests, using an AERO 7/A Sparrow Missile
Launcher modified to incorporate two variable orifices, indicate that weapon pitch

rate and ejection velocity can be controlled.
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INTRODUCTION

The problem of aircraft store separation dates back to the First World War.
Recently, an intensive literature search and comnrehensive study of this problem was
conducted by the Navy (Reference 1). This study showed that many problem areas
related to store separation have been investigated and defined. However, no solution

to the overall store separation problem has been found.

It is well recognized that after ejection of a store from an aircraft, the free-fall

trajectory is sensitive to the end of stroke pitch-rate, the ejection velocity, the pitch

P

angle, and the tin.. duration ¢ * the ejection process. These factors cause excessive

ground impact miss distances (Reference 2). The problem becomes increasingly severe

geg

if the store is released at higher aircraft speed and lower ejection velocity and

gload. Relatively small pitching moment and slight changes in release condition can

e
5..«%!

lead to radical changes in initial motion (Reference 3).
Current naval aircraft store ejectors (both missile launchers and bomb racks)
utilize gas pressure supplied by ballistic cartridges to power ejector pistons. Ejection

‘AR

force, pitch rate, pitch angle, and initial velocity are controlled by metering the

Hitatng
e

gases through orifices of fixed size. With these fixed size orifices, it is not possible

ook ¥
B E r 17 s
R NI T
Aoisusit
3 L] 3

to compensate for all combinations of flight parameters. These parameters

{

include: aircraft speed, aircraft altitude, aircraft g-load, store type, store density

(i.e., full versus empty fuel tank), store location (centerline, inboard, outboard, etc.),

]

Skt %m

and in<carriage and interference aerodynamic forces. This inability to compensate for

'

all flight conditions can lead to store-aircraft collisions and to the deviation of store

trajectories from the desired ballistic trajectories. The fixed size orifices were selected

from trial and error ‘“ground™ testing tc satisty acceleration, pitch rate, and

~ %

o 4 Sadaiay
4 N

i

separation requirements (Reference 4) imposed by a spectrum of aircraft flight

regimes. It is hardly conceivable that the store would hit the target without proper

S st

Bow o

consideration of the exterior ballistic effects during store ejection,

Wind tunnel tests conducted as part of the Navy conformal carriage program

)‘i showed that stores released from different stations underneath an F-<4B scale model
had different amounts of pitch (Reference 5). The tests also showed that

lh

L&i ROCKEYE 1l dispensers released at supersonic speeds underwent an unsafe noscup

motion. These motions were corrected by selecting suitable orifice arcas
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(Reference 6). This suggests that variable control orifices could improve the
trajectory accuracy and permit adjustments for station-to-station variation.

During prototype flight testing, the SUU-51A/B bomb dispenser expericnced a
separation problem when released from the centerline station of an inboard triple
ejector rack (TER) on an F<4 aircraft at high subsonic speeds. A violent nose down
pitch cause the tail of the weapon to rise and contact the tails of weapons on the
adjacent shoulder stations. It was concluded that a dual piston, high impulse,
tunable ejector system appeared to be the most promising solution to a long-range
store separatio:: problem (References 7 and 8).

The NSWC/DL computer dat: bank listed at least 81 store/aircraft collisions
involving a variety of aircraft and stores during the period 1964-1973. The recent
loss of a Navy F-14 aircraft was attributed to a missile colliding with the aircraft
fuselage (Reference 9). The Hawker Siddley AV-8A HARKIER also encountered
significant adverse store pitch motion at NATC (Naval Air Test Center), 1971-1975.
The pitch down phenomenon caused a few MK 82 SNAKEYE finned bombs to
tumble after release, a ROCKEYE Il fin assembly to strike the gun pods and a
SUU44 flare dispenser to pitch up and nearly impact the aircraft (Reference 10).
These facts demonstrate that the safety aspects must not be underestimated and
intensive research should be conducted to develop a store ejector capable of
controlling the store motion during store separation.

Kalivretenos, Schindel and Maestri have pioneered work in a self-compensating
store ejection technique based upon relating the initial conditions to the in-carriage
forces on the store (Reference 11). Store ejector racks can be instrumented to
measure the in-carriage forces in a dynamic environment (Reference 12). However,
the significance of the dynamic interior/exterior ballistics interactions, the orifice
arcas, and the detailed motion of the store during the sjection cycles and their
overall effects on store separation have not been considered.

A study on energy sources for store ejection system (which included
helical/cantilever springs, compressed gas blow-down, vented compressed gas, liquid
monopropellant, bipropellant and solid propellant) was conducted by Edo

Corporation under the spornsorship of the Air Force (Reference 13). The solid
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propellant was considered to be the optimum energy source among the candidates
investigated.

It has been shown that “fixed” orifices are capable of producing statistically
repeatable ejection velocity, pitch-rate, and pitch angle (Reference 14). Therefore, it
should be possible to design “variabie” orifices and use cartridges (solid propellants)
to control these factors in order to account for the wide range of flight condi...as.
It is, therefore, our objective to investigate the feasibility of a variable pitch-rate
control system for store ejectors. The system concept is based on the principle that
by appropriate orifice area selection, the pressure acting on the ejector pistons is

controlled, thereby controlling the pitch-rate, pitch angle, ejection velocity and

acceleration of the store.

ORIFICE CONTROL SYSTEM CONCEPTS

A. Possible Design Concepts

The general system concept (most complex) is shown in Figure 1. The flight
parameters are obtained by the scnsors and sent into the computer (fire control
computer or mini computer). The sizes of the control orifices are determined by the
computer as a function of flight parameters (aircraft dive angle, Mach Number, and
density altitude). The computer signals are converted into mechanical signals by the
processor. Jt then automatically actuates thc orifice control mechanism (step moior
or servomechunism) which adjusts the orifice sizes. The orifice sizes then remain
constant during store gjection. The orifices are capable of controlling the ballistic gas
pressure acting upon the forward and aft pistons which can impart the correct
pitch-raie and ejector velocity to the store, resulting in a safe store separation and
improved ballistic trajectory. (f flight parameters exceed the launch capability (for
instance, the ballistic force is not sufficient to push the store away from the
aircraft) of the store ejector, a danger signal would be displayed on thz
instrurnentation panel to indicate the possibility of a store-aircraft collision.

The system is divided into the five essential task areas indicated by dotted lines
in Figurs 2 and arc as follows:

(1) Computer programming of a mathematical model which interfaces the

110

L e T i
LR gLy

el . " .
20 Py R L < -
SRR A e '4 A2 Nia P o LT it g 1 L ek it

&«, =

N - ' A e P
R Y R TS R RS SN0 i b o SESE A AR BT IS R

kX

L I )

T

“/941 Nk

25 ghnis

Rriihaiained

S A




5 st AT —
T i, N SV T B S R B AR S R S T R VTR

2 et G .5
RRA A R i e R R e x

et > oy T AT o o T RN
AL tv.»%ls@/.f]\ﬂ\ﬂﬂ.nﬂdﬂq)ﬂ%«.v(&g T TR ’¢u“§wﬂﬂu;4§wﬂﬁd§% ¥
3

L 7 e
w i,

Fiaand

T e ok

e .
B s mSain e W s il it

RN

Ay A
&g..»'.x

gy e

,f:_",iu

3 f
2 s daw

et
gy -
N e e s—

PANEL
DISPLAY

VARIABLE CONTROL
~_~AFT GAS TUBE

ORIFICES
CARTRIDGE CHAMBER

FT PISTON

JA

-~

SENSORS
)
COMPUTER
PROCESSOR
ORIFICE
CONTROL
STORE

|

FOR'WARD PISTON

FIGURE 1
Schematic Diagram Showing the General System Concept

FORWARD
GAS TUBE

STORE
EJECTOR

2
2
[=]
&
<
§
E
3
g
&
>
&
2
g

Vol. 2

By A - ,

RTINS PPN VS S
b £eraekid ot S S R T L E R
S A A Y B N s,

DR i e R RN 0 S AT E T I
SRS SR A s wf.,vuw,#?w‘.m\_ﬁ:a LR

) L% - R ¥ . 35024 2
S L, 4 Pt LR SR PR 3

o




- e oy A e e FAC R AATTIR ST P RO A Y VAT £ T T e g
v R:nr}«3«@{4{?53&3115\&)&3«(f ikt L i x -
R e AT T e T e * » T
TR T A R Ry m i AR AT . o s
P 4 “ iﬁ &ﬁ‘ &

R T T m R S AT S NP T AT I ST Py S SRS NP A :,AJWY,J: R

», i v

Y T
o

- - e —

M
f
-
i

,

B

;
[

o
—

e

—re
B samrnbend
e N S =™

Vol. 2

- —— wml
{
|

SR e

V-

it
!

s

T i

PR a..?a..} -
10th Navy Symposium on Aeroballistics

¢

-
E
o
ke
4
b

e ==

FIGURE 2
Task Areas of the General System

!
_
f
——————— | Yo
t
|
i
{

|
|
|
|

w—t Ve s e M TR em g AmGn auNR  Cm G Gue Sem memp  Smanm T emvw S e s Gmman wme Svmas Sy ._.—_J

'
4 - . ~ * - . Pt R
M LY . [l L] - 2 »
; r\‘ll‘- : ...\.lllx : . —— - e P > ooy e prem——— N
H s gt P s mn——np = -
¥
3
m - e W e € s ) Ay LI Ve T ~ e % “- v - - e —<w <
SRS -
~... - s - .0.1:4!”“‘«:«3 TN ot e xhr a.maw w,m..w " yw/.‘
R 3 : o .
g TR PR T Y /F‘.,.iﬂx ‘IA.A.\ 3 w,m;»fﬂhwsn »au &33, &M».V ﬁf o dud ukf vl/hx.l; A D T A N P S e e ST
$4s «xz D Rk FELNUT 5




S ik

RPLITRY TN
T 2 > % 5
PG RS TR E T KBS

e iy %
Spsy

e

sl

i

i

U,

10th Navy Symposium on Aeroballistics

Vol. 2

interior ballistics of the ejector, exterior ballistics of the store, flight
parameters, and other related factors.

(2) Design of a display panel for warning signals.

(3) Design of a processor for converting computer signals to mechanical signals
and the mechanical linkages to adjust the orifice size.

(4) Theoretical and experimental studies of the ballistic gas system.

(5) Aerodynamic, exterior ballistic and trajectory studies inside the nonuniform

flowfield.
These areas must be investigated and interfaced to develop the entire system.

A less complex system would consist of areas (3), (4), and (5) as shown in
Figure 3. The computer analysis, area (1), would generate discrete settings for the
orifice adjustments, eliminating the need for a computer, processor and other
electronic equipment. Each of these discrete settings would correspond to a given
mode of operation.

Each mode (1, 2, 3, etc.,) represents the setting for either a standard tactical
maneuver, an aircraft speed, or a variable store density. The pilot selects the
particular mode that is needed and the mechanism will automatically adjust the
orifice sizes. This will ensure safe store separation, improve the trajectory and
provide operational flexibility.

The simplest system will also eliminate orifice control from the cockpit
(Figure 4). Area (1) would again generate discrete settings for orifice adjustment. A
variable orifice device will be installed in the store ejector to replace the
conventional fixed size orifice. This device can provide infinite manual adjustment of
orifice sizes. The setting required for the mission to be flown would be preset on

the ground.

DEMONSTRATION HARDWARE AND RESULTS

A. Variable Control Orifice
An important part of this study is the design and evaluation of an adjustable
orifice (Reference 15) which, when incorporated in a dual ejector rack or Jauncher,

would provide the capability for controlling (give the controllability of) pitch-rate,
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ejection velocity, and pitch angle. This control orifice must provide infinite
adjustability, permit straight-through flow and withstand high pressure, high
temperature and erosive environments. The variable orifice design is shown in
Figure 5. Orifice size is varied by turning the valve stem which moves the
hemispherical tip in or out as required. The orifices areas can be determined as a
function of the displacement of the valve stem.

The disc type conventional orifices were removed from an AERO 7/A
SPARROW Missile Launcher and the variable orifices were installed as shown in
Figure 6. The launcher was used to eject a simulated SFARROW, weighing
510 pounds, Missile vertically down. The instrumentation of the launcher and store
are shown in Figure 7. Pressures were taken in the breech, before the forward and
aft orifices, and in the forward and aft piston chambers. Acceleration and velocity
were taken at points on both forward and aft parts of the test missile by using
accelerometers and velocity tapes. The limited experimental results indicate that the
pitch-rate and ejection velocity can be controlled by adjusting the variable orifices.
Table 1 shows the experimental results taken from the end of strokes data and
averaged through six rounds of testings. Typically, the ejection velocity and the
pitch-rate vary between 16% and +10%, respectively. These variations can be
attributed partially, if not totally, to cartridge variation. Positive values designate
nose-up pitch and negative values designate nose-down pitch. Both orifices were
examined for wear and accumulations of residue upon conclusion of the test series.
Visual examination indicated that no visible erosion had occumed. Thus, less wear
and meintenance may be expected with the hemispherical tip control orifices than

with the conventional disc type orifices.

TABLE 1
MEAN PITCH-RATE AND EJECTION VELOCITY VERSUS ORIFICE AREAS

A, (in?) 0 0.0063 0.081 00124 0024 0024  0.08]
A, (in?) 0.056 00133 0056  0.0067 0005  0.035 0
Op(rad/sec)  3.13 1.72 081 074 0. -011  -086
V, (ftlsec) 88 156 179 158 172 164 15.7
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THEORETICAL SIMULATION AND RESULTS

A. General

A unified mathematical model which treats the problem of aircraft store
separation has besn developed and implemented on the Hybrid Computer Facility
(EAI 680 Scientific Computing System) at NSWC/Dahlgren Laboroatory. The
problem is approached by considering the aircraft, store-ejector and the store as a
system rather than separate efforts. This model includes both the interior ballistics
of the store ejector ges syst>m and the exterior ballistics of the store motion during
and after the store separation plase. The interior ballisitcs theory is a generalized
version of the highJow ballistic principle (see References 16 & 17) which can
handle both dual and single piston store-ejectors. The exterior ballistic theory
includes the aerodynamic effects of both the nonuniform and uniform ilowfield in
the pitch plane. This mathematical model was developed to achicve four
oojectives: (1) to demonstrate the variable orifice controlled store separation
concept; (2) to investigate the dvnamic interior/exterior ballistic interactions during
the ejection cycle; (3) to furnish insight and understanding of the overall problemn;

and {4) to provide preliminary engineering estimates for the design of such a
system.

