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During the period 1 April 1954 to 2 May 1955 the Bell Aircraft

~Corporation conducted a study program for the New Development Office,

Bdémbardment "Aircraft Branch, WADC, in accordance with USAF Con-
tract No. AF33(616)-2419 RDO No. R441-47. The objective of this
study was to investigate the possible design and development probiems
associated with flight in the speed and altitude regimes of the weapon
system outlined in Bell Aircraft Report D143-945-010. The results of
this study will provide the firm technical foundations necessary for
planning future programs, funds, and facilities.

The work accomplished during this program is reported in the
following reports:

D143-945-012 Aerodynamics

D143-945-013 Structures

D143-945-014 Preliminary Global System Study
D143-945-015 Radar .

D143-945-016 Navigation and Control
D143-945-017 Propulsion

D143-945-018 Final Summary Report
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The major design and development pro-
blems associated with flight in the altitude and
speed regimes of the MX-2276 weapon system
have been investigated to the extent that the
present state-of -the-art permits. The environ-
ment necessary to maintain a crew in sufficient
comfort for proper performance of the crew
functions as defined in this report has been
determined. Methods utilizing existing equip-~
ment with minor modifications are advancedto
provide this required environment. A qualitative
comparison of the manned system with an un-
manned system shows the auperiorily of the
former fruom an over-all weapon sysiem view-
point.

The aerodynamic parameters used in the
initial report (Reference 1) were re-evaluated
using data obtained during this study period.
A8 a result, it now appears that the desired
range can be obtained by means ¢f a glide flight
path initiated at lower altitudes than those
areviously estimatedtobe required. ananalysis
of the flight mechanies indicates that the direc-
tion of earth rotation has a miyor efierlupon the
weapon system range and nias Be conswdervedan
aperationaf panning. A new evatuation of the

Report Nas, DHGH g
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heat f{luxes and equilibrium skin temperatures
cencountered by the bomber, shows these values
to be larger than previously eatimated. Methods
for the determination of these parameters for the
nose and leading edge regions have been as-
certained. Initial resuits indicate equilibrium
temperatures as high as 5000°F may be en-
countered in these localized areas, if nocooling
is provided. From a study of the use of trans-
piration cooling, it was determined that rela-
tively large rates of air coolant expenditure are
requized to cool the first foot of the wing :
chord to 1600°F. The use of water as a coolant {
may resull in lower covlant expenditure rates.
The effects of shock boundary layer interaction
upon various aerodynamic phenomena have been
estimated for f{low about a two-dimensional
wedge. The effectrconsistchiefly of an increase
in pressuie, with a consequent increase in
equilibrium skin icmperature on tue upper
surface, The increase inpressurealsoprovides
an increase in cruige altitude, The over-all
results remain to be evaluated.

Preliminary criterin and loads data for
use in stractural analysis of the vehicles have
been estabhished, A survey of structaral, in-
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" sulating, and cooling materials was made and

the results compiled and summarized. These
data have been utilized in several typical wall
configurations for use on the bomber, The most
promising configuration consists of a light out-
gide skin atructure separated from the insgide
skin structure by a layer of insulation. The
outside skin, which carries only airloads, i8
allowed to heat to equilibrium skin temperature
while the primary inside structure is kept at
the desired temperatures by insulation and
cooling. Tasts of {abrication, strength, thermal
warpage, and thermal cooling have been made
on this type of structure. The results indicate
that it will be satisfactory; however, several
develcpment problems were indicated.

As a result of survey of propellant conbina-
tions and rocket hardware, the uae of oxygen and
JP-4 in the first two stages and oxygen-{luorine
and JP-4 in the third stage are recainmended.
The use of the advanced propellants in the third
stage resuita in appreciable weight saving, re-
quires develupment of a smaller engifie only,
and eliminates the problem of the toxic exhaust
products at low altitude.

Report No, D143-945-018
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A radar-monitored inertial navigation
system in the bomber will provide the nec :ssary
accuracy. A similar but less precise lnertial
guidance system in the bomb, used in conjuncticn
with the bomber system, will provide an accuracy
of approximately 1500 feet CPE ina 300-nautical-
mile bomb flight. A K, band side-looking
simultaneous-lobing radar will provide the reso-
lution required for the navigation system.

A design investigation is being spc:nsored
by Bell Aircraft Corporation in conjunction with
the study contract. Several interesting design
features such as tandem staging and the use of
circular bodies are presently being evaluated.

A global weapon can be obtained with
increased take-off weight, and the advantages
and disadvantages of several possible paths
have been determined and summarized.

It is concluded that the initiation of design
and fabrication of the vehicles comprising the
MX-2276 weapon system is feasible at this time,
provided certain research and development test
programs are initiated in the very near future.
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Evaluation of tiie territory of our present
potential enemy shows a large dispersion of
targets that must be desatroyed inorder to obtain

“ a decisive victory. To reachallof these targets
it 18 necessary to traverse from 2000 to 8000
miles of enemy territory. Improvements in
modern defense systems consisting of tight
radar warning nets, communications, intercept
control systems, improved interceptors, and
guided missiles will tend to make this require-
ment for deep penetration costly in terms of
men and matsrial. However, the effectiveness
of such defenses can be reduced to a negligibie
level by a strateglc system capable of operating
at extremely high altitudes and high speeds.

During recent years there has been a
pronounced trend toward completely automatic
missile systems for many purposes, including
future strategic warfare. In order to {ly at the
speeds and altitudes required, and at the same
time achieve the necessary accuracy, these
weapon systems have become very complex,
This increased complexity results in reduced
rcliability.  Furthermore, moany of the long-
range guidance systems presently under de-

Repowrt No, DE43-040. 618 K]
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velopment require knowledge of the exact geo-
graphic location of the target prior to launch
in order to achieve their objectives. Bince this

information is not available for all targets, the -

required accuracy cannot be obtained even with
the most complex guidance systems. Long-
range missile systems are also inherently
inflexible, i.e., after launching, the miasile is,
in general, committed to a specific target
location and cannot deviate to alternate targets.

As a result of these considerations, Bell
Aircraft Corporation proposed a rocket-boasted,
manned, strategic weapon system which com-
bines the best features of aircraft and missiles,
to provide the high levels of speed and altitude
for invuinerability, the accuracy reguired for
precision bombing, and adaptability to recon-
naissance functions. The initial concept was a
three-stage vehicle consisting of a first stage,
manned, recoverable bouster airplane; a second
stage expendable booster; athird stage, manned,
rocket-hoosted glide airplane. The last stage
contalned an air-to-surface inertially guided
bomb which was launched Aas the third stage
approached the targei area. The philosophy
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behind this system stems from the fact that no
mechanical means has yet been discovered or
devised which can substitute for the mental
powers of a human being. Many of the limita-
tions of automatic flight previously described
are eliminated by the inclusion of a human mind
with its capabllity of observing a large variety
of different types of data, utilizing these data to
arrive at a decision and initlating a variety of
actions to implement these decisions. This
weapon system is visualized as one of the es-
sential weapons in the composite group of
strategic systems necessary for the successiul
prosecution of future wars. It is notanticipated
that any single system will be capable of ful-
filling all requirements of future strategic
operations,

On 1 April 1954 a ona-year study contract

was injtiated for the New Development Office,
Bombardment Aircraft Branch, WADC, to in-

Report No, DI43-945-018
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vestigate the possible design and development
problems associated with flight in the altitude
and speed regimes of this weapon systermn, The
major effort under this contract was to be de-
voted to crew rcquirements and functions, and
aerodynamic investigations including heat trans-
fer, guidance and navigation, radar, structural
problems, and lmproved propellants. This re-
port summarizes the results of the studiesper-
formed under this contract. These studies are
reported in detail in the six technical reports
listed in the Foreword. Adevelopmentprogram
for this advanced strategic weapon system is
described in Bell Aircraft Report D143-945-018,

In addition to the work performed under
the above Air Force contract a Bell Aircraft
Corporation-sponsored preliminary design and

layout program was initiated. The initial results

are also summarized herein.

SECRET




e — s — ot = .

SECRET

Voo . -

INITIAL CONFIGURATION

The configuration usedfor this study program
is the configuration proposed in Reference 1.
For convenience, a description of this configura-
tion is presented here. The system is composed
of (1) a Stage I, manned, rocket-powered booster
airplane, (2) a Stage 0, expendable, rocket-
powered booster, (3) a Stage I, manned,
rocket-boosted glide aircraft (bomb carrier-
director), (4) an inertially guided baombearrying
4 2800-pound special warhead, (5) a pilot in
Stage I to aid in recovery of the aircraft, (8) a
pilot in Stage UI to monitor the automatic

Report No. D143-945-016

navigation and control equipment, operate and
monitor reconnaissance equipment, identify the
target, correct the bomb guidance system, and
evaluate damage to the target, (7) an automatic
navigation and control system for Stages I and
o1, (8) mapping and photographic equipment
for reconnaissance, (J) other components of
equipment necessary to interrelate the guided
bomb to the carrier-director, and (10) cquip-
ment to provide a satisfactory artificlal en-
vironment to integrate the human being into the
weapon system
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Figure 1 is a three-view of this configura-
tion. As shown, the carrier of this strategic
weapon system is a compogsite rocket-powered
airplane, composed of three stages, which takes
off vertically, tiie first two stages serving as
boosters for Stage NI, the actual carrier-
director.

Stage I (Figure 2), the main booster, is a
manned aircraft of canard configuration, which
supplies a total of 900,000 pounds of thrust at
take-off from four 150,000-pound and four
75,000-pound regeneratively cocoled rocket
motors. The propellants, hydrazine-ammonia
mixture as the fuel and liquid oxygen as the
oxidizer, are delivered to the thrust chambers
at approximately 1100 psia by means of turbine
pumps driven by gas-generators. Propellant
storage is provided in Stage I to serve Stage
II up to the time of separation. Automatic
navigation and control which is provided in
Stage I is monitored by the pilot who eventually
takes over arnd lands the aircraft. Conventional
tricycle landing gear and ianding flaps are pro-
vided for this stage. Two 75,000-pound thrust
chambers are gimbal-mounted snd used to con-
trol the aircraft during ascent, Conventional
aerodynamic surfaces are used for control of
Stage I after burnocut and separation.

Stage II (Figure 1) is an expendable booster
which supplies a total thrust of 300,000 pounds,
from four $80,000-pound and four £§,600-pound
thrust, regeneratively cooled rocket rmotors
using the same propellant combination as Stagel.
Two 25,000-pound thrust chambers are gimbal-
mounted and used for control during the burning
period following separation of Stage L.

Stage [II (Figure 3), the bomber, is a manned
aircraft, of modified delta configuration that
performs the strateglc mission. Automatic
navigation and control equipment, together with
the necessary equipment to allow the pilot to
monitor, supply corrections, or override the
automatic control, are inciuded in this stage.
In addition, equipment for bomb guidance, re-
connaissanco, and artificial environment and
emergency provisions for the pilotare included.
Boost thrust 18 supplied by two fixed 25,000-
pound thrust rocket motors. The propellants,

Report No, D143-845-018
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hydrazine as the fuel and nitric acid as the
oxidizer, are supplied to the thrust chambers by
a gas generator-driven turbine pump. Conven-
tional aerodynamic surfaces are incorporated
for control, and a retractabie tandem two-skid
landing gear 18 provided for landing at the
recovery site,

An inertially guided bomb, weighing approxi-
mately 4200 pounds and carrying a 3800-pound
special warhead, i8 carried in the aft section of
Stage III between the two rocket motors, and is
ejected rearward,

A summary of the weight estimation for this
configuration is given in the following table’

Item Weight, 1b

Stage 1

Dry Weight 186,000

Propellants 486,000

Total 681,000
Stage Il

Dry Weight 30,000

Propellants 128,000

Total 165,000
Stage III

Dry Weight 14,600

Propellants 26,200

Payload (bomb carrying 2800-

pound warhead) 4,200

Total 45,000

Gross Weight (Bombing Mission) 851,000

A typical flight profile for abombing mission
is shown in Figure 4. Indicated on this figure
are the velocities and altitudes attainable with
this advanced strategic weapon.
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EL Mmr% CORPORATION :
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TO TAKE-OFfF BASE

STAGE T

Figure 4. Typical

For purposes of illustration the mission has
been divided into seven portions and each of
thege portions will be discussed separately.

1. Preparation for Toke-Off

Prior to take-off the vehicle must be
erected and fueled, the crew must enter and
seal the enclosure, the inertial navigation sys-
tem must be erected and started in aperation,
the desired fiight path must be programmed in,
together with checkpoint, bomb launch, target,
and 'anding field location data.

Report No. D143-945-018 10
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Flight Profile

TYPICAL BOMBING MISSICN

2. Take-Off and Boost-

The vehicle is launched vertically. The
crew poaition is such that a seated position will
be assumed when the vehicle turns into a
normal glide attitude., This arrangement is
satisfactory since the boost accelerations thus
occur normal to the chest, the direction of
maximum tolerance to accelerations. During
boost, using gimballed rocket motors, the ve-
hicle is .utomaticaily programmed into the
path which will yield the proper glide attitude
at the end of boost. Both the first and second
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stages are ignited and burnduringthe first stage
of boost. After approximately 112 seconds,
Stage I burns out, is separated from the other
two stages, and glides downtoa landing. Stage II
continues to burn for approximately 116 addi-
tional seconds at which time it is separated
from Stage 1Il and destroyed. Stage Il power
planta are then ignited and boost this stage to
its maximum velocitv and altitude. After burn-
out, Stage III glides along the desired flight path.

During the burning period of Stages I and
I the vehicle is controlied by gimballed motors
in these stages. Following the burnout of Stage
II, the aerodynamic surfaces of Stage Ol provide
the control forces,

3. Cruise

Throughout the cruise, the vehicle is in
gliding flight at mastimum lift-over-drag ratio.
It is maintained on the desired flight path by
means of the inertial navigation system which
continuously computes the vehicle position and
cumpares it with the desired position. The
autopilot systems control the vehicle to provide
minimum difference in these readings.

For reference purposes the crew is pro-
vided with a map, driven by the inertial system,
which shows the position of the bomber with
respect to the ground, as computed by the
inertial system. Throughout the crulse phase
the crew alsc observes the area trz.2rsed,
using both the radar and the visual equipment,
The radar provides a printed record of the
region which the vehicle traverses. Since it
is a side-iooking radar any points of interest
become visible on the radar presentation when
they are abreasit the bomber. Thus, the crew
is able to locate a checkpoint with the radar
after it has been recorded.

With the visual system, the crew will be
able to look both ahead and behind for observa-
tion, when the weather permits. The presenta-
tion of both the radar and visual presentation
will be provided in a manner such that the craw
can locate checkpoints precisely. One method
vi:unalized for doing this istheflicker technique.
The location as determined by the crew is
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i1

utilized by the inertial system to obtain an
error between the actual location and the com-
puted location, This error is then used by the
inertial system 1o correct the bomber flight
path.

During cruise the bomber is flown com-
pletely by the autopilot using information from
the tnertial system. The crew is not reclulred
to navigate or fly the vehicle except in the case
where it 18 necessary to override or ignore the
inertial system, -

4, Target Approach—Bomb Lounch

As the bomber approaches the target
area, the inertial system computes the range to
go and compares this with the range at which
the bomb is scheduled to be launched. When
these ranges coincide, the bomb is automatically
launched,

In this region, the location of checkpoints
as determined by the crew becomes more im-
portant, This 18 true for two reasons: (1) the
bomber has been flying longer and the errors
fucrease with time, and (2) the actual target .
Ibcation may not be known precisely, although
its location relative to checkpoints in the
vicinity may be known with greater accuracy.

5. Bomb Correction

After the bomb is launched the carrier
continues in gliding flight and passes the target,
80 that the target area can be observed with the
radar. Thus the crew is able to obtain location
of checkpoints, even after the bomb has been
launched, and transmit any necessary correction
to the bomb. The bomb is guided by its own
inertial system which i{s erected from the inertial
system of the bon'ber, The bomb dives into the
coordinate location of the target. If the crew
observes that these coordinates are no longer
correct, the corrected coordinates are trans-
mitted from the bomber to the bomb.

6. Postlaunch Cruise

After the bomb is launched the crew wiij
obtain as much information concerning its
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actions as possible. Afthough it may not be pos-
sible to follow the bLomb optically during its
flight, certain tactors will be known. These will
fnclude the fact that it was successfully launched,
the exact time of detonation, and perhaps some
measure of the yield. ALl of these are useful in
agsessing bomb damage. The remaindor of the
cruise is exactly as the prelaunch cruise.

7. Landing

It is planned that the landing operation
will be performed by the crew. The total time

B E L M'ﬂ/'f'/é) CORPORATION

RECONNAISSANCE

of flight is so short that the conditions at the
landing field will probably be known prior to
take-off, Hence, the (lights can be made when
the weather is satisfactory. In order to elim-
inate weight by utilizing the full capabilities of
the crew, only a minimum of equipment will be
provided, such as GCA equipment. In addition
to the regu!~r equipment it may be desirable
to provide ground radar, visual beacons, etc.,
to aid in locating the landing {ield. :

In addition to the requirement for bombing
missions, long range reconnaissance require-
ments also exist, The invulnerability and
reliability of the MX-2276 make this weapon
especially suited to reconnaissance operations.

For reconnaissance missions various types

of equipment such as radar, photographic, in-
frared, and visual could be inciuded tc obtain

lieport No. D143-945-018
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the desired information. Of these, only the
radar technique posseases an all-weather capa-
bility and is, therefore, of prime importance.
The basic elements of a radar system for
reconnaissance use would be the same as those
recommended for monitoring the navigation
system. Extensive photographic equipment could
be substituted for the bomb to provide high-
resolution radar target analysis information.

SECRET
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|| RESULTS OF STUDY EFFORTS

MANNED WEAPON

1. General

This entire analysis has been directed
toward the crew in Stage 1l since the conditions
encountered by this crew are more severe and
call for more unconventional measures than
those in Stage 1. The prime reason for the
presence uf a crew in the weapon system is to
provide the system with the capabilities of fine
discrimination, iiterpretation, judgement, and
control which only a human can provide. These
capabilities are the first to deteriorate if the
human is required to function under some level
of stress. Therefore, it is imperative to keep
the human environment as comfortable as pos-
sible.
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It is necessary to consider emergency
conditions very early in the determination of
crew provisions because these conditions may
dictate the entire design. The magnitude of
this effect will become apparent as this section
developes. However, very briefly, the situation
is as follows. If emergencies are considered,
the crew must be clothed with special garments
and a closed helmet, In this case, the clothing
can be ventilated, the breathing air can be con-~
ducted directly into the helmet, the cabin can be
proasurized with an inert gas, and there is no
problem of ventilating the cabin, remnvingtoxic
gases, etc, The problems of pressurizationand
ventilation are relatively simple. The difficulty
with this situation is that the pilot is enclosed
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in relatively heavy, clumsy clothing, gioves,
etc. Under these conditions, comparatively
minor irritations can become major dis-
tractions. In addition, the pilot is required ‘o
view everything through a visor which will
reduce his vision to some extent. Since the
most important functions of the crew are the
interpretation of visual data from map, radar,
periscope, and other instruments, this is a
disadvantage.

If the emergency provisions are not re-
quired, the entire cabin can be pressurized and
ventilated with a gas mixture satisfactory for
regpiration, the pilot can be clothed in com-
fortabte garments of his own choice, and he can
function in a very comfortable environment.
The disadvantages of not providing for emer-
gencies are of course obvious. However, in
this type of weapon system, the probability of
an emergency caused by enemy action is very
remote due to the inlerent invulnerability of
the syutem. In addition, it appears that a very
rellable pressurization and ventilation system
can be designed which is independent of eiec-
tronic equipment, auxiliary power supply, and
other equipment which would serve to recuce
reliability.