B. Simulation

In essence, the computer program simulates three phases (see Figure 8) while
an aircraft maneuvers with an angular rate (pullup, pushover, or horizontal flight)
and the store is being launched from the store-ejector simultaneously (see Figurc Y).

Phase i: This phase includes the interval from the time t = 0, when the
cartridge receives an ignition puise from the pilot, to the time t = t, when both
forward and aft pistons are fully extended with the store in direct contact with the
pistons. During this phase the gas is metered by thc control orifices thereby
controlling the pressure at each ejector piston. The computer program takes into
account the coupled effects of the interior ballistics of the ejector system and the
exterior ballistics of the store in the nonuriform flowfield around the aircraft.

Phase 2: Immediately after the store separates from the cjector pistons. the
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force applicd by the piston becomes zero and the only external forces are e ;
i acrodynamic and gravitational. During this period, the computer calculates the W
. motion of the store through the remaining nonuniform flowfield. For our
demonstration, the aerodynamic characteristics of the nonuniform flowficld were :
’1, simulated by the exponential decay law used by Maddox (see Reference 18). The .

_‘ loadings on a store, whether a moment or a force, are considered as coefficients -1 ;
;§ representative of the store in the f{ree stream in combinatica with perturbation 1

coefficients, The perturbation coefficients decay exponentially with increasing distance

oo Lol
-

from the in-carriage positions and represent the entire effect on the store of the

mutual interaction between the store and the aircraft’s nonuniform flowfield.

..
K :

R e T A

-

Phase 3: After the store escapes the nonuniform flowfield and enters the

SRy
e

G

uniform flowfield, the computer will continuously calculate the store motion until

A8

.
.

ground impact.

vw * x .
[ T R N T N W PR SRy

C. Input
To initiate the computer program, we requite the following input parameters as
i indicated in Figure 10. )
. Exterior Ballistics Input Parameters:

‘D

Weu fRus e oy 900 23T 5 e e

1. Aircraft flight parameters:

aircraft speed, dive angle, air density, altitude, angle of attack, and number

of g loading.

2. Store configuration:

weight, pitch moment of inertia, center of gravity location, body length {

5

and reference cross-sectional area. g

A 3. Nonuniform interference flowfield acrodynamic characteristics: : g
4 S - i
3 in-carriage pitching moment and normal force coefficient of store, pitching
i moment and normal force coefficient of store at zero angle of attack 5
- H
inside aircraft influence flowfield as a function of position referenced to ;
the store-ejector. The summation of these coefficients with corresponding 5
| :
o uniform flowfiled aerodynamic characteristics give rise to the nonuniform i
5 1 H

. b5y interfence aerodynamic characteristics. ' |
9 v
= . . v 4e !
; 4. Uniform flowfield aerodynamic characteristics: .
2 i !
. o K
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: Nonuniform interference flowfield
é - = aerodynamic characteristics
‘ aircraft flight parameters
‘ uniform flowfield
: aerodynamic characteristics
, store configuration store nose or tail
i & > trajectory
\ 4
INPUT piston displace-
s BEFORE l» ment, velocity
END OF STROKES and acceleration
exterior ballistics
4t 1 governing equationsf™ store pitch angie,
i pitch rate and
OUTPUT > center of gravity
E: velocity
11 interior pressure
. vs time curves for
E | . -» cartridge chamber
2 interior ballistics {_| and piston
‘ governing equations chambers
oL ’T
& force vs time
INPUT Ly curve for forward
E- and aft pistons
b store displace-
. ~» ment, velocity
,;_s ’ and acceleration
:;;i -
4 {. cartridge AFTER
2 ) interior ballistics END OF STROKES | o store center of
z } parameters “ gravity trajectory
E |y, store nose or tail
=3 { i store ejector trajectory
3 - parame ers
s L’ store pitch angle
s 1 and pitch rate
: FIGURE 10
Store Separation Computer Simulation
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pitching moment coefficient slope, normal force coefficient slope, axial force

coefficient and pitch damping coefficient of store alone in frce stream.
Interior Ballistics Parameters:
1. Store-ejector parameters:

forward and aft orifice areas, forward and aft piston areas, forward and aft

piston spring constants, frictional coefficient between pistons and store,

forward and aft gas tube piston assembly volume available to gas at time
t = o, cartridge chamber volume available to gas at time t = o, distance
measured from the forward and aft piston feet to the store center of
gravity at time t = o, angle measured between the store-ejector body axis
and store-gjector flight path at time t = o, location and areas of forward
and aft piston venting holes, cartridge chamber heat loss characteristics, .
forward and aft gas tube-piston assembly heat loss characteristics and
stroke lengths for forward and aft pistons.
2. Cartridge interior ballistics parameters:

cartridge type and classification, form function coefficients, propellant
burning rate coefficient and exponent, total charge weight, propellant a

impetus, ratio of specific hes of propellant gas, covolume factor, density

. 3N

f

!
of propellant, molecular weight of propellant gas, constant volume flame o

i

i}

temperature of propellant, total mass of gas present in cartridge chamber

at time t = o, total mass of gas inside the forward and aft gas tube-piston )

assembly at time t = o.

‘ D. Output

‘ The results of the mathematical simulation can be directly displayed on the

? graphical terminal of the hybrid computer.

:5: 1. During the ejection cycle and before both the forward and aft pistons reach

\, their end of strokes, we can obtain (but are not limited to) the following

information:

; store nose or tail trajectory; piston displacement; velocity and

1 acceleration; store pitch-angle, pitch-rate and center of gravity

; ‘ velocity; interior pressure versus time curves for cartridge chamber ‘ |
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and piston chambers; force versus time curve for forward and aft
pistons.
2. After the store separates from the pistons, the following information can
be obtained:
store displacement, velocity and acceleration; store center of
gravity trajectory; store nose or tail trajectory; store pitch-angle

and pitch-rate.

E. Numerical Results

This numerical study employs a conceptual dual piston ejector which closely
follows the configuration of an AERO 7/A SPARROW launcher, using two MK 124
cartridges containing solid propellants, acting on a MK 82 low drag bomb. For the
case of constant ejection force, the present analysis agrees quantitatively with that
of Maddox (Reference 18). The present numerical results were obtained for the case
of variable ejection force and dynamic interior/exterior ballistics interactions during
store separation. It is assumed that the airspeed was SO0 knots TAS and that the
aircraft was at 5,000 feet altitude.

Figures 11 through 17 show the effect of one set of orifices on store
separation for an aircraft in horizontal flight. The forward and aft orifices were set
at 0.432 X 1075m? and 0.8194 X 10752, respectively.

Figure 11 indicates the effect that the aerodynamic in-carriage force and
moment have on the initial bomb trajectory. For the case considered here, the
calculated ejection velocity at the center of gravity of the MK 82 bomb remains
constant for different in-carriage moments. The end-of-stroke ejection velocity is
approximately 549 m/sec (18 ft/sec). A positive in-carriage moment (C, = 1.5)
causes the store to fall more slowly than a store with negative moment
(Cm,, = -1.5) due to a larger aerodynamic lifting effect. For a conventional fixed
orifice store ejector with constant ejection velocity, the variation in the aerodynamic
influence can lead to store dispersion in the ground impact points.

Figure 12 shows the forward and aft piston displacement versus time. It is
found that the speeds of the forward and aft piston change when C, is varied

from +1 to -1. The negative moment tends to resist the aft piston and aid the
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moijon of the forward piston whereas this phenomenon is reversed with a positive
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moment, This explains the different pitch angle and pitch rate caused by the {

variation of in-carriage moment. It indicates that the dynamic interior/exterior

PR

ballistic interaction during the ejection cycle and the varying aerodynamic in-carriage

loading can cause the speed of the pistons to vary.
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Figure 13 shows the store pitch angle and angle of attack versus time. The ]

store <xhibits a nose down motion during the ecjection phase. Immediately after

separation from the forward and aft pistons, a positive aerodynamic moment forces
the nose to pitch upward, while a negative moment assists in forcing the nosc
down. The trends found indicate that dynamic interactions during store separation is
important and that an improper launch can cause unsafe store separation and ) 4
inconsistent ballistic trajectories.

Figure 14 shows the varietion of pitch rate as a function of time. It is

interesting to find that the forward piston leads the aft piston slightly confirming

e R e e A RS 0 et

the displacement difference noted in Figurc 12. At approximately 0.07 seconds the

P

forward piston bottoms and the aft piston catches up. This causes a rather abrupt

et

change in pitch rate between approximately 0.07 and 0.08 second immediately

before the store separates from the aft piston. The actual pitch rates at separation

oo
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are approximately -0.25 radians/second (for C, = 1) and -0.45 radians/second (for

Cmo = -1) rather than -1.3 radians/second (for Cmo = 1) and -1.5 radians/second

(for Cmo = -1). Thus the piston motion during this period has a strong effect on
pitch rate but a negligible effect on pitch angle (see Figure 13).
Figure 15 shows that different trends of pitch rates are obtained for C, =1

and C, = -1 when the aft piston reaches the end of stroke. After the store

separates from the store ejector, the aerodynamic moment continues fo act on the

A
o'

store causing a change in pitch rate. Thus, it can be concluded that the

/’,i& 3
r: aerodynamic moment is a significant part of the interior/exterior dynamic intcraction :
K 1 m .
i and effects the store motion during and after the ejection cycle. '
;{g Figure 16 shows the veriation of pressure inside the cartridge chamber and the ]
* forward and aft pistons versus time. The chamber pressure is generated by two :
b, ! . ‘

';j : MK 124 cartridges. The aft piston pressure is higher for C, = -1 than C, =1 .

i1 . . ;
2 because the negative moment sesists the aft piston motion causing a smaller rate of i
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change in the piston volume and hence a larger increase in the aft viston pressure.
The slighly higher pressure for the forward piston when comparing the cases
between C, =1 and C, = -1 can be explained in a similar manner. The foward
piston arrives at the end of stroke before the aft piston. However, the propeliant
gas is still flowing into the forward piston which causes a slight increase in the
pressure after t = 0.07 second approximately. This increase of pressure will not occur
if venting is allowed at the end of stroke. This figure shows that aerodynamic
loading is clearly affecting the interior gas pressure throughout the entire
pressure-time history.

Figure 17 shows the variation of piston force versus time. The forward piston
force is higher than the aft piston force. This is the reverse of the pressure versus
time curves (Figure 21). The reversal is due to the fact that the forward piston area
is more than twice as laige as the aft piston area. Although the higher forward
piston force causes the store to pitch nose down during the ejection cycle for both
Cny = 1 and Cmo = -1, this variation in aerodynamic moment does significantly
change the ejection force throughout the ejection cycle. The greatest change is
obtained in the peak ejection force region. This again confirms the importance of
the interior/exterior dynamic interaction. The consequence of simulating a
gas-powered ejector assuming a constant ejection force an- underestimating the
interior/exterior dynamic interaction could lead to erroneous results..

Figures 18 through 23 show the numerical results of store pitch angle, pitch
rate and trajectory of an aircraft in a 60° dive (g = -0.05). In order to
demonstrate the effect of variable orifices on store separation, we selected the three
sets of orifices shown in Table 2. The difference in ejection velocity for the same
orifice areas is due to the variation of in-carriage moment. The portion of the
curves indicated by dotted lines (----) are the results obtained during the ejection
phase, while the store is in direct contact with the ejector pistons. The termination
of these curves corresponds to the time the store exits the nonuniform flowfield at
five meters below the release plane (x-axis).

Figure 18 shows the effect of orifice area variation on the pitch angle for
Cm, =2, -2 and C,/ = -0.35. The smooth dotted lines indicate that there are no

abrupt changes in pitch angle during the ejection cycle. However, when the forward
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TABLE 2
DATA FOR LAUNCHING WITH VARIABLE ORIFICE AREAS
End of
In-carriage In-carriage Stroke

Symbol for Pitching Moment Normal Force Forward Aft Ejection

Crifice Area Coefficient Coefficient Orifice Orifice Velocity

Combination Cm, C., (m?) (m?) (mfsce)
1. 2 0.8194 0.4323 5.2
o 0 -0.35 X 1073 X 1073 5.2
-2 5.2
2. 2 0.03277 0.4323 1.9
— o o 0 -0.35 X 10-% X 1073 24
-2 2.8
3. 2 0.8194 0.03635 3.2
—— 0 -0.35 X 10-3 X 1073 29
-2 2.0

orifice is small (A, = 0.03277 X 107°m?, A,, = 0.4323 X 10~%m?), the aft piston
force imparts a large rotational motion and small translational motion to the store.
This results in a large nose-up tirst pitch and a small end of stroke ejection velocity
(v, = 1.9, 2.4, 2.8 m/sec for Cngy = 2, 0, 2, respectively). The trend in pitch is
reversed  when the aft orifice is small (A, = 0.8194 X 10"*m?,
A, A S 0.03635 X 10~3m?). However, a smali nose-down motion and a large cjection
velocity (v, = 5.2 mfsec) at the end of stroke can be obtained by choosing an
intermediate paw of forward and aft orifice sizes (A, = 0.8194 X 107°m?,
Ay, = 04323 X 1075m?). This demonstrates that by varying the orifice size we can
control the pitch motion an. ejection velocity.

The store pitch rate versus time curves are shown in Figure 19 as a function
of aerodynamic in-carriage moments and orifice areas. The abrupt changes in pitch
rate during the ejection cycle indicate that one piston bottoms. then the other
piston catches up rapidly. This jump phenomenon causes a significant variation in

pitch rate. The termination of these curves at diffcrent times is due to the variation
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of aerodynamic loadings which causes the store to reach the end of the nonunitorm

flowfield at different times

During store separation, the store can rotate and rise through the release plane
with either the store nose or tail striking the aircraft. The selection of appropriate
orifice sizes is important for the elimination of these unsafe conditions. Figure 20
demonstrates the angular motion criteria by plotting the displacement of nose or tail
as a function of in-carriage moments and orifice areas. The criteria for plotting
either nose or tail is based on which end of the store is closer to the aircraft. It is
found that the large nose up rotation for Cmo = 2 causes the store nose to rise
above the release plane during the ejection cycle and at time t = 0.8 sec. The large
nose down motion for C, == -2 causes the store tail to rise above the release
plane and strike the aircraft. In agreement with Figure 18, the sharp changes in the
curves occur at 6, = 0°. This is because the nose-tip plotting interchanges at
0y = 0°. An intermediate pair of orifice areas (A, = 0.8194X 1075m?,
AoA = 0.4323 X 1075m?) ensures safe store separation under both Cmo = 2 and
-2.

Figure 21 shows the displacement of store center of gravity versus time as a
function of aerodynamic in-carriage roments and orifice areas. The high nose-up
moment of Cmo =2 and a small front orifice area (AOF = 0.0328 X103m?,
AOA = 0.4323 X 10"°m?) can cause the store center of gravity to rise above the
release plane at time t = 1.14 seconds after the store nose rotates and rises above
the release plane as described in Figure 24.

Figures 22 show the trends of the store center of gravity trajectories under a
spectrum of aerodynamic in-carriage moments (Cmo =2, 0, -2) for three sets of
orifice areas. During a 60° dive, the x-component of the gravitational force acting
on the store overcomes the aerodynamic drag component. Except for the case of
large initial nose pitch down caused by a negative moment and a small aft orifice
area, all the store trajectories lead the store ejector in flighi.

Figure 23 shows the store traiectory for and aircraft during 1 g horizontal
flight. For the same orifice size combinations and aerodynamic in-carriage moments.
ali the trajectories lag the store-ejector since there is no x-component gravitational

force and the aerodynamic drag is acting on the store.
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As a summary, it is demonstrated that the combination of orifice arcas
Ay, = 00327 X107 m? with, A| = 04323 X 107 m? and A, . = 0.8194 X 10 *m”,
with AOA = 0.03635 X 10~3m?2, can result in undersirable situations during store
separation. When one chooses Agp = 0.8194 X 105 m? with
A, = 0.432 X 107°m?, the initial pitch angle and pitch rate are significantly
dacreased, and the ejection velocity is increased to 5.2 m/sec. The resulting
oscillations are considerably smaller and the store safely clears the adverse influence
of the aircraft nonuniform flowfield and enters the less violent environment of the
free stream.

Therefore, the above studies indicate that by choosing appropriate orifice
combinations and metering the gas pressure, it is possible to ensure safe store
separation under given aerodynamic loadings. However, the remaining store oscillating
motion can induce deviations from the desired ballistic trajectories. The goul of
designing a conventional store ejector is to select “fixed” size orifices which can sct
the store on a trajectory calculated to avoid storefaircraft collision without
significantly affecting the predetermined ballistic trajectories. The eover enlarging
operational envelopes of present and future aircraft compound the complex problems
of store release and delivery conditions. The appropriate variation in sizes is a
necessary step to ensure safe store separation and improve trajectory under all
aircraft flight conditions. The present approach is to set the store at an optimized
trajectory with optimized angle of attack and pitch rate at the end of the aircraft
flowfield. Thus, the store can clear the aircraft nonuniform flowfield with an
improved trajectory. This could be achieved by using two variable orifices

preadjusted during flight as described previously.

CONCLUSIONS
Based upon this preliminary study, the following are concluded:
1.  The present study svnthesized a system for controlling the store motion
during the separation phase. The problem is approached by considering
the store, store-ejector and aircraft submerged inside the nonuniform

flowfield as a system rather than as separate components. Therefore, we
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could combine the present analytical tools and experimental capabilities
with existing technology to design a practical store separation system.
This study demonstrated that a dual-piston store ejector having sufficient
ballistic impulse and variable orifice capability can compensate for, or
overcome, the given in-carriage store pitching moments and loads, thus
greatly enhancing safe store separation.

The effects of dynamic interior/extericr ballistic interactions imposed on
an ejector in-flight have been ignored in the past. This study shows that
the underestimation of these effects can lead to erroneous results in the
study of launch dynamics.

The experimental resuits indicate that the infinitely variable orifice design
is capable of controlling pitch rate and ejection velocity and reducing the
maintenance required.

By providing sufficient ballistic impulse and adequately controlling the
ejector movements using computer selected orifices, a system could be
designed to launch a large variety of stores for various flight conditions.
This would reduce the number of rack and launcher models required in
service and improve operational flexibility.

Apart from the proposed system, the present theoretical model can be
useful in the study of conventional store ejectors (when the ejector pas
system design closely follows the basic high-low ballistic principle) and
store separation problems. It can be used to simulate thc overall effects
of systematically varying the interior/exterior parameters and ejector
design criteria which is not easily done in either wind tunnel or flight
testing.

From both analysis and design view points, the present study may lead
to the development of a theoretical-empirical package for solving future
store-to-aircraft collision problems as well as the improvement of ballistic

trajectories.
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1. Introduction

The Army is deeply committed to the concept of an attack heli-
copter - one which may be armed with conventional firearms as well as

guided missiles or free rockets. A helicopter is rot the most ideal

launch platform for rockets and missiles due to the numerous launch ‘

transients involved. These transients, principally vibration, rotor

o

downwash, and translation and rotation of the leunch platform, kave not
been properly investigated as sources of rocket dispersion. In an
effort to assess the importance of rotor downwash on the dynemics of the

round during its first few feet of flight, it is first necessary to -

RIETRTY Y

determine the induced velocity field about the helicoptsr in flight.

v v——-;

Knowing the properties of the environment which the rocket must traverse,
one may ‘hLen use gerodynsmic forces derived therefrom in simulating the

rocket's trajectory. A theoretical capability to define the helicopter's

A S TS e e R TR

downwash properties exists at MICOM through a computer program developed l'

over the past eight yearc. In order to verify and supplement this, &

- o ——

flight test experiment was begun in 1973 and is still being carried out.

T P T e s e

et o L SHTE WA g4 AT R0

2. Description of .Analytical Techknique

The computer program being used at MICOM and the analysis upon

which it is based are described in references 1, 2, and 3. Basically, j;

the resultant flow in the domain of interest is assumed to be a s=uper-

position of three elements: the freestream, the fuselage represented by

e distribution of sources and sinks, and the rotor wake represented by

IR R ORI IR B T st it n B A AL Gt ot e s &

line vortices shed from each blade. (Figure 1 indicates these sources.)
Obviously, the representation ¢ the fuselagc and the representation ‘g

of the rotor downwarh are interdependent and both should be periodic
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functions of time. In the program, . . initial representaetion of the
wake is chosen to be helical (one for each blade) and slanted aft in
accordance with momentum theory. The fuselage representation is
initially teken 10 be that resulting from the freestream only. The
rotor representation is *+hen advanced by marching timewise for several
revolutions of the rotor. The fuselage representation is then recalcu-
lated using the time averaged values for the downwash effect in
accounting for flow nonuniformity. This procedure is then repeated
until a nearly periodic flow is established - usually approximately four
complete passes. It is seen that the solution found is not completely
interactive - the fuselsge representation re-ul’sing is the one that
would result from the time average of the periodic flow. The influence
of the fuselage is relatively small compared to the other sources and
this shortcoming is not very important. There is another shortcoming
which is potentially more serious. The shed vortex sheet from all along
the blades is ignored or lumped into the vortex filaments being shel by
the blade tips. More recent downwash simulation programs which account
for this effect indicate that it is quite important.

Consideration of the model representation of the flow field reveals
several important facets of the resulting flow:

a. Areas of strong velocity gradients and high velocities will
occur near the vortices distributed through the flow.

b. The position of the boundaries of the rotor wake is strongly
influenced by the aircraft's speed. For rockets launched from ithe
helicopter in a conventional fashion, there exists a meximum airspeed

for which the rotor downwash intersects the rocket's flight path.
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¢, The weight of the aircraft influences the vertical downwash

component almost linearly.

d. The incidence of the rotor disk te the freestream, ap, is quite
important for characterization of the downwash properties and is largely
determined by aircraft drag and weight.

3. Description of Experiments

The most direct quantities for defining the aerodynamic environment

occurring about helicopters are the time dependent velocity comnonerts

R e

throughout the region of interest. This was undertaken, but { . economy

of effort the rotor wake boundary as a function of airspeed was first

undertaken to fix the forward limit of the survey. Virtually all the J
experimental data shown here can also be found in reference h, “

a. Aircraft and Range 1RE

The flight tests were carried out by the US Army Aviation

Engineering Flight Activity located at Edwards Air Force Base, Cali-

LN F0 o B s s e st )

fornia. Based primarily on aircraft availability, a UH-1M helicopter j -

o d W

was selected as the test vehicle, A drawing of the aircraft showing the

coordinate system used is presented in Figure 2. .

b. Instrumentation and Procedure

The wake boundary surveys were made using an Elliott dual-axis §
low airspeed system. The Elliott system was mounted at Y = =65, Z = 29 1
for various X positions and at Y = ~65, 2 = 88 for various X positions.
The flow angularity in the helicopter pitch plane wes noted for various
forward speeds of the aircraft. As the foremosti boundary of the rotor
wake passed the Elliott probe a pronounced change in the flow angularity
occurred, allowing one to determine the X ccordinate of the wake

brundary es & function of asirspeed for two outbousrd stations. This is

152

A AR W1 it e

A T

i st ot RO N . LD AT ety itcoenatin




At i o R e Ry o = e Subiiaa comk
e T X, SO W -, S DR N AT S . NS PPl
st oy g |

.. Popirrarniee pereii et -

e g . st rme—————

VO “ I . e e e o G

!
!
10th Navy Symposium on Aeroballistics
Q::" oL Vol. 2
g i . presented in Figure 3. It is seen that the weapon mount location,
; ? typically forward of fuselage station 120, will be free of downwash
lk | effects for true airspeeds greater than 45 feet per second.
fg ? The flow field velocity survey was carried out using an array of
é‘1 seven split film 3-component anemometers mounted linearly on a lateral
é rack (Figure 2) 8.5 inches apart. Plans were to make successive
i

WK R

i flights, repositioning the rack between flights until the entire volume

o

M b i

j of interest had been covered. During each fligh*t a number of data

%

%g i records were to be taken at a predetermined set of flight conditioms.
% ‘ The appendix briefly lists the instrumentation and dete conditioning and
% , é collecting procedure. Complete descriptions and specifications are

g é | given in reference 1.

;ii; ! Unfortunately, the tolerance of the anemometers to vibration had
%‘ g j not been determined and insufficient vibration isoletion had been built
é % - into the support structure. The sensors failed subsequent to the first
% 3 flight with the rack in the first position. The probe locaticns for

%g i the first rack position are given in Table 1. During this test flight,
éz i date were taken for a variety of forward velocities. As Table 1 indi-
i l cates, only five of the seven sensors were fully operative throughout
iz the flight.
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TABLE 1. PROBE LOCATIONS

Flight data records were taken at airspeeds of approximately 8, 18,
5k, Th, 393, 113, 135 and 153 feet per second. The helicopter was flying '

with zero sideslip, straight and level out of ground effect. Gross

weight was T400-T500 pounds and rotor speed was nominally 324 rpm.

c. Velocity Survey Results

Velocity-time curves for each component, sensor, and flight record
are presented for the entire measurement interval in reference 1, This
time interval is large compared to the period of the fluctuating velocity,
meking it hard to distinguish details of the curve shape over only one
period (= 0.095 second). In reference 5, these data are re-presented over
an interval of only six periods allowing the scatter in data, repeata-
bility from cycle tc cycle, and variability of data quality from flight

record to flight record to be readily seen. One of these plots is shown

154 .’}

3 oy - o T —— - ot - " - - - = e
B PRT AN R e e A ——

e o -
Probe X Y 2 i
No., (in.) (in.) | (in.) Comments !
1 | 111.885 | -109.56 | 58.928 | ]
2 111.885 | -101.06 | 58.928 Operative in one axis only i
3 | 111.885 | -92.56 | 58.928 | 5
4 111.885 | -84.06 | 58.928 ! :
5 111,885 | -75.56 | 58.928 ‘ Inoperative i
6 | 111.885 | -67.06 | 58.928 5 )
7 111.885 ~-58.56 [ 58.928 Data noisy (perhaps due to l
turbulence) i :
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as figure 4. Note in particular:

a. The passage of the vortex filaments as indicated by the fast
velocity change in all components but principelly Vy and Vg,
b. The low amplitude of the fluctuations of vertical downwash com-

ponent.

¢. The weakness of the latersl component of velocity at this

~

station. According to analysis, this is true even at station located
near the wake boundaries.

d. The unusually high value for Vx (30 - 40 feet per second) is
unrealistic for a forward velocity of only T.7 feet per second. All
theoretical methods indicate the mean value of Vy should be on the order
of 7.7 +V sin oqgT = 7.7 + 75 * sin 2° = 10 ft/sec. The measured values
were repeatable between different date records of aebout 5 seconds each.

, Comparison of Theory and Experiment

Theoretical simulaiions were carried out for several of the experi-
mental flight records. One of the critical input variables is the
incidence of the rotor tip path plane to the freestream (aT). This
quantity varies with airspeed and sircraft weight and center of gravity
location and was not directly measured during the experiment but in~
ferred from aircraft attitude measurements. Since rotor flapping angle
was not measured, the angls: of the tip plane relative to the aircraft
coordinate system was uiknown. For the values of ap derived from experi-
ment, the flapping angle was assumed to be zero; therefore, ap may be
in error by the amount of the true flapping angle. If one uses the
aveilable data for aircraft weight and drag, ap may be calculated by
balancing forces at the rotor hub. The comparison of the values obtained

in these two different ways is presented in Figure 5. We may then expect
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to find disagreements betweeun theory and experiment which correspond to
up to 4 degrees of flow incidence in the pitch plane.

a., Time Dependent Dats Comparison

Since the roriod of the velocity fluctuations is governed by the
rotation of the rotor, the time coordinate was replaced with rotor
position., For a two-bladed rotor, such as that of the UH-1M, each blade
contributes to the flow velocity experienced by a point in the wake,
therefore, the period is 2 per revolution or 180 degrees of rotation of
the rotor. Instead of plotting rotor position as an ever increasing
angle for successive periods, it was plotted modulo 180 degrees. 1In
this way all the periods are superimposed on each other in the same 0 to
180 degree range. This is called a folded plot. For flight record 1,
the absolute value of rotor position was measured with O and 180 degrees
corresponding to alignment cf the rotor with the fuselage centerline.
This measurement subsequently became inoperative; therefore, for the
remaining flight records the experimental values for rotor position are
known relative to each other but not with respect to any reference
position as was the case for flight record 1. As a result, in comparing
theory with experiment using Figures 6 through 8, one must realize that
theory and experiment can be arbitrarily displaced relative to each
other along the ebscissa.