In this early study stage, it is not pro-
posed to ignore the possibility of emergency.
Therefore, the system discussed will include
emergency provisions. Insofar as possible,
the discussion has been divided into specific
subject fields. However, because of the ex-
treme interdependence of these fields, a com-
plete separation is not possible.

2. Crew Functions

As previously explained, the advantages
of a manned weapon system lie first in the
capabilities of a human to discriminate. as-
similate, and evaluate data of many different
types and forms; second, in the abtlity to
translate the results of this assimilation and
ovaluation and decide upon a course of action;

and third, to initiate these actions which may
he of a diverse nature. Such advantages are
very diffieult 1o evaluate quanlifatively; there-
fure, in the Toilow e sections, a4 series of the
[Repas? b 1M ot a| R
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occasions upon which the pilot will prove ad-
vantageous will be enumerated as a form of
qualttative evaluaticn. The various phases of
the flight will be discussed separately.

a. Navigation

Since the prime functions of the pilot
are his duties in connection with the navigation
of the bomber and giiidance of the bomb, this
phase will be discussed first., Throughout the
{light the pilot will monitor the path of {he
bomber using either the radar or optical sys-
tem to check the actual position of the vehicle
with the position as shown on the map driven
by the inertial system. The equipment for
this function is provided primarily for use at
the target area. However, {f necessary, this
equipment may also be used at various check-
points for midcourse navigation. Prior to
take-off the location of various checkpoints
will be incorporated into the system. These
will include checkpoints associnted with the
target as well as some midcourse checkpoints.
It is anticipated that the midcourse points will
merely be used as a reference. However, in
the event of an error these can be utilized the
game as those at the target. The target
location may not be accurately known in an
absolute set of coordinates, although its lo-
catlon relative to nearby chackpoints may be
known w'th more accuracy. In addition, the
target itself may not be visible either optically
or with radar. Therefore, in order to have the
greatest possible reliability, the terminal guid-
ance phase must be provided with a capability
for utilizing offset checkpoints.

In addition to these prime functions,
the pilot performs many secondary functions.
For example, as he approaches the checkpoint
the pilot will select the best means of ob-
servation i.e., either radar or optical methods.
If he uses radar he can adjust the gain, focus,
contrast, scale, etc., in order to obtain the
best posgsible presentation. Thus, the best
possible dzta are avallable for use after the
flight for reconnaissance or IBDA. I the
system 1is obviously operating incorrectly, the
pilot may elect to perform the navigation by
pilotage or navigaling himself,
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b. Take-off

The take-off will be compietely auto-
matic; the function of the crew will be to ob-
seTve the operation in general and take the
proper actions in the event of an emergency.
kxamples of these are as follows:

(1) If the power plant stops operating
prior to the correct burnout time, the crew can
decide upon the proper action, depending upon
the time of the stoppage. If necessary, the re-
maining stages can be jettisoned and Stage III
returned to base. .

(2) it the failure is in a navigation
component the crew can decide upon the best
alternative, i.e., circle and land, or continue
the mission. This decision will depend to some
extent upon the mission. A similar failure in
an unmanned system resuits in loas of the vahicle
and failure to accomplish the mission.

¢. Cruise

During the cruise portion of the flight,
the prime operation will be navigation. How-
ever, the crew will be provided with the means
for flying the aircraft in the event of failure of
all or a part of the navigating and nutopilot
equipment, This capability will not be limited
to occasions of complete failure of the system.
For example, if the roll, pitch, or yaw auto-
pilots should malfunction, the crew could take
over the function of the particular component
and continue the flight with the remainder of
the automatic syatem functioning properly.

At the beginning of cruise (as well as
ifrom time to time throughout this portion of the
flight) the crew can observe the range, speed,
and altitude io determine if the vehicle is fol-
lowing the proper flight pattern to achieve the
necessary range. N it is not, a decision can be
made as to the proper course of action. Such
action may include:

(1) Determination and correction of
trousle if posaible,

(2) Deviation to anr alternate, shorter
mission,
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(3) Deviation to an alternate closer
landing field, jettisoning the bonib if necessary.

(4) If close enough, return to base.

During this portion of the flight the
crew will also be able to observe both the
terrain and air over which the bomber passes.
This observation may provide various types of
information.

(1) Points of interest such as missile
launching sites, airfields, military installations
of various types, city shapes, etc. The amount
of material thus gained will depend upon the
means of observation available, i. e., radar or
visual, at the time of observation. The location
of these points may be measured accurately by
use of the aimpoint location mechanism or
approximately by an estimation by the crew.

(2) i any type of defense against this
weapon is developed the crew will be able to
cbserve such defense. It will then be possibie
to take a limited amount of evasive action.
An early report of such defense activity means
changes in tactics, and possibly changes in the
weapon system itself, can be initiated immedi-
ately.

An important function of the crew is
to report defects in operation and equipment
in order thatv these may be corrected. The
very fact that these may be recognized and
reported rather than result in mission failures
and lost vehicles is an important advantage.

3. Crew Environment
a. Pressurizatlon and Respiration

Although the pilot will be required to
wear eilther a partial pressure suit or a full
pressure suit as an emergency provision, it
is not proposed that suit pressure should be
the only type of pressurization provided. The
Jregent trend in suit development indicates that
the suits wili %e stiff when inflated and only
satisfactory for completion of missions In
emergencies. It ic proposed to pressurize the
cabin to the necessary value, to leave the suit
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uninflated, and to have the suit inflate auto-
matically if a loss of cabin pressure occurs,

The pressure requirements for the
crew are dictated primarily by respiratory
requirements, aithough they are also modified
by aircraft weight considerations and the danger
of both explosive decompression and aero-
embolism, At sea level the partial pressure of
oxygen is8 of the order of 3.5 pai. Froma
respiratary standpoint, U this partial pressure
is maintained in the cabin, the respiratory sya-
tem wiil function justasat sea level. Therefore,
an atmosphere of 100% oxygen at 3.5 psi is
satisfactory for respiratinon purposes. How-
ever, this pressure is so low that the poa-
sibility of aeroembolism becomes a major
problem.

In order to prevent aeroembolism two
choices are available. The pressure can be
maintained at a higher value or the crew can
prebreathe in an atmosphere of 100% oxygen
at sea level for several hours prior to take-
off. By this means the nitrogen dissolved
in the body fluids and tissues (which cause
the emboliam) can be eliminated prior to
take-off. The necessity for several hours
prebreathing prior to flight imposes an op-
erational lmitation which is extremely un-
desirable. Therefore a cabin differential prss-
sure requirement of 5 psi has been selected.
Since the ambient pressure is less than 0.1
psi throughout the cruise, the differentiai pres-
sure is essentially the absolute pressure.

In order to set up a satisfactory
pressurization program, emergency conditions
must be considered early in the design, These
consist primarily of two effects, the first of
which is explosive decompressfon. Explosive
decompression through a differential of 5 pat
Is the limit which it is presently belleved a
human can withstand without major Injury.
Differentials higher than this may have fatal
results, Even with this limit, with expansion
to lhe extremely low ambient pressures in-
volved in this case, the decompression must
be {ollowed by almost immediate recompression.
For this purpose the pressure suit is provided
which automatically pressurizes in the event

Report No, DEA3-945-018
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of loss of pressure. The pressure suits
presently available, both the partial type and
the full type, can only supply a breathing pres-
sure of less than 5 psi. This fact gives rise to
the second problem, i.e., acroembolism in the
event of emergency. The drop from 5 psito
suit pressure may very readily cause aero-
embolism for most people. Therefore, it is
this emergency condition which must be con-
sidered, rather than the normal cabin atmos-
pheres, This requi: ement means that pre-
breathing may be required as a precaution
against such an emergency. I« the suit de-
velopment program produces a suit which can
provide a 5 psi differential pressure for emer-
gencies, this requirement will not exist,

It has been established that a 5 psi
pressure differential is satisfactory from a
physiological ' standpoint. It is also more
satisfactory than 3.5 psi for comfort consid-
erations. A minimum oxygen partial pres-
sure of 3.5 psi has been shown to be desir-
able, so therefore the remaining problem lIs
the selection of the gas to be used f{or the
additional 1.5 psi partial pressure. Thus far,
the discussion has been concerned with the
gas used for respiration. At this point it be-
comes necessary to consider the over-all sys-
tem. As a provision for emergencies, it is
necessary !hat the pilot wear a helmet which
can be pressurized with a gas suitable for
breathing. Since this provision must be made
for emergencies, it can also be used for
norma. oOprcations  With this arrangement,
the cabir can be pressurized with nitrogen or
ancther inert gas to reduce any possibility of
fire hazard, while the pilot can breathe 100%
oxygen at 5 psi. The exhaled gases of the crew
can be exhsusted overboard, thus eliminating
any problems of water vapor accumulation.

A more suitable arrangement, which
is recommended, consists c¢i a cabin environ-
ment with 3.5 psi oxygen and 1.5 psi helium.
With this system the pilot will be ahle to
breathe the cabin atmosphere. These breath-
ing provisions are such that e crew is effcct-
fvely prebreathing throughout the flight., Thus,
if explosive decompression occurs, the dangers
of aeroembolism occurring are reduced, even
without yrebreathing prior to flight,
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The source of the cabin and helmet
oxygen will be a standard liquid converter.
With the volumes required, this will provide
a lower installation weight than the use of high
pressure gas bottles., The helium used to make
up the 1.5 psi increment of the cabin pressure
will be provided by a high pressure gas storage
cylinder because of ihe extremely low tempera-
tures required to maintain liquid helium (8° R).
The amount of oxygen required for respiration
is very small relative to that required for
ventilation, and therefore the quantities of gases
to be used will be discussed in the next section.

b, Ventilation

The problem of ventilation is very
closely associated with both pressurization and
respiration. However, ventilating inside the
pilot's clothing rather than ventilating by moving
and changing the entire cabin atmosphere will
redace the required ocupply appreciably. For
example in recent tests men were able to wear
a completely impermeable suit in a 80°F en-
vironment for 3 hours with very little stress
buildup. In other tesis in 130°F environment,
men wearing underwear, a T-1 partial pres-
sure suit, coveralls, and a ventilating suit
which is presently under development, were
comfortable with 6 cubic feet of air per minute
supplied at 60° to 60°F., Fcr the flight time
of this weapon eystcm, this would require a
supply oi approximately 13 powsds of ventiiat-
ing air. The environment of this cabin will be
of the order of 60° to 70°F (see the following
section}, Therefore, the required ventilating
rates will be considerably less.