During the course of the experiment, the rotational velocity of the_
rotor was nominally 32k rpm which would correspond to a period of 0.0926
second. However, in plotting the folded data it was Tound that slightly
higher values for the period gave much better results, in that there was

less scatter in the data. The value used for the period is indicated on

each graph of Figures 6 through 8.
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Instead of plotting flow velocity components along the three coordi- E
nate axes (as in figure 4), velocity magnitude and direction are shown in
figures 6 through 8. Oy and 6; are the angles between the flow velocity
vector and the Y and Z axes respectively. In this manner differences

in flow direction between theory and experiment are put in proper per- 3

PP

spective whereas in plotting VX, VY, and VZ a small error in flow f

direction can overwhelm a small component, such as VY, making it scat-

4

i
i

*

tered to the point of being useless.

EXE YR TN LA TR I

S

The inconsistency mentioned earlier in velocity measurement shows in

figure 8 as a 10-15 degree direction error. Since this occurred at the

o R R R

vl

most outboard probe, flow interference is unlikely-deflection of the
probe and for rack is more likely. These angular inconsistencies were
present for most flight records and probes, increasing with proximity to

the fuselage. The velocity magnitude error is considered less alarming.

¢. Time Averaged Data

In many cases the frequency of the flow fluctuation (= 10Hz) is

A B b 3 BV 0 A P b 2 SRS

et prtas

high enough that objects of interest which are immersed in the flow can-

FRRITIFPIOR

not respond to it. In this case time dependent details of the wake flow
can be ignored and the time averaged flow velocity and direction can be i

used to determine the behavior of the object. Theoretical and experi-

mental flow megnitude and direction were time averaged and plotted

N e W~

(figure 9) as a function of Y for fixed X and Z locations corresponding
to the sensor rack position (Table 1). Gaps in the experimental data
correspond to positions of the malfunctioning sensors numbers 2, 5, and

7.
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5. Elaboration of a Typical Situetion

Having devoted some time to qualitatively describing the flow field
and justifying the application of our downwash computer program, typical
conditions existing along the path of a rocket fired from the AH-1G
wing will be presented, based on calculated results (figure 10).

Figure 11 shows the downwash velocity components as a function of
displacement along the trajectory of a 2.75" rocket. The conditions
used in generating the data for this plot along with implications are as
follows:

a. The aircraft is hovering. Forward velocity; would diminish the
vertical downwash while enhancing the component along the trajectory,
thus decreasing cross flow angles and increasing dynamic pressure.
Moreover, the rocket would be immersed in the downwash over a shorter
distance for higher airspeeds and be entirely free of it at about 36
knots.

b. The round is launched from a position at butt line 42, water
line 55 and fuselage station 148 corresponding to an inboard ltauncher
position. Changes in the velocity-position profiles resulting from
changes in launcher position within reasonable limits are minimel at
hover. Moving outboard or forward results in a quicker exit from the
weke, moving downward tends to reduce crossflow gsomewhat. Incidentally,
if ground effect were to be accounted for, the induced vertical velocity
component would be somewhat less depending on hover altitude.

¢. The quadrant elevation of the round is 9.8°., The influence of
changes in this parameter is to increase time of immersal and intensity

of downwash if increased and vice-verss.
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d. The solid lines are drawn corresponding to an instantaneous

it ot BT

rotor position of al.gnment with the fuselage; the dashed lines-time

1
1
l

average velocities and the shaded areas, the limits for ofher instan-
taneous values at various rotor positions and for the other side of the
helicopter. The regions of greatest fluctuations are associated with
the zone of passage of the vortex filaments.

Figure 12 relates the information of the previous slide to the
angles of attack in pitch and yaw experienced by the 2.75" rocket. In

this case the instantaneous values of downwash are used which are .

A e 2 v g ) s .
A R A D D e T e L ot i r Taansdi el S omartontsr e s S22 et

J—

calculated at the time when the rocket nose occupies that point whereas

in figure 11 time is constant along the solid line and is averaged out

P

for the dashed line. These curves are specific to the 2.75" rocket since

eGSR

i

5

ST

its forward velocity and eliapsed time at each point figure in the com- i

A8

putation.

me
Ry

o e N B R ot

Finally, just to show the effect that this environment cen have on
the rocket dispersion, suppose that we compute the trajectory to impact,
assuning the rocket is fired from 30 feet above the plain. Neglecting
downwash entirely, the round impacts at about 12,000 feét with only
1-1/2 feet cross range deflection. If a constant downwash of 50 ft/sec
over the entire rotor disk shadow is assumed, the round impacts at ebout

14,000 feet with less than 3 feet of cross range deflection. With the

indicated profile (figures 11 and 12) the roun. impects at near 14,000

R A

E

feet but has flown to the leit about 120 feet. In both cases of down-
wash assumptions, the rocket is high in the air (several hundred feet)

when it is 12,000 feet down range.
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If the trajectory is calculated with different phasing of the launch- J

z_"
H
E
t:
I
i
I
E

rotor positions, little change resuits; only 10 to 25 feet in cress
range or down range. It would suffice in the case of the 2.75" rocket T
to consider time average downwash properties. It was noted, however, Ai
that a constant downwash model cannot properly predict cross range

effects. (These results are subject to mitigation by ground effect.) ‘i

6. Coneclusions and Recommendations

At

The downwash can significantly affect the trajector, “ rockets
launched from rotary wing aircraft at low speed or hover, n.rever, the i é

magnitude of these effects in relation to other launch transients is

unknown and are not readily separable in firing tests. In the past, fir-
ing techniques have emphasized deployment from a dive at sixty knots or K
so, but current emphasis is on fire and forget tactics making use of -

pop-up and shoot at near hover. The role of downwash, in fact all launch I

.
o

transients, must ve effectively assessed.
Further trajectory simulation is required for rockets having different

aerodynamic and dynamic properties. The moderating effect of ground

- .
21 0 P2 M Wl vt e a1 e

proximity ghoulid be accounted for. Some account should be taken of the

it AP

influence of diift and gusts as well.
When the aerodynamic environment is accurately known, the aerodynamic

force calculations should allow for gross nonuniformity of the flow. The |

e EX 0 0 o oMt 3 ST a0,

flow properties can change significantly over the length of the rocket.

et WA AT

Flight tests are in progress to survey the flow field about the

A

A" .iG from the launcher attachment point to the nose of the aircraft.
These data will be used to verify the analytical technique further and

will provide better definition of the aerodynamic environment for furiher

trajectory simulation.

160

H
3
7
!;,
R
B
7
b
3
%
b7
F;
Z




B T , A M SN S e S e e —— . . .
e e E L B i B M N N 05 B 8 SR v it T TN Eas T : q .
Eidakic Z - -l e e D A S P B e P B R R, 6 O g s o mlos et 3 L ativ R vt s e b b ol
L R R S e B A S T S e R 5 Ay G p2:dn ooy P
—”»‘.A_,‘mﬁyhﬁ-‘ cal “;?'7»;‘ SR .97’5‘._*"'&*"3?

o 0 i A

10th Navy Symposium on Aeroballistics
Val. 2

st T S S

REFERENCES

1. Crimi, Peter, Theoretical Prediction of the Flow in the Wake of a

He icopter Rotor, Part i, September 1965, CAL Report No. BB~199h4-S-1.

2. Crimi, Peter, Theoretical Prediction of the Flow in the Wake of a

Helicopter Rotor, Part 2, September 1965, CAL Report No. BB-199L4-S-2.

3. Crimi, Peter and Trenka, Andrew, Theoretical Prediction of the Flow

in the Wake of a Helicopter Rotor, Addendum, August 1966, CAL

, b - N i 5 N
RO R e b T S e

Report No. BB-199L4-S-3,

L. Boirun, Barclay, Jefferis, Robert, and Holasek, Ronald, Rotor Flow

STp

4l
A58

Survey Program UH-1M Helicopter, May 19Tk, Final Report on USAASTA

WHH

Project No. T2-05.

"

o

5. Jenkins, B. Z. and Marks, A. S., Rotor Downwash Velocities About the

UH-1M Helicopter -~ Flight Test Measurements and Theoretical

f’g‘ J,u!l

Calculations, 1 January 1975, MICOM Technical Report RD-T75-27.

PSR, oS BB o et i

5

it

F g

161




e e T T T A T P A RS I W e
o * - ./« 3 M

gﬁaﬁ Aﬁ%ﬁmﬁ%ﬁ%iﬁﬁﬁ g :
o7 i 1

‘ .-.,
‘u
. .

[P,

"plaly Mo|} Jo uoljejuasasdas d1jewayss ‘[ 8anbiy

10301 Kq pays mmumuwmoll\\\t\MHHHHHHHuV

Juaquaja abejasnd

wealrysaasdd

10th Navy Symposium on Aeroballistics




R LA TR A P A D VAP SR AT R R I

TR SR R e TR T o A g G

R G PEAPATIT NIRRT S P TR ST N TR .%ﬁaﬁ
;

L T Y N AL ANALX TR W { ;
et A AR S \ §%§nﬁ,§£?;?%§ b
‘ x ~ v . . . e Gl e W R N R ot o e oo VAR R e o Hyy L4 syt RO CAPRTCREY A TE TSR o DAY G R, et My FRin s 1 RN

*suoi}ed0f aqoud ac_;o:.m WwaysAs 9jeu1paood jeudaly 2 aanbi4

T

163

U (X) NOILVLS 3OVTISOL Uy (A) INYLLNE )
00S ooy 00€ 00z oot 0 oolt- 05— 0 05 ool :
1 1 1

I3 — 1

Vol. 2

ET ARy e A S eg e Sy

4 ON HOSN3S {
i 0s- .
3k
w. |
: 001 |

1 "ON NOLLISOd
NV

081 -

{1} {Z) INITYILVYM

10th Navy Symposium on_Asroballistics

34044 L10IT3 ' b

R L i S e S oy e e e

Xo0d isviive !

3908d 41017173

e R S

ST

DEE 208 oW ewh g beed ol - JUCEN S S N

s

& Xeaeioy

g
I R
D A 5




10th Navy Symposium on Aeroballistics
Vol. 2

Y
\
\
|
!
/
100 s
w L :
z
<550
[ =3
i o Flow Vane Locations-
s 0 g Elliott Locations

S

0 50 100 150 200 250 300 350 400 450 500

saaat iy l_lelllllllllLLllJllllll (5 gt it
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NOTES: 1. Data shown for buttline -65.
2. Data not corrected for displacement due to rotor flapping with
increased forward speed.
3. Waterline stations are 83 and 29.
4. Average Conditions:
Gross Weight = 7500 pounds,
Density Altitude = 2500 feet,

Figure 3. Rotor wake boundaries in forward flight.
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A simple, analytical method is presented in this paper

T
P

.Ri for the approximate solution of a variety of problems related o

-

o YOS
TR,
e

to aerodynamic heating. The method is basically an integral
approach, and represents a refinement of the classical Karman-
Pohlhausen momentum integral technique in the boundary-layer

theory. Representative applications of the method are pre-

NN T S B R

sented which include calculations of skin friction and wall .

Dim 3.7
Y

SE3

heat flux of boundary-layer flows, and calculations of one-

W25

dimensional transient heat conduction with a phase transition.
The approximate solutions are compared with existing exact 2
i

solutions, and the remarkable combination of simplicity and

accuracy is found to be the principal merit of the method. .

1. INTRODUCTION 'E

Problems of aerodynamic heating associated with high-speed

vehicles, such as re-entry bodies, are generally quite compli- ;
cated. The complications stem mostly from the severity of

heating and the resulting melting, ablation, etc., of the aero- .
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dynamic body. Thus, the existence of various heat-transfer
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mechanisms and their coupling must be properly accounted for
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in the overall analysis. To study problems of such complexity,
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it is often desirable to have an analytical understanding of the
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heat-transfer processes involved. Such an understanding would .

usually provide considerable insight into the heating
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A
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phenomenon under investigation without having to perform

extensive computations. The proper coupling of various

heating mechanisms involved can thus be effected with great
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To provide such analytical tools, simple, ‘(proximate |

methods need to be developed. 1In this paper, an analytical

ke Sk

method is presented which is capable of providing approximate %
. S
solutions to a vuriety of heat~transfer problems with re- §

markable simplirysy. Areas of application of this method , 4

ety <

described in this paper inrlude skin friction andé heat

L B

transfer in a forced-conveci..un, transpired boundary layer

R

and one- cimensional traagi:nt heat conduction with phase

s s

ey

trans:tions. The purpose here is not to present solutions

B0k éf-:.»" ::%_:;x,a ginreecy

Bt

s
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that the #accuracy of the present approximate solutions can
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be tested.
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The bas:c ideas underlying the method are esszntially

o

:; those used eaciier in the author's skin~friction calcu- § ;ﬁ
i lations™’?. The method is basically a refined versicn of ﬁ %g
i

- the classical Karman~Pohlhausen (K-P) momentum integral i ;}
'? technique in the boundary-layer theory. The ideas for the } ‘g
. refinement were originally proposed by Volkov3. The % %
PR

3 generalized version and simplified use of these ideas form j ;j
if the basig of the p esent method for calculating surface % gﬁ
: properties in boundary-layer flows and the transient heat % ;é

conduction in the presence of phase changes. i

%3
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The paper begins with an exhibition of the essential _I

ideas of the present method by means of a simple example in

K]
- —

skin-friction calculations for the laminar boundary layer
over a circular cylinder. The application to heat-transfer ’1
calculations in forced-convection boundary layers is next

illustrated, and a special limiting flow is solved as an

RN T e e R R

o
%

example. Finally, the one~dimensional transient heat ..
conduction with phase transitions is studied, and some -
idealized, but representative, models of melting and ablation }

are treated. For a more comprehensive account of the entire

developnent, the reader is referred to the author's previous l

publicationsl'2'4:5,6.

2. DESCRIPTION OF THE METHOD AND SKIN-FRICTION CALCULATIONS v

The essential ideas of the present method can most j
conveniently be described by means of an example in skin-
friction calculations. For simplicity, we shall consider the “E %
incompressible, laminar boundary layer on a circular cylinder
in crossilow. 'The inviscid flow outside the boundary layer .-

is assumed to be the potential flow, and separated flow is ™

G A

thus ruled out by implication.

3

SRR

G

The integrated version of the general laminar boundary- 5

s
S=ipet.

layer equation has the following form:

T du Yy Y
W 1 ou 9 - _ 9 2
e YUy - + vay + u —'ax.[ udy uv = u“dy (1) |
0 0 v

where (x,y) forms an orthogonal coordinate system with x
measuring the distance along the cylindrical surface (x = a¢,

. . . . T
see Fig. 1), and (u,v) is the corresponding velocity vector. “

e A B o S,
-
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T, p, and v signify, respectively, the shear stress, fluid

density and kinematic viscosity. Conditions at the wall and
the outer edge of the boundary layer are represented by w and
1, respectively.