If, on the other hand, the emergency
conditions are ignored and the piint is to
breathe the cabin atmosphere at all times and
be ventilated by movement of the cabin atmos-
phere, a greater air supply will undoubtedly be
necessary.

c. Temperature
The problem of cabin wall tempera-
tures which was originally considered the most

serious problem of the cabin design, is solved
very well by the proposed structural design
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(Section IV-C.) The results of the preilminary
heat protection tests indicate that the walls can
be maintained at very nearly the boiling point
of the coolant water. In the cabin area it is
Aesirable that the coolant should be ventilated
to ambient pressure rather than cabin pres-
sure. The bolling point of water at ambient
pressures (or cven the iocal pressurc on the
alrcraft) is of the order of 80°F maximum.
Witk temperatures of this magnitude there is
no problem from the standpoint of pilot en-
vironment.

The wall temperatures may thus be
kept to tolerable values. If the atmosphere is
supplied from liquid stores, the temperature of
the entering gases maybe keptas lowas desired.
In fact, they must be warmed prior to admission,
Thus, both requirements for atolerable thermal
environment can be satisfied,

d. Acceleration

Accelerations may be divided into two
categories; those occurring during boost and
thore occurring during flight. The boost ac-
celerations are imposed normal to the chest of
the crew, the direction in whichhumans possess
the highest tolerance. The boost program re-
quired for the original configuration (Reference
1) is we:l within the limits of human tolerance.
Human subjects have been subjected to very
similar acceleration patterns in the centrifuge
ai WADC and suffered no ill effects other than
some logs w1 motor proficiency while undergoirg
the accelerations, This loss was not noticeable
when they ‘vere subjected a second time.

Accelerations during fligit w:ll be
limited by the airframe strength. During
cruise the acceleration will necessarily be low
because of the low dynamic pressures. How-
ever, during the terminal and landing phases of
the flight, high accelerations may be imposed.
The crew will be required to wear anti-g suits.
However, accelerations should be no greater than
in conventional aircraft,

e. Emergencies

Some of the problems arising in the
event of emergency have already been discussed,
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but the complete problem must be considered.
In the event of lass of cabin pressure, the pilot
is provided with a pressure suit and helmet.
The suit 15 automatically infiated and the helmet
pressure (which already exists) is modified toa
value compatible with the suit pressure. An
cmergancy pressure source is avallable for the
helmet and suit if the aship's aupply is lost.
If the emergency merely consists of loss of
pressure, the crew may continue the mission,
abort, or choose an alternate mission. If the
emergency is more serious, i.e., the vehicle
is out of control and falling, the following
sequence occurs: The crew remains in the
airplane until it falls to an altitude and slows
to a speed where ejection may be accomplished
safely. Ejection seats are provided. Theseare
automatically controlled such that ejection
cannot be accomplished above the safe speeds
and altitudes. Analysis shows that objects fali-
ing from the altitudes and speeds attained by
the weapon system will have terminal velocities
of approximately Mach 1 at altitudes where
ejection may be safely accomplished. In ap-
proaching these velocities, however, high skin
temperatures will be encountered. Thus it is
necessary to provide heat protection through-
out the descent.

A sp-cial capsule is not provided.
The weight penalties involved in the provision
of a capsule, the special disconnect tittings,
egpecis! stabilization provisions, etc., impose
higher penaities than the advantages warrant.
Instead, the entire airplane wiill be provided
with emergency equipment such that the crew
can ride it down until safe ejection conditions
exist, Since the airplane already has pro-
vision for temperature protection and stabi-
lization, these provisions need not be duplicated.
In addition, after burnout, the fuel and oxidizer
tanks will be inerted. Similarly, the cockpit and
instrument section can be pressurized with an
inert atmosphere in an emergency, thus reduc-
ing the fire hazard appreciably.

The long range of this weapon system
combined with tho locations of th - launching
gites, targets, and ‘'anding sites, rzquire op-
eration over arctic, temperate, and tropical
regions. Much of the operation will be over
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water. Therefore a global survival kit and ex-
posure ruit will be incorporated as part of the
pllot's squipment,

With the original pickaback config-
uration, it is necessary that crew ejection in
the bomber take place upward, in order that it
can be accomplished during the booat period.

f. Clothing

Throughout the foregoing sections,
various special types of clothing have beendes-
cribed as necessary equipment. Specifically,
clothing capable of the following four functions
are required:

(1) Pressurization

(2) Anti-g protection
(3) Ventilation

(4) Exposure protection

Several types of partial pressure suits
are under development by the Air Force, and
both the Air Force and the Navy have existing
programe for the development of a full pres-
sure suit. The latter is the type most desirable
ior this weapon systém and the prospects of
having a suitable, operational, full pressure
suit by the time this weapon system is oper-
ational, appear very good, Various types of
senled helmets are also under development for
use with these suits. Since the crew must
operate with visors closed at all times and good
vision is 8¢ important, the type of helmet rec-
ommended for this vehicle is one with a single-
curvature visor to avoid distortion and uainggas
defogging rather than electrical detogging in
order that the visor may be free of wires,
Helmets of this type are under developinant and
should be available within the desired time
period.

Anti-g protection is presently provided
either by special suits or is incorporated in the
partial pressure suits, This [eature can aiso
be incorporated in the full pressure suits.
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There is presently under development
at WADC a ventilating suit which has proven
satisfactory for the type of operation desired
here. This suit fits over the existing partial
pressure suits and, since the latter zre of a
porous construction, satisfactory ventilation is
obtained. These suits are designed to be worn
under an anti-exposure swit which has four air
exit valves, one at the end of each extremity.

The full pressure suit program is
aimed at providing all four of these features in
a single suit. As previously stated, there is a
good chance that this garment will be avalil-
able within the operational date of this weapon
system,

g. Vistbility

Two different conditions must be con-
sidered: viaibility inside the cabinand visibility
of the ground from the airplane.

At the extreme altitude at which this
system cruises, the sky will be relatively dark,
This fact, combined with the fact that any win-
dows will be covered by hatches during cruise,
raises a requirement for adequate cockpit light-
ing. Experiencefrom experimentalhigh-altitude
flights has beenthat deep contrast exists between
objects in the cabin illuminated by sunliight
through the windows, and those not illuminated.
Therefore, an even artificial illumination will
be more satisfactory than that provided by
natural means, The optical, radar, and map
presentation must also be visible inside the
cabin. Therefoce, it 18 necessary that che level
of cabin illumination should be no higher than
absolutely necessary.

Visibility of the terrain from the vehi-
cle presents another major problem. Under
static conditions, the normal eye is able to dis-
cern an object subtending an angle of one
minute of arc (Reference 2). At an altitude of
260,000 feet this means that an object with a
minimum dimension of 75 feet can be distin-
guished with the naked eye. Several factors
affect this capability; it falls off with velocity
and the direction of the velocity with raspect
to this dimension; it 18 a function of the angle
of the path of aight along which the object is
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viewed; and it also can be varied by magnifica-
tion. For the present application Figure 5 in-
dicates the apparent terrain speed throughout
the cruise phase of the flight. The maximum
speed of 6.2 degrees per second corresponds
apyroximately to that of a2 63-knot airplane
flying at 1000 feet. In Reference 3 it 18 shown
that torrain speeds of this magnitude reduce the
aculty very little and that speeds of the order of
80* to 40° per second are required before this
acuity begins to degrade very markedly. If the
eye is alded by magnification the increase in
dimension of the objects being viewed would be
directly proportional to the magnification, while
the terrain speed would also increase directly
in proportion. Thus assuming a rmagnification
of 4 times, under static conditions, the 75-foot
minimum dimension reduces to 19 feet, and if
thie acuity was halved by the increased terrain
speed, the minimum dimension would be 38{eet.
This minimum dimension is for a path of sight
directly below the airplane and will increase as
this path moves out from the vertical.
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Figure 5. Equivalent Terrain Speed During
Cruise of MX-2278
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Thus far the discussion has been con-
cerned with acuity; visibility is another phase of
the same problem. If the object is large enough
to be discerned, its visibility is determined by
several other factors:

(1) General level of illumination.

(2) Contrast between hrightness of ob-
ject and background aguinst which it is seen,

(3) Attenuation by atmasphere.

These factors cannot be controlled ex-
cept in a general way. For example in the case
of (1) the flights can be executed duringdaylight
hours and the magnification will be of some aid.

It is proposed that a projection-type
p.riscope with a field (or true) lens presentation
should be provided for external vision. By
means of a periscope the pilot can be provided
with .more vision than can be obtained with a
canopy. In addition it is easler tocool the small
lenses of the periscope than the large area of a
canopy. Although this type of periscope cannot
provide as wice afieldof viewas would be avail-
able with an ocular-type scope it has several
outstanding advantages. The first and niost
important of these is that the presentation can
be observed while the observer is wearing a
helmet with the visor closed. This is nut pos~
sible with an ocular-type periscnpe. A second
advantage 1s that the head of the observer is
located an appreclabie distance (18-18 inches;
from the field lens durin:; observation. Thid is
especially important during landing where it has
been shown to be difficult for an operator tc
keep his head in position on the periscope with-
out severe bumping. An additional advantage is
that the pilot can look at the instrument more
easily and probably have less eye adaptation
time thun if an ocular-type were used.

Although the field of view is limited
with a periscope, the sighting head canbe moved
manually to scan the areas of interest. This
head can also be moved manually to watch a
single area of interest as the aircraft passes it.
The normal positionof the sighting head incruise
will e such as o provide optical cuverage of
the arca shown by the radar. Two additional
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functions are degirable; it should be possible to
look forward and down for landing, and alga to
lnok back and follow the bomb after launch,
Figure 26 shows the vertical angle through which
the head must be moved in order to see the
bomb during descent. This figure shows that
ft 1s necesegary to look horizontally behind the
carrier at launch, and very nearly horizontally
at the termination of the bomb flight in order to
obaerve the detonation, and determine its rela-
tive location, Depending upon the locationof the
sighting head, this capability can be provided.

In addition to the visual presentation,
it is planned to provide the radar and the map
information through the same field lens. This
will conserve cockpit space and make the use
of the flicker or other matching technique more
feasible.
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h. Cosmic Hadiation

One ot the many probleims to be con-
gidered in stage I theght s the question of
probable health hazard {from coswic radiation,
This problem can be divided into at least two
major categories: (1) the physical datadescrib-
ing the intensities of cosniie radiation (mass and
energy spectraand {requency of occurrence), and
(2) the biological cffects of such radiation.

The first category has been investigated
to the extent that it is fairly well agreed,
(Reference 4) that the maximum radiation within
the atmosphere occurs at an altitude of 12
nautical miles, followed by a sharp decrease
with a minimum at about 20 nautical miles and
a gradual increase on out into space. At the
initial cruige atlitude of MX-22178 (approxirnately
40 nautical miles) the vehicle is at this minlmum
radiation level. As the vehicle glides down
during cruise, it approaches the altitude of
maximum radiation.

Heavy nuclei beginto appear at altitudes
of 12 nautical miles and increase with altitude.
The Stage I cruise therefore occurs inregions
where the heavy nuclei are just beginning labe-
cume a problem but are still rather spavse,

Investigation of the second calegory has
fiol resulted in such good agreemeni.  The
radinbiological effe.ts of different portions of
the radiation spectrum are decidedly different,
The effects of the heavy nuclel are not yet well
eslablished since it has nol yet been possible to
duplicate them from terrestrial sources. Asa
consequence, the over-all problem is not very
well defined; therefore, the solutions are not yet
evident.

Several facts do appear which can be
ginated with some confidence. Elfective protec-
tion from heavy nuclei by shielding does not
seem feasible (eference 5., Unless extremely
heavy shieiding 18 used it will not provide ade-
quite protection and miy even intensily the
danger.  The probability of a hit from the very
heavy nuslei is quite tow especiadly at the alti-
tudes in question. Therefore, judging [vom the
preseut state of the ait, the probabiity of signi-
freant somatic radiatioa agury as very o, This
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is especially true far the very ghort{light times
invoived.

4, Comparisonof Manned and Unmanned
Weapon System

In this study contract, which was conducted
without configurational investigations, it has not
been possible to make a quantitative analysis
comparing the manned and unmanned systems.
Even il configurational data were available,
many of the advantages and disadvantages are
of an abstract nature and cannot readily be as-
signed a number value. A qualitative analysis
is the only type which can be made for such
values.

The digsadvantages of a manned system
are rather apparent and can be listed briefly as
follows.

1. The weapon system is heavier since it
must include the weight of the man, his ejection
seat, and the various gear required for his use.

2. The man occupies a volume which could
otherwise be reduced or eliminated.

3. The volume of the cabinoccupied by the
man must be pressurized andcooled. Pressuri-
zation requires increased structural weight, and
additonal equipment is necessary for bothpres-
surizing and cooling.

4, The presence of a human is required
over enemy territory.

If the foregoing disadvantages are ex-
amined it becomes apparent that they are not
completely eliminated by the use of :nunmanned
system.

1, The weight of the man and his gear is
supplanted by additional equipment which is
necessary to perform his functions,

2. The volume occupied by the man also
cannot he completely eliminated since the re-
placement equipn:wnt will occupy some volume.

3. The volu.vie which must be pressurized
and cooled wiil be redured but not eliminated,
since it i8 stll necessary to provide sucha vol-
ame for certain types of gear. Thus, if the
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equipment must be provided in any event, the
additional requirements for the man show up
chiefly as increased amounts of materials, such
as stored 11uids.

4. The danger to the man flying over
enemy territory is reduced becauge the system
vulnerability is low and the reliability will be
high due to the presence of the man.

Whereas the foregoing discussion is con-
cerned chiefly with weight penalties of individual
vehicies, the advantages of the manned system
lie in reduced miasions and, hence, reduced
numbers of vehicles required to achieve given
results. To {llustrate all of these advantagea it
ia necessary to consider the development of the
weapon system {rom the very beginning.

Early in the design of the system certain
problems of guidance, communication, and spe-
cialized equipment are eliminated. In the flight
test and development stages the advantages are
more apparent. In these tests the pilot can ob-
serve and report on the functioning of many of
the vehicle and eauipment characteristica. In
an automatic system such cbservation would re-
quire extensive instrumentation. More impor-
tant is the ability of the pilot to cope with new
phenomena which develop in the teating of such
advanced syatems. It is difficult to anticipate
all such phenomena and to design and install
special equipment for detecting and handling
them prior to their occurrence. This type of
advantage is typified by the experience gained
during the record speed .u. in the X-1 a'rplane.
Recoverability of the test vehicle is an ex-
tremely important reature provided with the
manned system. 7 he vehicles for weapon sys-
tems performing *he missions anticipated will
be large and expensive. Many hours anddollars
are required to get such a vehicle ready for
fiight with all components operating correctly.
If the flight is the order of one hour and the
vehicle is expended at the end of the teat, the
test program becomes extremely expensive. I
the vehicle {s recovered, the entire system can
be available shortly for further testing with
substantially fewer laboratory and ground test
hours.

Report No, 0143-945-018

B E L M}W CORPORATION

22

Throughout the flight tests the following
advantages accrue for the manned system,

1. Qualitative reports of various vehicle
characteristics can be obtained from the pilat
without special instrumentation. Examples of
these would include yaw, pitch, roll, stability,
handling, etc.

2. Telemetering can be largely elimin-
ated, together with a large amount of the re-
cording equipment otherwise required.

3. Elaborate flight programs for obtaining
specific information can be followed by the pilot
withrut extensive programming equipment and
automatic inputs.

4. Test inatrumentation can be made to
operate better i{ the pilot is available to make
adjustments during the test.

5. Through the elimination of such links
of communication as telemetering and rec-
orders, a large area of question is removed
when the data indicate a malfunction, i.e., the
question of whether the data is poor because of
vehicle operation or data transmission is
eliminated.

In the operational missions of the aircraft
many of these advantages carry over, but addi-
tional advantages also become important, The
firstand probably most important in the case of
the MX-~2276, is the many capabilities which the
presence of a human at the target area provides
to the weapon system. Thesc in¢ludethe reduc-
tion in the required accuracy of the navigation
system and the reduction inths preciseness with
which the location of the target need be known.
The exact coordinates of the target need not be
known if italocation relative toaradar or optical
checkpoint is known. In additiontothese primary
navigational advantages, the crew will be abic to
report a large amount of information concerning
theflight which would not otherwise be avallable.
These data would include deacription of the ve-
hicle operation in general, suchas how the speed
and altitude agreed with those programmed, how
well the vehicle remained on the prescribed
course, etc, Other information which the crew
may obtain wili incli-de data obtained by observa-
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tion, i.e., a type of reconnaissance information.
Through visual and radar observation the crew
may observe such items as military installa-
tions, city configurations, possible missile
launching sites, aircraft runways, etc. In ad-
dition to this type ol information any defense
which the enemy may develop for use ugeinst
ine weapon aystem can be reported as soon as
it is used. Such reports may result in im-
mediate changes in tactica for subsequent mis-
sions or even modification of the weapon sys-
tem,

Another major advantage is the informa-
tion which can be obtained concerning the bomb.
In the normal course of events the crew will
know where the bomb is launched and whether
or not the launch was successful. Thke bomb
should be observable by optical means from
several seconds after launch until detonation if
sufficient magnification is provided, Thus its
behavior during flight canbe determinedtosome
extent. In addition to observing the bomb, the
crew will also utilize avatlable checkpoint in-
formation to correct the bomb flight path. The
location of the detonation will be observable.
When this material is compared with that avajl-
able {rom an unmanned vehicle of simflar range
the advantage is apparent.

The manned system has operational flexi-
bility. Alternate targets can be attacked, a
certain amount of correction is aveliable if the
target is not precisely where it is reported, and
in the event of certain types of f{ailure the
bomber can be saved and also the warhead U
desired. The presence of a man in the aystem
improves the over-all reliability through his
ability to perform the functions of many parts
of the automatic systems involved.

The tinal advantage of including a man in
the system consists of his ability to perform the
landing operation. It is probabie that an auto-
matic or remotely operated system could be
designed which would perform this function.
However, the problem of bringing the vehicie
close enough to the landing area so that ground
control equipment couid be used to bring it in
and land it, wouid require additional com-
plexity in the guidance system. The problem
of performing the necessary maneuvers to re-
duce speed and altitude from the high residual
values at the end of cruise would require the
development and installation of complex auto-
matic equipment,

It is concluded that from the viewpoint of
an opsrational system the advantages justify the
use of a manned system,

B. AERODYNAMICS
1. General provide the best indication of the characteris-

The basic intent of this effort has been to
determine the areas in thefield of aerodynamics
which must be considered in the design and
development of a very high-speed and high-
altitude aircraft, In addition to ascertainingthe
extent of specific problems in these areas, the
effort also included a review, improvement, and
extension of the initial methods of analysis to
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ticse of this weapon system consistent with the
most advanced state-of-the-art., The aero-
dynamic studies are reported in detail in
Reference 6.