Passing the upper limit of the integrals in (1) to the
edge of the boundary layer, y = 6 (x), we have the classical

K-P equation, i.e.,

T du 8 8

W 1 , 4 _ _a. 2

5T Ex t dxf udy = wpvy, - 3% / utdy (2)
0 0

Equation (2) expresses the momentum balance across the entire
boundary layer at station x.

In the classical K~P technique, Equation (2) is the sole
equation to be solved; the skin friction, T is directly
taken from the derivative of the assumed velocity profile, u,

i.e.,pv%% . Since the assumed profile can only be approxi-
w

mate, taking its local derivative is likely to incur
significant error.

In the present approach, Equation (2) is merely used as
an expression for the skin friction, and it is essentially
an integral representation involving the assumed profile.

A second equation is generated for the determination of the
basic profile parameter, §. The second equation is the
second integration of the original momentum equation across
the entire boundary layer. Physically speaking, the present
method calculates the skin friction by considering the

momentum balance in the entire boundary layver at a local flow

178

%

Y 3,
WAy

k%
%

3 5..«3'“

i

%

i 1.+ (A e -

i o
e SR T e
A BN 02000 5 s L At ¥

Lk

e OF v,

¥,

2

i

sy

8

R T

ve:

¥

,

re]

7 g';dse’ﬁk I

T

Xy

£2720N

SESS

2,

¥

»

VARG

TN

2




10th Navy Symposium on Aeroballistics

Vol. 2
station, based on an assumed velocity profile. Thus,

integrating Equation (1) again, we have
du é ¢
1,2 1 a - . d 2
§6u13¥-+ ulé d_}?f udy ulvwcS de/ u~dy
0 ¢
S s ¥ S 5 Y, '
-_-vul-t-fudy-g;f udy-—vw udy-/dyé?‘f u“dy = 0 (3) -
0 0 0 0 0 ‘

The present procedure is to assume a velocity profile of

the form

J
o]

u=2,kn ; nzys , (4) !

bo

and substitute this profile into Equation (3). A first-order
ordinary differential equation for the quantity 8 results. The
solution of § is then used in Equation (2) to yield the skin 'é
friction through an algebraic process. ‘
In all applications of the method to the calculation cf %j
surface properties, the profiles (velocity or temperature) are ,}
deliberately chosen to be simple in order to simplify the
calculations. Thus, the coefficients in the polynomial, ‘l
Equation (4), are constants in most cases. These profiles .
are obviously crude and oversimplified inasruch as they presume !
similarity for general cases. However, it will be demonstrated 7’
that the resent method can tolerate such improperly chosen
profiles and still produce results with good accuracy. 1In {
fact, the simplified use of the method in the present develcp-
ment represents a full exploitation of the principal merits
cf the method.
We now specialize the above general formulation to the

case of flow over an impermeable circular cylinder. Here we
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have u; = 2u_sin¢ and v, = 0, where the subscript "o"
signifies the free-stream unperturbed state. For the present
calculation, we use a simple polynomial for the velocity

profile, i.e.,

= 2n - 2n3 + n4 (4a)

SIC

1

Note that this profile does nothing more than satisfying the

essential boundary conditions of u(x,0) = 0 and u(x,$) = 1.
Substituting Equation (4a) into Equation (3) and intro-

ducing the /i susicaless quantities, § = §/a and A = u a/v,

we can .. :i.iy solve Equation (3) and express the solution

for § in terms of the following guadrature:

$
A S = 16.{/' sin*1674 ap/(sin”"4874) (5)
0

The skin friction then follows readily from Equation (2),

1/2 _ 2

c.a (172 § sin¢) [0.8553 cosé + 3.8292/(AT2)]  (6)

f

N =

where Cf = Tw/(%pumz) is the skin-friction coefficient.

Equations (5) and (6) represent the solution of skin-
friction distribution on the cylindrical surface. The results
are plotted in Figure 1 along with the results of previous
calculations2 using a linear profile, £ = n. Exact (numerical)
solutions due to Terrill7 are also included in the figure for
establishing the accuracy of the present solutions.

It is clear that the present solutions are remarkably
accurate from the stagnation point to the point of separation

(Tw = (0). However, it must be stressed here that the prediction
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of separation point has only limited practical significance
in view of the idealized flow model used. Of equal importance

is the gparent weak dependence of the solution on the chosen

profile, as indicated by the close agreement between the two v
solutions corresponding to two different profiles. This W
property represents another attractive feature of the present )
method, and is believed to be the result of using integral ]
representations for the skin friction. The insensitivity has
been previously noted and discussed by Zienl’8 for the porous- .
plate configuration in light of the improvements on the ]

classical K~P method achieved by the present refinement. The

present new results serve to indicate that such insensitivity ﬂ
prevails in the case with pressure gradients. \

An interesting comparison of the present and other 'i
approximate methods for skin-friction calculations is given '1
by Ingerg. )
3. CONVECTIVE HEAT TRANSFER 'l

The basic ideas presented in the last section will now

. .
Y

be applied to the calculation of heat transfer in a tran-

spired boundary layer. The procedure is basically the same
except that attention is now focused on the thermal boundary
layer. Thus, the double integration scheme is applied to the N

original energy eguation. The first integration gives an

e
R

ke it
Y,

e K A

o,

»

.
al
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Sed it
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ar,
e
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o
equation for the energy balance across the entire thermal ?
b
boundary layer, and this equation is used as the expression ; k!
for the wall heat flux. A second integration then provides T
the basic differential equation for the determination of the i "
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parameter characterizing the assumed temperature profile.
In avder to present a self-consistent development of the
calculation procedure, we shall also use the approximate
solution for the velocity by the present method in the
solution of the energy equation.

For easy demonstration of the procedure, we again con-
sider the simple case of two~dimensional, laminar boundary
layers. Only the results for an asymptotic flow corresponding
to large Prandtl number and small surface mass transfer will
be presented in this paper. The analytical derivation of such
asymptotic limits is representative of the unique advantages
of analytical methods. The derivation enhances physical
understanding of the flow field and brings out similarity
parameters to facilitate parametric studies. Results for
moderate Prandtl numbers can be found in Reference 4, where
a compressible case is also treated.

Neglecting the frictional heatiug, the first integration
of the original energy equation in the direction normal to

the wall gives

Y
9 y* : - - 9_/* =& [96 _ 26
% | 9*0 dy + € (0 1) 6 5z J u dy = w, oy~ oyl (7)
0

0

where dimensionless temperature, 6, and velocity, u*, are
used, i.e., 6 = (T - Tm)/(Tw - T ) and u* = u/u_. € is the
mass transfer parameter defined a:; vw/um, and o is the thermal

diffusity of the fluid.
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e

Letting the limits of integration in Equation (7) cover

the entire thermal boundary-layer thickness, GT, we get an -%
expression for the Stanton number, g
%,

&

N $ &

- Ox _a (°r ., _ o

St = 55~ = I u*g dy - € ’ (8) %

X' r 7

0 S

wheret%{= qwx/k(Tw - T,) is the Nusselt number, Rx = u_x/v
is the Reynolds number, and Pr = v/a is the Prandtl number
(k is the thermal conductivity of the fluid).
Equation (7) is integrated again across the entire thermal

boundary layer to yield an equation for the determination of

the basic profile parameter, GT. Thus, we have
S ) Y S . .Y
dy 33?[ u*6dy +/ (e - % u*dy)6é dy
0 0 0 0
= 4 [T .« - &
= §, = u* 9dy o . (9)
0

Since the momentum equation is decoupled from the energy
equation for incompressible flows, u* can be assumed known in
the present calculation. Then Equations (8) and (9) combine
to give the solutions of GT and St once a temperature profile,
for example,

6 =glng) 4 np = Y/8q . (10)

is introduced.

As an example of application of this method, let us
consider the limit of large Prandtl number. In this limit,
GT becomes vanishingly small relative to 8. Thus, heat transfer
takes place in a very narrow region near the porous wall

where the velocity distribution can be approximated by a

: .
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linear form, i.e.,

N 1=

where RT = uwGT/v.

Substitution of Equations

leads to

e d 120 1
ORm ar_ (5CeRp) = P + BeRy,

The

2¢

0

and

]

1
= stpany .
0

1 1 L 2
=f nTg(nT)dnT + 5/ n.I.g(nT)dnT
0

Vol. 2

CeRplg (11)

(10) and (1ll) into Equation (9)

(12)

constants ¥ and f are profile-parameters defined as

-f dan nTg(nT)dnT
0 0

In Equation (12), the three terms from left to right

represent, respectively, the effect of convection, conduction

and mass transfer.

balance.

Equation (12) by requiring

As Pr + o, an interesting limit exists in
which these three mechanisms of heat transfer still remain in

Such a distinguished limit can easily be deduced from

‘ 3 .-3/2 _ =1 _ , (13)

. RT Rx Pr eRT

' from which it follows that

. eR}];/z = O(P;2/3) + 0 (13a)

1 and

! eRy = 0(P7) > 0 (13b)
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Therefore, the transpiration rate, eRi/z, must be small
compared to that allowed in the usual boundary-layer flows.
Physically, this limit corresponds to the heat transfer in
a nearly stagnant layer of fluid close to the solid surface
with a small porosity.

In view of Equations (13a) and (13b), the following

variables are appropriate for the study of this limiting

flow:
= 2/3 1/2 _
A Pr eRx = 0(1) (14a)
and A1 = Pr eRT = 0(1) {14b)

1/2

Thus, Pr and ERy combine to form a single parameter, A,

which characterizes the asymptotic heat transfer.

In the present integral formulation, the asymptotic
solutions can readily be obtained by applying the limit
process, Equations (14), to Equation (12). )

We shall confine our discussion here to the case of a

- - e
P e i 2 Tl
N

porous plate with similarity blowing (or suction). First of
all, Ce takes on its value for a nonporous plate as the
leading approximation. For the sake of self-consistency, we

use the result given by Zienl. Thus, we have

Fe=w® (15)

corresponding to a linear velocity profile. We note that

SRR e S e A R

the results correspoading to a variety of profiles are

virtually indistinguishable (see Zienl'2

).
For the case of similarity flow, eR; is constant, and !

Equation (L2) can be easily integrated. The solution is i

Eagtet N
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expressed in the parametric (closed) form:

P 3 _ 3 ~ "o
1 A1 = 6A7 (1 + BAl)/a
i and
) 1/2.1/3, _ ~1/3 ~~=2/3 ~
N /(RS P/7) = 6 Yo (1 + BAY) ~ A

¥ Pa—

1
where ¥ i/” nTg(nT)dnT is another profile-parameter.
0

Two temperature profiles are used in the present
calculation, i.e.,
6 =g,(np) =1 - ng

and

- _ .. 3 4

Vol. 2

(16a)

(16b)

(17a)

(17b)

which are again crude and oversimplified. (@, g, Y) for 9

and g, are (/8, 1/2, 1/6) and (1/28, 3/10, 1/15), respectively.

{ The present solutions corresponding to 9 and g, are

) plotted in Figure 2. Exact solutions to a class of self-

similar flows in the same asymptotic limit have recently been

} obtained independently by Gerstenlo, using a different approach.

Figure 2 also includes the exact solution for comparison.

/ Good accuracy and weak profile-dependence of the present

present solutions can also be shown to reduce to the exact

solutions are again in evidence over a wide range of A.

The

‘ limit for large suction. Appreciable deviations from the exact

solution occur only near thermal layer blow-off where the

l heat-transfer rate is very small. This is reminiscent of the
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difficulty encountered in the skin-friction calculations
near the blow-off pointl’z.

Solutions to a nonsimilar flow in the same limit as
well as solutions for small Prandtl number flows appear
in Reference 5.

The remarkable combination of simplicity and accuracy
of the present method in the heat-transfer calculations is
thus demonstrated. Application to compressible flows, though
not yet extensively investigated, is a straightforward
extension of the present procedure, and should not pose any

essential difficulties.

4. TRANSIENT HEAT CONDUCTION WiTH PHASE TRANSITION

In this section, the same basic ideas will be further
developed to form an approximate method for studying a class
of nonlinear problems in transient heat conduction. The
problems considered in this paper are certain idealized models
of melting and ablation which are the predominant features
of re-entry hating. These simplified models of the problem

have also been used by Goodmanll’12

in his application of

the usual K-P method to nonlinear heat-conduction problems.

3 direct comparison of the results is thus possible, and the
relative merits of the present method can be readily assessed.

4.1 Melting of Solid with Given Boundary Temperature

Consider first the problem of melting of a semi-infinite
solid with the boundary temperature, To' held fixed at a
constant value higher than the melting temperature of the solid.

As a further simplification, assume that the solid is
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initially maintained at the melting temperature, Tp, so that
the temperature distribution in the solid after melting takes
place need not be considered. This is usually a good approxi-
mation since the heat conductivity of a material is much
greater in the solid phase than in the ligquid phase.

The governing equation and the boundary conditions that
describe the temperature distribution in the molten solid can

be written as

2
%2 = q 2_% , 0<x<X(t) , =>0 (18

X
T(0,t) = T, (19
T(X,t) = Tp (19

ST _ ax
Kokl T "% @t (12
and -

T(x,0 ) = Tp (19

In the above system, x = X(t) denotes the location of the
melting line which is unknown in advance, and o is the thermal
diffusivity of the melt. Equation (19c) states the condition
at themelting line that the heat flux into the solid portion
provides the heat of fusion required to melt the solid. p and
QL denote, respectively, the density and latent heat, and it
is implicitly assumad that the density change associated with
the phase change is negligible.

It is characteristic of the conduction problems involving
a change of phase that a third boundary condition, i.e.,

Equation (9¢), appears in the differential system which is of

)

a)

b)

c)

d)

138
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second order. This is necessary pecause the boundary line,

X(x), is an additional unknown in the system.

Introducing the dimensionless temperature, 6, and a

dimensionless parameter, u, defined as

T-T
=
6 = T-—:—%— (20a)
© p

and
k(P - T) C_ (AT)
2 0 _P_ o, P ,
apQL QL

—
—
1]

(20b)

we can rewrite the system, Equations (18) and (19), as follows:

2
36 _  a“e
EE = Qo —_E (21)
ox
0(0,t) =1 (22a)
0(X,t) =0 (22b)
20| _ 2 ax

The nonlinearity of the system can be made explicit by

recognizing that Equation (22b) is eguivalent to

=0 (23)

Thus, combining Equations (23) and (22c¢) and applying the
original partial differential equation, (21), at x = X(t) lead

to an alternate boundary condition, i.e.,
2= % (=2) at x = X(t) ' (24)

where the nonlinearity is obvious.