The areas investigated during this study
included atmospheric characteristics, giide per-
formance parameters, flight mechanics, the
general field of aerodynamic “eating, stability
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and control, stage separation, and bomb trajec-
tories.

In order to plan the study in these basic
areas and hold the investigation to applicable
conditions, it was necessary to define the {light
conditions encountered by this weapon system.
Figure 6 shows the altitude-velocity relation-
ships for the boost-glide type of path as deter-
mined from the present study. Although this
path may be modified by future optimization, it
is adequate for the purpose intended.

Also shown in Figure 6 are the aero-
dynamic flight limits of control, lift, and heating.
The control limit corresponds to a dynamic
pressure of 10 pounds per square foot, This
value of dynamic pressure has been suggested
as the lower limit which still permits the use of
aerodynamic-type controls. The lift limit is
for a low static wing loading of 10 pounds per
square foot and a hypersonic lift coefficient of
0.20. This is indicative of the upper altitude
limit for level flight. The effect of centrifugal
force resulting from flying a circular pathabout
the center of the earth is included. It should be
noted that the lift limit loses its significance
as satellite velocity is approached because the
effective gravity is becoming gero. The heating
curve 1s for an 1800°F skin temperature two
feet {from the leading edge of the wing, and
approximates the temperature problem with
respect to the flight path. The shaded area
shows the region of flight possible with respect
to these limits.

In many of the aerodynamic investigations
for the present study it was necessary tohave a
fairly specific configuration to evaluate. Since
the study did not require development of better or
optimized shapes, the configuration presentedin
the initial work was retained (Figure 1), The
majority of the aerodynamic studies have been
concerned with the hypersonic flight of the
bomber i.e., the glide airplane. In the initial
layout of the bomber, major consideration was
given 1o obtaining good glide performance, since
the aystem performance potentialities were cf
greatest interest at that time, and leas attentio:
was givento stability and control. The configura-
tion may not represent the {inal configuratio.,
but it was considered to be sufficlently realistic
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and typical of the class of vehicles in question
for use iIn the present study. An additional
advantage was that performance re-estimations
could be directly compared with the initial
estimates.

2, Glide Performance (Nonrotating Earth)

A complete re-evaluation of the lift and
drag coefficients and the maximum L/Dcharac-
teriatics ol the aircraft has been made. These
characteristics have been evaluatedat 4 <M< 20
since the major portion of the range (approxi-
mately 97%) is attained between these Mach
numbers.

Shock expansica theories were employed
to predict the local surface pressures and flow
conditions, except in the case of the nose where
the concept of Newtonian flow was also used.
The skin friction drag coefficients were deter-
mined from incompreseible skin friction
formulas modified for compressibility by ref-
erence temperature parameters. Boundary
layer transition was assumed to occur at
2.8 x 108 local stream Reyrolds number through-
out. Altitude and angle of attack were found to
have a large effect on skin friction inthe higher
altitude region.

The performance based on these methods
is shown in Figure 7. The effect of the bomb is
aiso indicated. Except for the lower altitude at
the higher velocities, this performance is sub-
stantially the same as the original estimate,
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The dynamic pressures of the glide flight
of the bombor withand without payload are shown
in Flgure 8. Throughout the {light, these values
indicate the fcasibility of aerodynamic stability
and control. Even at the highest altitudes, the
dynamic pressures z2re of the same orderasfor
present subsonic aircraft. The maximuin indl-
cated airspeed is 318 knots and the minimum is
146 knots.
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Ty 2 values of L/Dy,,, and altitude for the
present estimation and those originally esti-
mated are compared in Figure 8. The L/Dp;o«
curves are very similar to those of the present
analysis although giving a siightly lower
L/Dmax- As a result, the nonrotating earth
glide range for the present calculation does not
differ appreciably from the initial one, The
equilibrium altitude is lower for the new 1calcu-
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lation at the higher speeds. The latter is
partialiy due to the use of the new Rocket Panel*
atmosphere.

A preliminary investigation into the effects
of shock wave-boundary layer interaction onthe
wing L/D has been made, It was found that at
the present equilibrium glide altitude there are
appreciable effects on surface pressures and
skin f{riction, but that the summation of these
effects on L/D produces only small changes
from the no-interaction L/Dp, .. values. Figure
10 presents these resulta, Ig'xshould be noted

*The Upper Atmosphere Rocket Panel, Harvard
College Observatory, Cambridge, Mass.
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Figure 10. Effect of Shock-Wave-Boundary
Layer Interaction on Wing Characteristics

that the differences in pressure result in an
increase in lift, which will, in turn, increasethe
equilibrium altitude somewhat, Since L/Dmax
is a function of aititude, differences in L/Dyay
may result. This effect of increased equilibrium
altitude has not been included in the present
study.

3. Flight Machanics
a. Flight Path

(1) Effects of Earth Rotation on Glide
Range

In order to become more familiar
with the new terms in the linear equations of
motion and to demonstrate the differences in
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glide trajectories typical of the MX-2278 when
great circle courses in various directions about
the rotating earth are taken, several glide
trajectories have been calculated with the aidof
IBM computing equipment. Since earth rotation
effects can be illustrated using conatant aero-
dynamic parameters over the velocity range,
typical constant values of wing loading, lift-drag,
and lift coefficient for maximum iift-drag ratio
were assumed for moat of the calculations.
These values were taken as W/8 = 22,0,
L/D = 4 and CL = 0.08.

For flight about the equator the
calculation of the glide trajectory reduces to a
two-dimensional problem, since for this case
the Coriolis and centrifugal forces act in the
vertical direction. For flight to the east the
Coriolis force adds to centrifugal force, re-
ducing the lift required for any given velocity
and, hence, reducing the drag, thereby increas-
ing the giide range. For flight to the west the
opposite effect occurs and the glide range is
reduced accordingly. The reaults of these
calculations are presented in Figure 11 together
with the glide range which is obtained from the
agsumed parameters when the rotation of the
earth is neglected. For the given assumptions
and for an initial velocity of 22,000 feet per
second relative to the surface of the earth, a
25% increase in range resulta for flight about
the equator to the east, and 15% reduction in
range results for flight tc the west as compared
to the range calculated for a nonrotating earth,

Flight about the poles of = rotating
earth results in a three dimensional problem
since in this case components of the centrifugal
and Coriolis forcea act along both the normal
and lateral axes of the vehicle. For this condi-
tion glide range may be calculated in several
ways. Firat, the flight of the vehicle may be
conducted so that the angle of roll is maintained
at a zero value, For this case it is necessary
to yaw the vehicle in order (o provide the force
required to maintain the great circle polar path,
The disadvantage of this approach is that the
vehicle will most likely be less efficient in gen-
erating aerodynamic forces in yaw than in gen-
erating lift forces; hence, some penalty will be
paid in order to maintain a zeroroll angle great
circle path. Theother alternative for sucha path
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Figure 11. Effect of Earth Rotation on Giide
Range. Equatorial Flight

is to utilize increased lift force toovercomethe
lateral components of the centrifugal and Corio-
lis forces. This procedure will require rolling
the aircraft to some bank angle 5o that the ver-
tical component of lift force will maintain the
deaired glide path while the horizontal component
of 1ift force is employed to maintain the desired
great circle path. Approximate calculations
were made to determine thrse effects for the
former case. The results, shown in Figure 12,
indicate an appreciable effect on range but much
less than the effects on equstorial flight. It is
apparent that flight direction must be considered
when the mission of the weapon system is
planned.

(2) High Altitude Trajectories

In general, the heat transfer {rom
the boundary layer to the adjacent aircraft sur-
face decreases as the local airflow density is
decreased. This effect suggesta that the MX-
2276 temperature problems might be alleviated
to some extent using higher altitude flight paths
than those originaily proposed, There are sev-
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eral ways of achieving these higher altitude
flight paths: (a) by decreasing the wingloading;
(b) by increasing the lift coefficients, or (c) by
{lying a partial lifting path above the original
equilibrium path. Since the wing loading of the
initial configuration is already low (less than 25
pounds per square foot) the second and third
methods were given the most consideration.

Figure 13 presents the effects of
increasing the angle of attack and, hence, the lift
coefficient, and thereby increasing the glide
altitude for agiven velocity. The effects of shock
boundary liayer interaction were not included and
it was assumed that flow on th? upper wing sur-
face continues toexpand withincreasing attitude,
although separation is quite probable. If should
be noted that the lower surfac? temperature i3
not significantly relieved by increasing the alti-

tude through increasing the angle of attack. This
is because the local lower surfcce pressure and
velocity remiin nearly the same throughangle of
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attack variations, since the liftforce requiredto
support the vehicle is essentially constant with
altitude at a given velocity. However, theupper
surface temperature and heating are consider-
abiy reduced.

Increasing the angle of attack from
8° (approximately the angle for maximum L/D)
to 15° yields a relatively small decrease in the
total heating. The reduction in range is shown
by the curves presented in Figure 14 which are
calculated for a constant B°- and 15°-angle of
attack.

The third method of achieving
higher altitude flight, the partial lifting path,
requires that the initial flight path angle be
greater than that for & maximum L/D glide.
Increases in the flight path angle can be easily
attained by programming the ascent path tc the
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at first glance, the partial lift path appears
advantageous. This advantage disappears, how-
ever, when the resuits of the tirajectory calcu-
lations presented in Figure 15 are studied. For
these calculations a nonrotating earth was as-
sumed and the lift coetficient and lift-drag ratio
for an angle of attack of 8° were chosen. The
first 700 seconds of an equilibrium glide and the
trajectory for a final ascent path angle (initial
partial 1ift path angle) of 0.75° are shown. As
would be expected, the initially inciined partial
lift flight path degenerates very quickly into an
oscillation about the equilibrium glide path and
approaches the well known skip trajectory. In
thia respect, the partial lift path possesses the
disadvantages of the skip path wherein highloads,
temperatures, and heat fluxes are encountered
at the bottom of the oscillation.

These methods of achieving higher
altitude will not provide large reductiong in
temperature or heating effects. Another method
which should be the subject of future imvestiga-
tions is discussed in Section IV-F,
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t~soconds

Figure 15. Conﬁparison of Partial Lift and
Glide Trajectories

b. Flight Path Heading Cohtrol

In order to accomplish a given mis-
pion, that is, to deliver the hypersonic vehicle
between two designated points on the surface of
the earth, it is necessary to arrive at a means
by which the vehicle may be guided between the
specified positions. One of the important effects
to be included is the rotation of the earth, which,
in effect, means that a vehicle which is guided
to a specific poliit on the surface of the earth
is being directed at a target which i8 moving in
spu~e. It may be most convenient tnaccomplish
this navization by conventional means, that is,
for flight between two designated pointstofollow
the connecting path of a great circle onthe sur-
face of the earth.
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In the discussion of flight mechanics it
was indicated that flight about a great circle
which i8 inclined with respect to the earth's
equator results in components of the centrifugal
and Coriolis forces that lie along the lateral
axis of the vehicle. A possible method of coun-
tering these lateral forces lies in roliing the
vehicle to a bank angle wherein the horizontal
component of lift force balances the Coriolis
force component. The {easibility of such apro-
gram depends upon the degree of roll angle and
the amount of lift required, since it must be
remembered that increasing 1ift results in in-
creasing temperatures on the lifting surfaces,
and excessive roll angles may have an adverse
effect upon the navigation equipment. Calcula-
tions show that the maximum roll angle required
to fly a great circle path anywhere on the earth
is 22° at a velocity of 22,000 feet per second.
Figure 16 shows the normal load factor required
for banked great circle flight at the same speed
and altitude.

Of equal interest isthe maneuverability
which can be obtained for various normal load
factors, Figure 17 shows the rate of turnas a
function of the ratio of normal load factor in a
turn to normal load factor for banked great cir-

Report No, D143-945-018

BEL W»w% CORPORATION

30

ve22,000 ft/sec
y=0
A280°

. €,2t90°

0.2 h=200,000 t1

£0.14

010

t10.08

£0.0¢

A€~ RATE OF TURN FROM AN INSTANTANEQUS GREAT CIRCLE-deg/sec

! 2 3 4 L 8

%’l =RATIO OF NORMAL LOAD FACTORS
L}
6C

Figure 17. Rate of Turn from an
Instanianeous Great Circle

cle flight, for flight at the equator, and flight
where the initial iieading is toward the poles.
From these results it is evident that a consid-
erable increase in normal load factor (hence
l1ift) is required to obtain even moderate turning
rates.

4. Acrodynomic Heating

Aerodynamic heatingof the structureat th
hypersonic conditions necessary to achieve the
desired performance poses a problem in this
weapon system. In order to estimate the para-
meters involved, it has been necessary to ex-
tend present methods of analysis beyond the
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speeds and conditions at which any data exist
to substantiate their accuracy. Because of the
high speeds and relatively low decelerations in
glide, i.e., long duration of {light, the bomber
was the object of the most extensive analysis
during this study. The airframe design under
consideration (Section IV-C) utilizes a thin outer
skin which will attain equilibrium conditions very
quickly.

a. Heat Balance

Skin tempseratures and heat transfer to
alrcraft surfaces are determined from a sum-
mation of heat flux both into and away from a
surface. For this application the heat {lux on
the outside is so much greater than any which
may occur on the inside, that this latter can
often be neglected insofar as skin temperature
calculations are concerned. The heat balance
then consists of the fluxes which resuit {rom
convection from the boundary layer to the skin,
radiation from the surrounding environment to
the skin, and radiation from the skin to the
surrounding environment. The condition wherein
heat flux into the surface is baianced by heat
flux out (skin temperature constant) is referred
to as the condition of equilibrium skintempera-
ture,

b. Radiation

Several sources of radiation exist inthe
surrounding environment: the sun, the atmos-
phere, and the boundary layer., The magnitude
of the two former sources is sv small it has
beer. noglected in this analysis. Aninvestigation
of the latter source was conducted during this
study, and results indicate that it has important
effects and should receive further study. How-
ever, sufficient results were not obtained to
inciude this source of radiation inthe heattrans-
fer results described herein,

Radtation from the skintothe surrourd-
ing environment ig highly influenced by emissiv-
ity of the skin. Since the absolute value of this
fact:r was not known, a value of 0.8 was assumed
and tahe effects of varying this value are illus-
trated.
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c. Convection

The convective heat flux into the sur-
face is governed by the compressible heattrans-
fer coefficient. Various solutions fo: obtaining
this coefficient exist and the one selected for
use in this analysis together with the assump-
tions involved is the reference temperature
method reported in detail in Reference 6.

d. Aerodynamic Heating Effects ‘Alt of
the Leading Edge

(1) General

The equilibrium temperatures for
the one foot siation both top and bottom of the
wing during glide flight are given in Figure 18.
These temperatures are based on the flight
plan for the 14,800-pound weight condition (with
bomb). Since the local stream Reynolds number
is below 2.8 x 108 for these stations over the
entire glide path, the results for laminar flow
are shown. The temperature of the bottom sur-
face is highest at burnout and decreases with
time. On the other hand, the temperature of
the upper wing reaches a peak during the glide
about 30 minutes after power shut-off. The
reasons for this are twofold: (a) the angle of
attack decreases which meansthere isasmailer
angle of expansion and(b) the effect of expansion
on the local conditions is relatively lower per
degree at lower Mach numbers.

ONE FQOT CHORD STATION~-WING

LOWER SURFACE

—°n
g

%

1800

: .

& 00 UPPER SURFACE

a

3
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~ 800

9% 10 20 30 40 80 60 70

TIME FROM BOOST—minutas

Figure 18. Equilibriuia Temperature
Time History
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TLBLE i, PARTICULAR FLIGHT CONDITIONS CHOSEN

Mach Velocity Altitude Angle of Attack
Time at Temp. Number (ft/sec) (£t (degrees)
10 20 20,840 198,000 .1
27 16 17,200 172,000 6.8
52 10 10,680 140,000 6.4

A calculation was made tocompare
the temperature on the bottom of the wing at
M = 18 on the 18,800-pound vehicle to the same
point on the 14,600-pound vehiclo (after bomb re-
lease). The temperature was reduced from
i828°F to 1765°F, which is a relatively small
reduction compared to the 22 percent change in
wing loading that occurred. Thia isduein large
part to the fourth power radiation term in the
heat balance equation. It also indicates that a
large change in wing loading will be necessary
to strongly influence the surface temperatures,
If subsequent design shows a larger wing load-
ing 18 necessary, the accomnanying temperature
rise would be small, This reasoning, of course,
applies particularly to the case of radiation
cooling.

In order to give a representative
picture of the equilibrium temperatures on the
vehicie as a wholo over the {light path, profiles
ol equilibrium temperatures at three specific
Mach numbers for the 18,800-pound configura-
tion have been computed. The particular flighi
conditions that were chosen-are giveninTablel.

Figure 19 gives equilibrium tem-
perature profiles on the bottom of the body sad
wing for the thrze flight conditions discussed.
The point of transition is shown in this and
sublisequent figures as being at a local stream
Reynolds number of 2.8 x 108, For the bottom
the transition point is located at 40, 18, ard 9
feet for Mach numbers 20, 16, and 10, respec-
dvely. I the transition were dzlayed to Re =
10 x 108, it would materially reduce the heating
proolem as shown by the extension of the laminar
cirves beyond transition. In particular it would
move the transition point back sothat the bottom
of the body would be completely laminar at
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= 20, laminar back to 64 {eet at M = 16, and
32 feet at M = 10. The effect of the steep tem-
perature gradient on the heat flux in the region
of laminar flow has been examined and in gen-
eral was found to be small.

The abrupt temperature rise shown
at transition will not actually occur. Transition
requires a finite length so that the increase
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=== TRANSITION
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Figure 18. Equilibrium Temperature at
Bottom of Body and Wing
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should occur over an extended regicn. However,
there is insufficient information available to
define this region and its actual profile.

it should be noted that the maximum
temperature experienced over the bottom of the
body and wing is below 1800°F except for the
first two feet. Inthe regionof turbulence 1700°F
is 4 representative average temperature at the
higher speeds. .

In order to illustrate the combined
effects of varying body length, emissivity, and
angle of attack, Figures 20 and 21 are presented
for laminar and turbulent flow, respectively,
One particular flight condition at Mach number
20 was chosen for this representation. The
effect of body length has been noted previously.
The importance of the coefficient of emmissivity
of the aircraft surfaces is demonstrated. The
selection of surface finish for the glide vehicle
merits careful appraisal with redpect to emis-
sivity.

Angle of attack is a particular
significant parameter showing a variation of
approximately 100°F per degree axgle of attack
for laminar flow. For tubulent fiow this varia-
tion is about 150°F, Inlightof thig, it is evident
that maneuvers requiring additional angles of
attack and control deflection may increase the
heating loads on the surfaces. It is apparent
that pull-up and turns would be temperature-
limited rather than "g'"-limited, e.g., at the
beginning of glide flight the aerodynamic lift
provides one-third of the lifting force; there-
fore, in order to provide a one ''g" maneuver,
large angles of attack would be required.