We choose the same quadratic profile for 6 as the one

used by Goodmanll so that a direct comparison of the results

can be made,
189
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o=al-%H+ (1-al- %)2 (25a)

with
a = -12; -1 + YT+ 1) i (25b)

This profile satisfies the genuine boundary conditions,
Equations (22a), (22b) and (24).
The first & 7 second integrations of Equation (21) lead

to the fbllowing equations:

X
96 _da 2,
_a-é;lo———dt(fe dx + uX) (26)
0
and
X X 84
a _ 1,2 _
a—;:—[xfedx /dx 6dx+-iX] = q . (27)
0 0 0

The present formulation then provides three equations, i.e.,

Equations (22c), (26) and (27) for three unknowns, X(t),

g% and 20

o . once Equation (25) is used as the profile.

ol
The problem is well-defined, and the heat fluxes at the boundary
and the melting line are all to bz obtained from the physical
consideration of heat balance instead of the derivatives of

the assumed profile. It should be noted that three equations
are actually uncoupled, and their solutions pose no more
difficulty than the solution of a single equation for a single
unknown.

The solution for X(t) is easily obtained by solving

Equation (27) alone. It is case into the following form:

-1/2
X (£)/2/aE = [2(3 R S l—-uaz)] , (28)
H 3 24
where a = a(y) is given by Equation (25b).
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" The heat flux, q_ ., at the boundary x = 0 follows from g é
L I
Eﬁ Equation (26) with X{t) given by Equation (28). Thus, we ! ?
N have \! ; g
e J, 1
i o 1 ,.X 1 1 .22
b a./(pQ, 4 ) = Fu(—=——) (5a + 55pa” + =) (29) 3
o B b b e
48 Finally, the heat flux at the melting line, q,, is .
3 i . j:
3’ . . 3 ' A
fﬁ‘ given in terms of the melting speed, X(t), through Equation d ¢
S ¥
Ed i %
248
e Exact solution to the problem is available13 in analytic S
A g
ki form, thanks to the existence of similarity in the solution. o ,%
g i~ E
% This similarity structure is a result of the lack of a ’ ?
2 [ 5
5} characteristic length in the given problem. A characteristic ‘ %
| o
3 length would be present if the heat flux was prescribed at the & &
9 “?
g ! boundary instead of the tempera:ure (see Ziens). \%
5?n The present solution for X(t), as given by Equation (28), ‘{ ~%
.;;1’
is plotted in Figure 3(a) along with the corresponding exact Q%

e st

solution from Carslaw and Jaeger13, and the solution by < %

| Goodmanll using the usual K-P method with the same temperature } %
profile. " %

The accuracy of the present solutions is excellent, and §; %

RS

is generally better than that of the usual K-P method, as is ,

shown in Figure 3(a). The improvement is especially pro- o

&)‘g

nounced in the region where u is moderately large. In re-entry 1%
1
i

applications, AT is very large, and u is usually on the order

3\

of one or greater. Therefore, the improvement is of practical {

ik

value. ; %
' &
. . . { b
It shouid be pointed out that in the usual K~-P formulation g %
of this problem, the quantities, 8 ana & are anl S #
= ox 0 X X : é

o b |
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obtained directly from the derivatives of the assumed profile.

The only basic unknown is X(t). However, two equatious,
Equations (26) and (22c) are available for the solution of

X(t), resulting in a difficult chcice. This annoying

difficulty was also recognized by Goodman 1, and he has

actually presented solutions from the two different equations.

The difference is quite appreciable in the region of moderate

values of 1. To remedy this difficulty, Goodmanll proposed a

third~degree polynomia. with an additional parameter to be

determined by the extra equation. The profile has the form

shown below:

U 2

= b - X+ L + 1-b-Y¥phy - %)3 . (30)

PN

)
where b is the additional profile parameter.

The present approach is obviously free from such a
difficulty. However, for the purpose of testing the sensi-
tivity of results to the variation of profiles, we have also
calculated the results for the profile given in Equation (30).
In this calculation, we use the derivative of the assumed 6
profile for %%‘X in Equation (22c) so that the three equations,

(22¢), (26) and (27), define the solutions for the three

unknowns, b, ¥X(t) and %Q .
Xl

Thus, we obtain from Equations (22c) and (27) the solutions

for b and X(t) as follows:

p3u2 + 2(Th + 3) bu + 120(b - 1) = 0 (31a)

and
X/2 /4E = 3 /ib (31b)
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The result is also plotted in Figure 3(a). It is seen
that in the region of p covered in the figure, the result is
virtually indistinguishable from that corresponding to the
quadratic profile, Equation (25). Therefore, the highly
desirable property of the approximate solution, i.e., the
insensitivity of results to profiles, is again in evidence.
This property constitutes a significant improvement to the
classical K~P method. The comparison of the results for Ay
is very similar to that shown in Figure 3{a), and can be
found in Reference 6.

Another approximate method for solving the melting problem
has been proposed by Sharma, Rotenberg and Penner14 based on a
partial satisfaction of the differential equations and boundary
conditions. Depending on the degres these original equations
are satisfied, the method can provide higher approximations
(not in a systematic sense) but with increasing complexity.
Kulyapinls, apparently unaware of the work of Reference 14, alsc
proposed a method recently which is basically equivalent to the
lowest appreoximation of Sharma, et al.l4. The solutions by the
method of References 14 and 15 for the melting problem
considered here are compared with the present solutions in
Figure 3(b). It can be seen that only the highest approximation
of Reference 14 has an accuracy close to the present method.
The larce discrepancy of the results corresponding tc different

degrees of approximation in Reference 14 is to be noted.
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4.2 Idealized Model for Ablation

Consider the problem of melting of @ semi-infinite solid
due to a constant heat flux, dgr applied at the boundary, with
the melt instantaneously and completely removed upon formation.
This is an idealized model of aerodynamic ablation usually
encountered in the flight of high-speed vehicles. For example,
during re-entry the aerodynamic shear force on the body could
effectively wipe away the melt upon its formation. The solid
is assumed to have a uniform initial temperature, T_, before
the application of dye The problem actually consists of two
parts: a pre-ablation period during which the boundary is
being heated up to the melting temperature, and a post-ablation
period during which the melting is progressing with the melting
line acting as the new, moving boundary. For the pre-ablation
part, the problem is linear and can be treated either exactly
by standard techniques or approximately by the present method.
The post-ablation part is the primary subject of study here.

16

Historically, Landau =~ was the first to present numerical

solutions to this idealized ablation problem. Using the usual

K-P method, Goodmanll

obtained approximate solutions to this
problem with a polynomial form of temperature profile. Most
recently, Vallerani17 studied the more general case of a heat
flux of the form q ~ t" by the usual X-P method, but with an
exponential form for the temperature profile.

We shall apply the refined K-P method here to the idealized

problem with a temperature profile identical to that used Ly

Goodmanll, and introduce a thermal penetration depth, 6(t).
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The post-ablation period is considered here. At t = 0
the melting line begins to proceed in the x direction, i.e.,
X(0) = 0. However, the thermal penetration depth is finite
and equal to GP, due to the pre-ablation heating effect.

The basic differential system describing heat conduction

in the solid is as follows:

_g_z. = q -8—%‘- : X < x < § ' t>0 (32)
90X
T(X,t) =T (33a)
P
T(S,t) - Toa (33b)
Y ax
9% =~k ax], t 9% 3t (33¢)

X

The last equation states the fact that the heat input, dg e is
equal to the heat flux into the solid plus the rate of heat
absorption in the melting process. Strictly speaking, an
initial temperature distribution immediately before ablation
is needed to complete the formulation. In the integral approach,
this initial condition is implicitly specified by the form of
the prescribed profile used in the calculation.

From the parameters appearing in the system, Equations (32)
and (33), a characteristic length, zc, and a characteristic

time, tc' can be found, i.e.,

pk (AT)Q

gc = k (AT) , £ = L
q c 2
fo} dq

where AT = Tp - T, . Following the notations of Goodmanll, we

shall use the dimensionless quantities defined below in the

ensuing calculations:
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g =
T~ T,
p
V Z o E e =
oy P TRGD r A E Y

together with dimensionless length and time defined as

E = %— and T = %—
c c

In the dimensionless formulation, the equation and boundary

conditions take the form given below.
38 _ ~ 928
L =V2ZF L, A<E<A+C (34)
T 2
-2
and
B(A,T) =1 (35a)
8(z + A,T) = 0 (35b)
36 = dx
'é—g \ + 1 = at (35¢c)
The temperature profile is assumed to be
2 2
_ _xXx = X" _ _ & = A
8 = (1 G—X)—(l _—?;) (36)

which has two parameters, §(t) and X(t), and satisfies the
genuine boundary conditions, Equations (35a) and (35b), and

an additional condition of g% = 0.
8

Proceeding with the refined K-P method of solution, we
obtain from the first and second integration of Equation (34)

the following two equations:

4 1 ~ o~
E?[§C+ (1+v)A]-v

Ay O M e

S R s
BRI

.,4:4 ’, “;;;‘x'

s,
PR RATY

SO ‘g&.‘;‘{\‘.
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and
t i+ 2 = 6V (38)
dt

The limits of integration here are from £ = A to £ = A + C.
Also, Equation (35c) has been used in deriving Equation (37).

Equations (35c¢), (37) and (38) are to be solved for the

three unknowns, ¢(t), A(1t) and g% .
A

Equations (37) and (38) are first easily integrated to give

the following parametric solutions for A (1) and &(1):

=11 +3VT, ~ c—3(1+3)] .
T 3 TR [C to + 3(1 + V)4n e 30 TN (39)
and
-_L_ 3 _.:1‘. -
A= 1+ ,\\), [\)T 3(C Cp)] ’ (40)

where the conditions A (0)

0 and ¢ (0) = Cp have been imposed,

cp being the initial thermal penetration depth determined from
the pre-ablation solution. The solution of the heat flux into

the solid at the melting line, ~'%% , can be obtained from
A

Equation (35c) using A(t) given by Equations (39) and (40).
For the present discussion, we only need solutions for A(T)
and z(T1).
The exact solution for the steady state can be easily
derived as follows. We seek a solution of the ablation
problem in which the ablation line moves at a constant velocity,
V (dimensionless), and the temperature field appears steady in
a coordinate system (£',T') moving with the ablation line.
The transformation from (§,7) to (§',7') is simply &' = § - V1

and ' = 1. Therefore, Equation (34) transforms into (g&',t')

system as
197
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. ) |
: -V %%T = 3’3—%3 0<§g' <= (41)

: : ,
i . The exact boundary conditions (see Egns. (35a-c)) become |
: (0,T') =1, 6(w,Tt') = 0 and -g-%—.— (0,t') =Vv - 1.

Eé Therefore, integrating Equation (41) from £' = 0 to

\1 §' = = gives
5%2 T which is the limiting solution given by Landauls. i
%2 2 The steady-state solution can also be readily obtained by i
uii ; letting 1 + «» in the present solutions. It can be shown that ?
E? ; this limit corresponds to T + 3(1 + V), and that the limiting ? v
<§? i solution is independent of Cp and is given by ; :
A__% . (43) i "
b T 1+ 9

which is identical to Equation (42).

} For solution near Tt = 0, the controlling parameter is Cp'

i the initial thermal penetration depth. The approximate solution
in this initial period is very critically dependent on cp.

1 The solutions of A (1) have been calculated using two wvalues

of Cp‘ First, we use the approximate solution of the present

{ method with a quadratic profile, and we get Cp = 8/3. The

5 second choice of Cp is based on the combined use of exact

solution of the pre~ablation problem and the present solution

for the penetration depth corresponding to the quadratic

———

profile. For this choice, we have Cp = /27. (See Ref. 6 for

details.)
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Solutions of A(t) are plotted in Figures 4 and 5 for

g /T /T

== and V = 10’ respectively, for which the corresponding

solutions of Landau16

(exact in numerical sense) are avail-
able for comparison. Goodman's solutionsll are also included
in the figures for reference. We note that Landau's results
were presented in graphical form in Reference 16. For the
present purpose, these results are carefully replotted, using
an interpolator. It is clear that the resent approximate
solutions are generally better than Goodman's approximate
solutions, especially for moderate and large values of .

For small T, both approximate solutions are sensitive to Cp‘
The second choice of Cp, i.e., Cp = /27, gives much improved
results for the present method. This finding seems to suggest
that it is advisable to use the exact solution for the pre-
ablation part of the problem if a high accuracy in the small
time solution is desired. This should not be difficult be-
cause the pre-ablation problem is linear. Therefore, exact
solution can usually be obtained by standard methods with
ease.

The accuracy in the ablation rate, g%, can be inferred
from Figures 4 and 5. It is noted here that the accuracy of
the present solutions is generally good except very near
T = 0. The present solutions predict a finite initial ablation
rate, whereas the exact solution16 gives zero initial rate

but an infinite acceleration for V > 0.
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5. CONCLUDING REMARKS

The primary objective of this paper is to present a
simple method for the approximate calculation of aerodynamic
properties, particularly aerodynamic heating. Representative
applications of this method given in the paper include
calculations of skin friction, convective heat transfer in
transpired boundary layers and transient heat conduction in
the presence of a phase transition.

The analytical nature of the method provides considerable
physical insight into various problems in the solution process,
and thus facilitates the understanding of the physical
phenomena under investigation. The remarkable combination of
simplicity and accuracy represents the principal merit of the
method. The general weak profile-sensitivity of the solution
is equally significant. It allows accurate solutions to be
generated without an advance knowledge of the structure of
the exact solution, and thus makes the method practical.

Although applications of the method have been made only

to idealized problems, the essential features of the general and

realistic problems are all retained in the idealized models.
Therefore the applicability, as well as limitations, of the
method can be assessed on reasonably general grounds, based
on the results obtained for these idealized cases.

The applications illustrated in this paper constitute the
basic elements of an approximate procedure for the entire
aerodynamic heating analysis. From the simp icity associated

with each individual element, the practicality of the
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integrated procedure can be inferred. This approximate method

should be particularly useful for parametric studies in the

preliminary design of various high-speed vehicles.
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Foreword

Tnhe study reported here is experimental: its output consists of ap-
oroximately 200 pages of tabular and graphical data. It is the intent of

the present paper to outline the range of available data and to illustrate

b8 vt oo SR AR R B e e R

the principal trends. 7u this end, most of the figures in the present

5‘ 1 paper are line representations of the data, for compactness, clarity, and

economy. Serious users are invited to obtain copies of the complete

report either by writing directly to the author, or by referring to the |
doctoral thesis of Marcos de Mattos Pimenta, Stanford, 1975, through B
University Microfilms, Ann Arbor, Michigan. Your inquiries will be most ‘g .

welcome.
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Nomanclature

Friction factor, g1/ pwui

Specific heat at constant pressure
Thickness of the velocity boundary layer,

Displacement thickness, /(1 - —P—U—)dy
0 PeoUoo

[+ o]

Momentum thickness,f ppld (1 - ppbl )dy
o o0 00 [+ <Dl o]

i -

Enthalpy thickness,/ B'Q'g_(?_:?")dy
0

@ oo 0o w

Eddy diffusivity for heat
Eddy diffusivity for momentum

Blowing fraction, pV/p U,
Shape factor, Clauser sense, see Eq'n. (3)

Gravitational constant

Heat transfer coefficient
Shape factor, Karman sense, 61/62

Enthalpy, here taken as cpT

U=0.99

Enthalpy at wall temperature, cp TW
Enthalpy at free stream temperature, c T,
Mixing length constant, & = «ky

Mixing length

Turbulent Prandtl number, en/ey

Turbulence kinetic energy, (-uTz + 7‘7 + FZ)

Radius of spherical surface elemerts

Density of the free stream fluid
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Ll
St Stanton number, h/pmuwcp }%
T Dimensionless temperature, (TW - T)/(Tw -T) ! ;ﬁ
t! Temperature fluctuation ”3§
T Dimensionless temperature, (TW - TSt/ cf/Z i f
T Shear stress 3
T, Wall value of shear stress %
u Velocity in x-direction «;:5
U, Free stream velocity |
g
. : 3
U“r Shear velocity, gcTw/pw -
—_ \ tooa
U Dimensionless velocity, U/U, L %
u' Velocity fluctuation, x-direction | :
v Velocity in the y-direction, normal to the plane of the wall o §
4
v' Velocity fluctuation, y-direction %
W' Velocity fluctuation, z-direction ‘ %
X Downs tream i g
el i .
3 y Perpendicular to the wall
9
} y* Dimensionless y-position, yU /v
1
4
g'
3
:
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STRUCTURAL STUDIES OF A ROUGH WALL BOUNDARY LAYER

gt
é/uw,-r!

This paper summarizes an experimental study of the structure of the
- turbulent boundary layer on a deterministically rough surface subject to
N heat transfer and transpiration. Data are presented for the heat transfer

and friction behavior, as well as profiles of mean velocity and mean tem-

;; : perature and turbulence quantities inciuding the turbulent shear stress
E% i :: and heat flux.
z; : ) The heat transfer and friction behavior of surfaces is strongly af-
‘%% % - fected by roughness. The difference between smooth and rough values can
§§ § i reach a factor of 3 or 4, or even more depending upon the situation.
%;i ) System design studies aimed at predicting drag or cooling requirements
Ei i ; are subject to large uncertainties because no generally valid model of
f;?‘é . rough surface behavior is as yet available. One reason for the lack of
‘i% % . a general model is that the problem is very complex. Surface roughness
,§§§ . can take many forms and the shape of the roughness elements affects the
‘Eﬁ ’ interaction, as well as their size. A second reason, however, is that
f; t ) the bulk of the roughness data now in the literature does not include
éﬁ : : the kind of information needed as input tc the modern boundary layer :
%%; 3. prediction programs. Most of the roughness data in the Titerature were §
;}; - taken prior to the emergence of finite difference methods. The overall %
iZ;; - effects of roughness were noted, but not the scrt of data needed to ;
él% ’ deduce the closure relationships. Existing data were, for the most part, f
zii : aimed at supporting integral methods, or purely correlative efforts. é ;
.gii - Modern methods are mainly finite-difference equation sclvers, and require % E
“ E ; empirical "closure" schemes to calculate the turbulent transports. The % ;,
E i U &
7 210 %%}
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existing data do not, therefore, provide as good a basis for comparing two
models as would be desired, or for developing a new one. Many different

models could yield the same heat transfer or friction behavior over a

R T, DR o
2. hR e o

small range of conditions (matchinj available data) and yet predict

e 1w

widely different results under system design conditions (predicting ser-

vice behavior). A better test of the validity of a turbulence model

¥
SR SR}

would be to require it to satisfactorily predict not only the surface

heat transfer and friction behavior, but also the distributiors of mean
velocity and temperature and other, "higher order", properties of the
flow. This requires an extensive data set containing information at dif-
ferent levels concerning the same flow situation.
The present data set is aimed at this problem. The intent was to '
compile an in-depth picture of the behavior of a reproducible test case,
permitting evaluation of models of different levels of sophistication.
The present program at Stanford envisages use of c¢losure models up
to and including the various two-~equation turbulence models and some ex-
amples of Reynolds stress closure. To support these efforts, it was
deemed necessary to acquire data at each of the levels of information
shown in Figure 1: Stanton number, friction factor, mean velocity dis-
tribution, mean temperature distribution, integra: parameters, turbulent
Prandt] number variation, and first and second levels of turbulence quan-
tities. We have not, at present, proposed a model. The effort has been
to collect a cohereni and complete set of data and make this data avail-
able as a reference set against which to test future models. The complete

work upon which this summary is based is by Pimenta [1].
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The Physical Situation

The surface used in these studies is shown in Figure 2. It consists
of spherical particles 1.25 mm in diameter brazed together in a most dense
array with the crests of the balls all lying in one plane. A total of 8.5
million balls were brazed into plates 12.8 mm thick. These were arranged
to make a test plate 2.4 meters long and 0.46 meters wide, divided into
24 segments each 0.1 meter in the flow direction. Each of the 24 seg-
ments comprised an independent test unit, equipped with imbedded electric
heaters, controllable transpiration flow, and temperature instrumentation.
The apparatus has been described in detail by Healzer [2].

The test plate was installed as the bottom surface in a closed loop
wind tunnel capable of attaining wind speeds up to 75 m/s. A secondary
blower provided transpiration flow at up to 0.75 m/s. Both the main flow
and the transpiration flow were air.

Heat transfer Trom =he surface was measured by ene;gy balance, using
the measured electrical power to the plate heaters and correcting for heat
losses by radiation and conduction. Boundary layer data were acquired
using one hot wire anemometer probe for both velocity and temperature
data, with two separate electronic channels: one for the velocity data
and one for the temperature data. This sequential technique eliminates

positional ambiguity in matching temperature and velocity profiles.

Friction Factor and Heat Transfer

Figures 3 and 4 show friction factor and Stanton number data for the
rough surfaces, in two different coordinates: x-Reynolds number and bound-
ary layer thickness. Note that in x-Reynolds number coordinates the rough

wall behavior is markedly velocity-dependent, for both friction factor and
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Stanton number. For the present surface. velocities above about 15 m/s 3

produce "fully rough" behavior with the result that friction factor and
Stanton number become independent of free stream velocity, varying only
with the boundary layer thickness. The same data shown plotted versus
boundary layer thickness shows no velocity dependence once the fully

rough state is attained. Velocities higher than 40 m/s have been run

L ndnn ey - sl E e g
B o s O ™ st B A RS A A R el

in other studies, and the results coincide with the dacte :hcw here for ; %
27 and 40 m/s. The choice of ball-radius, r, as the relevant scaler %

.

s SRAS S A

v
FAY

was arbitrary.

The behavior shown in these two figures is typical of fully rough
and transitionally rough behavior. Values derived from previous work on o
sand grain or "k"-type roughness, accepted in the Titerature, support

these results. It can therefore be accepted that the structura’ details | o

=

reported in the following sectic:~s are, in fact, the structural details
of a fully rough boundary laye* “iow of a conventional nature. The struc- o

tures found here can be regarde” is typical of "sand grain" type roughnesses.

} Friction factor is seen to b. : fuction only of the bouadarv layer
i é’ thickness, in the fully rough state. 2 velocity profiles are invariant
3 in velocity defect coordinates and ¥riction factor has beei shown, by
these studies and others, to be a unique function of momentum thickness,
4 for a given surface.
A good ap;roximation to Cf/2 for the present surface is:

5.\ ~0:175
2 \
f o= 0.00328(?—) (1}

<

This is one of many relationships which fit the data in Figure 3: its

coefficient and exponent were selected to best match the behavior at large

values of 62.
213
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Stanton number is also a function only of the boundary layer thick-

ness, and can again be approximated by a simple form involving the en-

thalpy thickness:

)

-0.175
?)

St = 0.00317( (2)

2P T ey FTTNIAS s L5 Y
SRR B W R

These results apply only within the range of boundary layer thickness

s
e

Nt

shown in Figures 3 and 4. There is evidence within these figures, and

in the turbulence structure data, to suggest that the boundary layer over

a given rough surface might be capable of attaining a truly asymptotic

state (constant friction factor and constant Stanton number) if allowed

to run Tong enough along the surface. Such behavior has been predicted

for certain types of roughness ("d"-type, according to Perry and Joubert

[3] but not previously attributed to "k"-type roughness.

Distribution of Mean Velocity and Temperature

Figure 5 shows three views of the mean velocity distribution in a

rough wall boundary layer. In 5&, the smooth wall "Law of the Wall" is

compared with rough-wall behavior, in inner region coordinates suitable

2 Y T I 0 o cgpem i ns i P bR Y S A2 Ol n reew " i
B T AR DU R PP e X o, QTR0 e ATt s T b oo AR S CHEOEMIIS Y wdcais s A e L e T b AT vl e .
E R 4 ORI AV AT e T RPN eSS SRS SR R SR o 27 s L% 5 e ‘ $ ” e
3 JEmi St o oy " <L e Nt st ot B 53 NS e T RS
TR S 2 e A oty S i 3 = o
N . -

for discussion of the rough-wall problem. In this figure the distance

"y" is measured from the crests of the balls and no correction has been

applied. One may, if desired, add a correction, Ay, to the value of

y to simulate the effect of a plane wall submerged Ay beneath the

crests of the balls. Such an exercise will result in straightening out

the curvature of the profile shown in Figure 5a and the slope of the

- resulting straight line agrees with the "law of the wall" slope. In

velocity-defect coordinates typical rough and smooth profiles are iden-

,
F S

tical in the outer region, from y/6 of 0.01 to 1.0 as shown in Fig. 5b.
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§g % Use of a y-shift of 0.006 in. conceals one aspect of the data: the absence
i} | of viscous effects above the crests of the balls. The data point at

g% y/6 = 0.01 actually lay at y/6 = 0.005 measured from the crests of the

Eg balls. The third view shows the general shape of smooth and rough profiles,
gé compared at the same x-Reynolds number. Note, in particular, the absence
§§§ of the knee in the velocity profile. There is no region of large velocity
?ﬁ v gradient visible within the layer above the roughness elements.

Figure 6 shows the mean temperature distribution in a typical rough-

s
P
213y

4
5

wall boundary layer. The distribution of temperature is similar to the
distribution of velocity but does not extrapolate to zero at the same
y-location. This is shown in Figure 6b which plots T versus U direct-
ly . The line is straight everywhere inside U=0.9 but flies above

U in the inner region. At the location where 1] extrapolates to zero,

Ei ! T s still nearly 0.1 instead of zero. This is distinctly different

from the behavior of a smooth-wall boundary layer, also shown, where T

lies below U in the inner region, and approaches zero with U.

Es
T ———— et

;; This behavior of the T - U plot lends support to the idea of model-
ifﬁ ing the rough-wall heat transfer using a "stagnant film" or "conduction-
¥

Q; layer" within the roughness elements. It is in this region that molecular
>

effects can be found: below the crests of the roughness elements.

Shape Factor, Mixing Length, and Turbulent Prandtl Number

SR ER
ALK A U Nl

The shape factor for the fully rough boundary layer can be discussed
ejther in the Karman sense, H 4 6]/62, or the Clauser sense, G, as

defined below

TR oy O
LAY REARY
-t s b

ne>

G "C-—?- T(P{;-.E)Zdy x 6.7 (3)
o] T
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A 6
H = F-= 1.45 (4)
2
The factors G and H are related by
Ho= _“L\/E: (5)
f “
1-6 5 ;

i Measured variations of H with length are shown in Figure 7a for

two different velocities, both in the fully rough regime. The shape fac- :

PO

tor H 1is shown to be a very weak function of x, therefore a very weak

?3 . function of thickness. §
b | :
E: The Prandtl mixing length can be used to describe the fully rough !

boundary layer. The outer region (y/§ > 0.1) seems the same as a smooth
layer. The inner region follows a straight Prandtl formulation, 1 = ky

with no damping, and k = 0.41 as shown in Figure 7b. A typical smooth

L i N 4 gt s 0 M+ &
e f N ’, .

wall result is shown for comparison, as well as a sample from a transi-

tionally rough case (U°° = 52 fps on this same surface). A "y"-shifi of

0.15 mm was used with these data, being the value of "y"-shift which resulted §<‘
g in the longest straight 1ine log region in Law of the Wall coordinates.
e . The turbulent Prandt] number was calculated from measured turbulent [

shear stress and measured turbulent heat flux and is shown in Figure 7c.

Compared to smooth-wall behavior, the values teind to be lower, near the

wall, and slightly high in the outer region. Again, this reflects the

ekl dat g g
¢ 0

: absence of a2 "near wall region" which behaves differently from the cuter

LR

region.
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Turuulence Quantities

Rough wall boundary layers have different distributions of turbulence
quantities than do smooth wall layers. Figure 8 shows measured distribu-
tions for smooth, transitionally rough, and fully rough cenditions. Of
primary importance are the disappearanc: of the u'-peak very near the wall
and the rise in level far from the wall. For a smooth wall, the peak
occurs at about y+ = 15, 1in the region of maximum production of turbu-
lent energy. In the present fully rough case, there is no maximwn in tur-
bulence production above the crests of the balls: the production rises
monotonically, having its largest measured value at the nearest point to

the wall. The level of turbulence does show a maximum, however. Values

of ;T?}UT decrease very near the wall, perhaps due to pressure inter-

actions, while a higher degree of isotropy seems to hold in the very near
wall region, extracting more energy from the axial fluctuation than in
the smooth-d511 case and delivering it to the transverse components.

The turbulent shear stress distribution is shown in Figure 9 in dif-
ferent formats. Of particular importance is the fact that the u'v' cor-
relation coefficient seems to be uniform through the Tayer, with a value
of 0.45 (the same as expected for a smooth layer) and the ratio of Reynolds
stress to turbulent kinetic energy is uniform at 0.15 (again, the same
value as in a smooth-wall layer). Thus it appears that both of these im-
portant relationships are the same in rough and smocth wall boundary
layers.

Figure 10 shows the distributions of ¥ u'2 and V-;TE versus y/6

to 1lustrate the similarity in their behavior. Figure 11 shows the corre-
lation coefficients for u't' and Vv't' to be uniform through the layer
and the turbulent heat fiux tu vary with UTTT just as turbulent shear

217
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1 A stress varied with U?.
4 # %’ Figure 12 shows the turbulent shear stress and turbulent heat flux
?;% " distributions through a fully rough boundary layer. The distributions
AT
;2%? i’ are nearly identical.
L
N The Effect of Blowing
Eg\" 1.

Roughness is frequently accompanied by blowing through the surface

ey
[

i
: { {as in a charring ablator). Figure 13 shows Stanton number and friction

i

Eé

3k
S
g |

factor data for the present program, as a 7unction of the blowing fras-
tion, F. There is no velocity dependence in the data: for a given value
of F, St and Cf/2 are functions of boundary layer thickness only. -
Thus even the blown layers are "fully rough" even though the values of ,
roughness Reynolds number become very small. One hypothesis regarding
this suggests that the pressure field on the surface, induced by the small
jets of injected fluid, have scme of the same effects on the flow as would
solid protuberances. Thus, a- the blowing increases, the surface seems
to become physically rougher, and in such a way that its net behavior
remains fully rough. It has been shown by Healzer [Z] that the changes
in friction factor and Stanton number caused by blowing can be calculated
using the same relationship used for a smooth wall, providiny the compari-
son is made using rough-wall baselines and parameters.
Figure 13 also shows the effect of blowing on the velocity profiles.
In particular note that blowing through a smooth wall results in a profile
which is indistinguishable from that of a rough wall.
Figure 14 shows the way in which blowing affects the turbulence quan-
tities in the boundary layer, both in the outer region and the inner region.

Blowing decreases the values near the wall and increasss the values far

e e e X
T e sl gl B SRERE N T e, e s e
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from the wall. The distribution of turbulence in a smooth-wall boundary
layer with blowing locks not unlike that of a rough-wall boundary layer
without blowing. Blowing through a rough-wall layer simply accentuates
this effect. Figure 15 shows the correlation coefficients, the mixing
length distributions, and the turbulent Prandtl number distributions
measured ir fully rough boundary layers with blowing. It is apparent
that none of these are significantly affected by the presence of blowing.
The outer region of the rough-wall boundary layer with biowing seems guv-
erned by the same transport mechanisms as the outer region of a smooth-

wall flow without blowing.

Concluding Remarks

The data summarized here are availabie either from Unjversity Micro-
films, Ref [1], or directly from the author as Report HMT-21 to eligible

users. None of the material is classified,
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SECOND FIRST

LEVEL TURBULENT | LEVEL TURBULENT
QUANTITIES QUANTITIES

RECR% S I TN

)
TURBULENT /L\ ME AN
PRANDTL TEMPERATURE
NUMBER PROFILES
] TURBULENT
\ STRUCTURE
STANTON ME AN
MUMBER VELOCITY
DATA PROFILES

FRICTION INTEGRAL
FACTCR PARAMETERS

DATA

1. Descriptors of the turbulence structure.
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2. The surface used in the present tests: densely nested spheres.
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3a.

Effect of velocity upon rough-wall frictinn factor, shown in
X-Reynolds number coordinates.
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Fffect of velocity upcn rough-wall friction factor, shown in

momentum thickness coordinates.
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7c. Comparison of turbulent Prandt]l number di stributic for a fully
rough flow with the range of values reported for smooth walls.
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PAPER NO. 22

HEAT TRANSFER FROM A TURBULENT BOUNDARY
LAYER ON A POROUS HEMISPHERE
Robert H. Feldhuhn
Naval Surface Weapons Center

White Oak Laboratory
Silver Spring, Maryland 20910

ABSTRACT

Heat transfer distributions have been measured in
a wind tunnel on a porous spherically blunted, 2-inch
radius sphere cone at a Mach number of 5 and a free
stream unit Reynolds number per foot of 17.6 x 106.
For this condition, turbulent flow exists on the
hemisphere. In addition to the measurements of heat
transfer on the porous surface, heat transfer data
were also obtained on an impermeable conical aft body
(6c = 5°), The experimental data are compared with

calculated results from the BLIMP program and previous

heat transfer correlations obtained on porous flat

plates.
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NOMENCLATURE
Cp specific heat, BTU/1b-°R
dv differential volume, in3
dA differential area, in2
AH total enthalpy difference, BTU/1lb
h heat transfer coefficient, BTU/sec—in2—°R
P pressure, psia
é heat transfer rate, B‘I‘U/sec~ft2
Rn nose radius, in
Ree local Reynolds number based upon momentum thickness
S distance along model surface, in
T temperature, °R

t time, sec

injectant velocity, in/sec

mass flux, 1b/sec-ft€
3

p density, lbs/in

Subscripts

injectant gas properties

model material properties

without mass addition

free-stream stagnaticn conditions

stagnation condition behind normal shock-wave
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I. INTRODUCTION

It has long been recognized that transpiration
coolingl"4 and/or ablation5’6 techniques can be
employed to thermally protect reglons with high heat .
transfer rates on vehicles traveling at hypersonic ‘
velocities. In view of the fact that both of
these thermal prot:ction techniques rely in part upon
a transfer of material from the surface into the viscous
boundary layer which surrounds the vehicle, it is ;_ﬂ
important to understand how the convective heating i
varies with mass addition., Uncertainties remain
concerning the effect of the mass transfer upon boundary 5
layer transition from laminar flow to turbulent flow, ‘
the local reduction of heat transfer as a function of
mass transfer and the downstream cooling effect of
upstream aass transfer.

The dependency of convective heat transfer upon
mass transfer has received attention in previous
experimental and theoretical studies. Comprehensive
studies which provide an overview of previous programs
concerning mass addicion effects on turbulent boundary
layers were presented by Jeromin,7 Baronti, Fox and Soll8

and Kays.9 Discussions of some calculations of

P R R T

turbulent boundary layers with mass transfer are presented

by Anderson and Kendall,10 Landis and Mills,11 and

Lubard and Fernandez.12 The effect of mass transfer

e :vxc’*‘iJz Lt

5 S
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upon boundary layer transition for sharp cones has

el B e e 1 KL SRR AT P 3 T
eCriRNEED

been experimentally illustrated by Marvin and Akin.13

K Jmea oy

P

Mass addition effects upon the laminar boundary

BNty

layer on a blunted cone were experimentally addressed
14

r2alfis Ay

by Pappas and Lee. A review of the previous studies

LI R s Lo
s - e

indicate that while laminar and turbulent boundary layer
calculations can apparently be performed for compressible
flows with mass transfer, pressure gradient and heat
transfer effects included, there is a scarcity of
experimental data which can be employed to validate

the calculations,

In view of the fact that mass addition and prescure
gradients exist in the viclinity of nose tips and leading
edges of hypervelocity vehicles, an experimental program
was initiated to obtaiﬁxgomg\heat transfer data which
could be compared with previ&dQlyxgeveloped caicutat.ons
and correlations in order to assess\fhe\predictive
accuracy of these techniqgues.

II. EXPERIMENTAL CONSIDERATIONS

A. Model Design

In order to obtain F:at transfer data for compressible

turbulent boundary layers with both mass transfer and

pressure gradient effects present, the model illustrated

in Figures 1 and 2 was constructed. The model features

242
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not require prohibitively large internal pressure to

satisfy the maximur mass flow requirements. These

pmasas
1

materials of different permeability were joined by a

OB
R

POy
I

ALY

t-w.#
[
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w

-

§, a porous beryllium~-copper hemisphere-cone forebody, %
T .085 inch thick, with an impermeable stainless steel g
& aftbody, .025 inch thick. A two-inch nose tip radius %
; was chosen in order to be confident of obtaining §
" turbulent flow on the hemispherical portion of the nodel, %
3' Berylliium-copper was chosen as the material for the %
i porous forebody because of the high strength and E
i thermal conductivity properties which are evidenced
é‘ by the impermeable berylliium-copper alloys.15 Such
properties were required for these experiments in
g, order that thin wall heat transfer data reduction
techniques could be employed with large models that
1- contain pressures on the order of 3C0-400 psia.
i A tabulation of the properties of the porous beryllium-
< copper material are provided in Table I.
j; z- The porous section was fabricated from two billets
2” ] of porous beryllium-copper in order to obtzin a model
 ?2 é. with one permeability for chamber #1 and another
{;i i permeability for chambers #2 and #3. This design
;i? { option was chosen in order to insure that the mass
;;5 g- flow through the porous surface would be relatively
5 § ) independent of model surface pressure and yet would
1L
?E
g
g

. 4 Ky
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circumferential electron beam weld. For the purposes

of this investigation, only dat. with mass addition

from the hemispherical section of the porous model
(chamber #1 and #2) will be presented. Heat-transfer
data were obtained on the conical section for conditions
that included mass transfer from the porous conical
section (chamber #3). These data are not being

presented at this time because of large scale

permeability variations (permeability 1 o = * 35 percent)

on this section of the model., On the hemispherical
section of the model, the 1 ¢ variations in permeabi. ity
are approximatery 10 percent and 1) percent for sections
of the model covering chambers #1 and #2, respectively.
These variations were determined by sampling flow rates
through an O-ring tipped tube with an effective diameter
of 0.170 inch,

The porous nose tip and impermeable aft-body were
instrumented with copper-~constantan and chromel-alumel
thermocouples, respectively. A high pressure seal
for the thermocouple wires was fabricated for each
of the three chambers illustrated in Figure 2.
Furthermore, each chamber had an independent

injectant gas feed line and pressure monitoring line.
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¥ B. Facility and Test Conditions
;:T o The experiments were conducted at a free stream
;‘, }_ Mach number of 5 in the Hypersonic Tunnel at the Naval
? : Surface Weapons Center, White Oak Laboratory. This
f i, facility is an open jet wind tunnel with a run time

capability on the order of minutes for these test

P e €

;" conditions. A fwo dimensional contoured nozzie with a

; test sectlion height of approximately 16 inches was

|
~
,
4
%
.fg‘“

o)
71

utiiized, Dried air is the free stream test mediunm,

e ¥
\

{ while nitrogen was the transpired injectant gas.
Heat transfer measurements were obtained at a
nominal free stream Reynolds number per foct of

17.6 x 106 with the model at zero degrees angle of

R s e R S O

attack. Foe this conditicn, typical frne stream '?;

Es
AR DA
-~

i stagnation pressures and temperatures wvere 735 psia
and 500°F, respectively.

C. Test and Data Reduction Tezhnigue

Prior to the test, the model was located beneath
the open jet test section. The desired nitrogen gas

; injeztion rate for each chamber was independently

. established by regulating the pressure upstream of a ?
g l choked nozzle, The mass flow rate is determined fron %
’; ) the measured upstream stagnation pressure, stagnation %
1 2 _ vemperature and calibrated discharge coefficient %
% é for the nozzle. A transient heating condition was / %

; . established around the model by injecting it into th ;\f

| l center of tne unifora wind vunnel strecaa, A typical f;_:%

&
e
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transit time from the bottom of the nozzle to the
nozzle axis is 6.1l sec. As the model was injected
into the stream the wall temperatures weve recorded
every 0.04 second on magnetic tape. Typical test -
durations lasted about 5 secords, but only temperature
data obtainea within the first 0.64 second after the t
mndel reached the nczzle axls were used for transient
heat transfer data reduction purposes.
Heat transfer data for the porous and impermeable
sections was obtalned by the transient thin skin

13,14,16,17

earcrimeter technique, This technique

.Ssumcs = neat balance of the form

) Vv C ’T - ) k
T 4

h[TO-TWJ = (Dmcpm, aﬁ)a-ﬁ"‘

[

The recorded wall temperatures were curve fitted and
differantisted with respect to time in order to
determine the initial derivative of temperature with

espect to time. With the exception of the stagnation
poir., all o¢ the experimental data obtainec un the
hemlsphere, that will be dccumented herein, represent
an average of reduced data from two different size

thernocouples (30 and 36 gage wire) displaced from

i . BT S — -, "
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from each other by 180 degrees. On the frustum,

the data, excepting that obtained at S/Rn = 5,02,
represent an average of reduced data from at least
two thermocouples. Eaxsed upon an inspection of the
data, it 1s believed that the uncertainty in the
experimental data due to random errors are less than
10 percent on the hemisphere and 20 percent on the
frustum,

IIT, NUMERICAL CALCUL.ATIONS

A limited number of boundary-layer calculations
were conducted for the model geometry, IFigure 2, and
test conditions of interest. These calculations
were obtained with che Boundary-Layer Integral Matrix
Procedure (BLIMP) developed by Kendall and his
co—workers.lo The BLIMP code utilizes an integral
strip method for solving the multi-component, norsimilar,
laminar, and turbulent boundary-layer equaticns, For
furbulent poundary-~layer flows, the tlme averaged
cquations of motion are solv~d utiliizing an eddy
viscosity model to descrine the "Reyroids stress”
verm rlus constant _Jarbulent Prandtl and Schmidt
nunbers in the erergy nd species censervation
equat-.ons. At the time ti.e boundary-layer computations
were performed, the pressure distributi.n was modeled
by a Newtonian ~pproximatioi:. 'This approximatlon is

compared with a more exact finite difference calculation18

in Jigure 3.
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Tabulations of the input mass flow rates and .
calculated heat~transfer rates for these calculations
ve provided In Tabies II ani III, Case number 1
represents a laminar boundary-layer solution with
zero mass adadition., Case numbers [ through 13 represent
turbulent solutions with mass addition. For the
purposes of the turbulent calculation, turbulent flow
is assumed to occur when the local momentum thickness
Reynoldas number is greater than 1C0. Comparison of
the tabulated results for case numbhers 2, 3, 4 and 5
at an S/Rn nf 0,192 indicates fthat increasing mass
transfer initially decreases the heat-transfer rate
and then increases it over the zero mass addition value.
Inspection of the results of the calculation indicates
that this reversal is due to a f rward movement of
transition due to the increase in the momentum thickness
with increased mass transfer. However, for those
stations where transition does not occur, these results
indicate that increasing the mass flow rate decreases

the heat-~transfer rate to the surface.

Case numbers 7 through 13 were intended to numerically

demonstrate the effects of discontinuous mass addition,
Compuring the results at stations S/Rn = 0,663 and 0,681
for case numbers 12 and 13, one notes a predicted
var