3000
ALTITUDE -
£ 2500 o 198,000 ft
w 09
S 2000 9 '°
-
<
. 4
; 1500 ‘g
v,
¥ 1000 2
“'ﬁ LENGTH-fenre
500

igure 20. Equilibrium Temperature at Mach 20
for Laminar Fiow
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(2) Effect of Shock-Boundary Layer
Interaction on Equilibrium Tem-
perature

The interaction of the shock wave
and boundary layer has been demonstrated ex-
perimentally at hypersonic speeds. This in-
teraction is greatest at the nose or leading
edge, and decreases downstream. The mag-
nitude of this interaction and its effect on
equilibrium temperatures has been estimated
from two dimensional analyses for the top and
bottom of the wing aft of the slx-inch station.
On the bottom surface, the equilibrium tem-
perature is increased a negligible amount (less
than 40°F). On the upper surface the effect ia

- much larger; the temperature increases from

1100°F to 1800°F at the six-inchstation at Mach
20. At lower Mach numbers and greater dis-
tances aft, the shock-boundary layer interaction
effect 18 reduced. Thus, within the limitations
of the present flight path, it may be concluded
that the effect of shock wave-boundary layer
interaction must be included on the upper sur-
face at the higher Mach numbers.

e. Leading Edge Heating

Temperatures and heat fluxes in the
stagnation areas of leading edges and nose
have been estimated for two conditions on the
fiight path presented inthe performance section,
These are shown in Table II. The estimations
are based on an extension cf the theory for a
cylindrical leading edge normal to the flow and
the theory for a hemiapherical nose. The
theories are for dincompressible flow; it is

ALTITUDE -198,000 ft

3000
2800
2000
1800

1000

TEMPERATURE ~°F

30 & 70
LENGTH-feat

Equilibrium Temperature at Mach 20
for Turbulent Flow

500
Figure 21.
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TABLE II STAGNATION POINT CONDITIONS

Assumptions:

1) No Dissociation
2) Emissivity = 0.8

Equilibrium Wall Temperatures

FLIGHT POINT
Model h = 214,000 ft, M = 21.9 h - 172,0001t, M - 16
1/2-inch Sphere 81268°R 5828°R
2-inch Sphere 5237°R 5008°R
1/2-inch Cylinder 5927°R 5843°R
2-inch Cylinder 6064°R 4845°R
- -
Heat Flux Through Surface: (BTU/sq ft-sec)
h = 214,000 ft, M = 21.9 h = 172,000 ft, M = 18
Model Wall Wall Wall Wall
Temp. = 1500°R | Temp. = 3000°R |Temp. = 1500°R | Temp. = 3000°R
1/2-inch Sphere 720.8 628.6 867.2 550.7
2-inch Sphere 369.3 298.8 327.6 259.8
t/2-inch Cylinder 621.4 538.0 566.7 470.8
2-inch Cylinder 309.7 263.4 282.3 219.8

assumed that they apply to the subsonic flows
behind the normal shock waves at the leading
edge and nose stagnation areas. Dissociation
effects have not been included, though the air
temperatures behind the shock are sufficient to
produce some dissociation. At the presenttime
the dissociation properties of air are not known
well enough to predict quantitatively the effect
of dissociation. However, it is thought thatdis-
sociation will not increase the temperatures
shown.

The equilibrium temperatures indicate
the necessity for either a very high tempera-
ture material or eise cooling. It is of interest
to note that the smaller radii shapes produce the
higher temperatures. It should be remembered
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that the temperatures and heat fluxes shownare
only for areas near the stagnation points. The-
ories have been developed which predict a re-
duction in heat transfer coefficient from the
stagnation point to the 90° shoulder on spheres
or cylinders. This result has been substantiated
to some extent by tests.

The temperatures and heat fluxes in
Table II are given for an unswept leading edge.
In tests at M & 7 (unpubligshed)the NACA has
found that the heat transfer to the front half of
a cylinder is reduced by sweepback at a rate
approximately equal to the cosine of the sweep
angle, Since the relation between leading edge
length and sweep is inversely proportional to
the cosine of the sweep angle the total heat input
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is not reduced by sweep as is the local heating.
Thus, it appears that, if the leading edge is
to be cooled entirely by an internal coolant,
sweepback in terms of neceasary coolant is not
a prime consideration. However, if significant
radiation cooling is present, for a givonsurface
temperature the total radiation wiil increase
directly as the leading edge area increases with
sweep resulting in a definite over-all gain
from sweepback.

f. Transpiration Cooling

For the higher glide velocity conditions
the temperatures for the first several feat of
surface thay require cooling. Transpiration
cooling has been studied as a means of accom-
plishing this. In this method of coolinga coolant
gas is passed through a porous outer skin into
the boundary layer where it modifies the bound-
ary layer flow profiles such that the heattrans-
fer to the surface i8 reduced. Theeffectiveness
of this method of cooling has baen provenin low
speed tests, but quantitative experimental infor-
mation at hypersonic speeds is lacking.

A transpiration cooling theory has been
developed in the present study and is discussed
in detail in Reference 6. The theory appiles
to a laminar boundary layer which is most
pertinent to the present case since transpira-
tion cooling will most probably be confined to
the areas near the leading edges where the
{low is expected to be laminar., It is probable
that the injection of the relatively small amounts
of coolant into the boundary layer will not
destabilize the laminar flow. In the strict
sense alr must be used as the coolant because
the theory is based on homogenous boundary
layer considerations for which the coolant and
boundary layer {lows must be of the same gas.
It is believed that a dissimilar coolant can be
handled with sufficient accuracy through a sim-
ple extension of the present theory, however.

To evaluate the merit of transpiration
cooling, thequantitiesof air injection neceasary
to cool the first foot and the first 10 feet of the
lower surface (though not the leading edge
radius itself) have been estimated for the
Stage III (18,000 pounds) glide conditions. The
average coolant flow per square foot for these
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Figure 22, Average Coolant Flow vs Time for
Transpiration Cooling of Wing Lower Surface
to 1600°R

conditions is shown in Figure 22. The total
quantities of cociant air necessary are found
to be 6.68 and 20.82 nounds per square foot
of surface cooled for the ten and one foot sur-
face length, respectively. Thus, for example,
to cool the first foot of the approximately 40-
foot span of the third stage, 1230 pounds of cool-
ant alr would be required.

There is coneiderable promise of tur-
ther reduction in the coolant rate from the
value quoted through use of better coolants
than air. Water may be much better because
it adds a high heat of vaporization to the pro-
cess. It is believed its use would at least
halve the previously mentioned coolant require-
ment, It is concluded that trangpiration cool-
ing definitely merits further development. The
effects of shock-boundary layer interaction and
slip - flow, which may both be strong near the
leading edge, are not accounted for in the pres-
ent theory and should be included in {uwure
studies.

5. Stability and Control

a. General

A hypersonic vehicle of the MX-2276
type must be controllable and have acceptable
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Figure 23. Pitching Moment Coefficient vs
Mach Number and Angle of Attack

handling characteristics throughout the regime
it encounters-~from the ascent, with separation
of various stages, to the peak of the hypersonic
glide, during the glide at hypersonic and super-
sonic flight velocities and for the low-speed
landihg conditions, The stability and control
characteristics of aircraft up to low super-
sonic speeds are presently understood to a
reasonable degree. The design in this regime

should encounter no fundamental lack in methods -

of analysis. In the hypersonic flight regime,
however, new conditions are encountered which
require a review of present methods, The
equations which goverrn the motion of the vehicle
include new terms which are significant due to
the highvelocities which are expected--this re

quires a complete reanalysis of the methods

which are presently employed to investigate the
dynamic stability, Free (light test vehicles are
presently approaching the flight regimes of the
MX-22768 and will be able to furnish empirical
data. Approximate theoretical flow models may
be cmployed to obtain theoretical estimates.

b. Static Stability

Some preliminary estimates of the
aerodynamic static longitudinal stability of the
third stage have been made. The pitching mo-
ment coefficient variailcn with Mach number
and angle of attack is p.esented in Figure 23,
It is of interest to note that the principal vari-
ations 1n moment coefficient occur 1n the region
M = 4toM = 8 and thatabove M - 8only slight

Report No, D143-945-018

- — B E LI{/H‘&I@# CORPORATION

36

variations in moment coefficient occur with Mach
number at a given angle of attack.

On the basis of these preliminary in-
vestigations, it appears that no undue difficulty
will be encountered in obtaining static longi-
tudinal stability in hypersonic flight with proper
location of the center of gravity of the airframe.
The problem of matching the requirements for
stability at hypersonic velocities with those at
lower fiight speeds has not been considered as
yet and will require further studies. In addi-
tion, the method used to obtain the moment
characteristics of the airframe has neglected
the effects of shock-boundary layer interaction
on the distribution of forces and moments. A
preliminary evaluation of interaction indicates
that an appre.ianle effect may result and should
receive further consideration.

c. Controil urfaces

The moment characteristics of several
control surfaces have been studied briefly tode-
termine the feasibility of using aerodynamic con-
trol in hypersonic flight. Several types of con-
trols of equal surface areahave been considered
to determine the relative merits of each. These
are: (1) a slab-type trailing edge (constant
chordwise thickness) control shown onthe pres-
ent configuration, (2) a moveatle tip control
which is a portion of the outboard section of the
present wing, and (3) a tralling edge wedge
control formed by making a wedge of the outer
wing from the 50% chord back, with upper and
lower wedge angles equal to the wedge angle
of the present wing.

The effectiveness of these control sur-
faces has been determined from inviscid two-
dimensional shock or expansion theory. A
comparison of the variation of pitching moment
coefficient with control surface deflection is
shown for all three types of controls at Mach
number 20 in Figure 24.

A preliminary investigation indicates
that increasing control deflection for trim re-
sults generally in a reduction in maximum lift-
drag ratio. This will result in a reducticn of
the range calculated for zero control deflection
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and, since the angle of attack for a given lift
coefficient i» somewhat higher with control de-
{lections than with no control deflection, an in-
crease in the heat transfer.

It i1s appareat therefore, that selection
of a control surface will result from a number
of compromises which would be ¢valuated in a
design study. The present results indicate that
sufficlent control effectiveness is available at
hypersonic velocities to make aerodynamic con-
trol feasible without large aerodynamic losses,

d. Shock Boundary Layer Interactfon

The preliminary evaluation of static
«tability and control at hypersonic flight veloc-
ities has been made using aerodynamic para-
meters which were determined from inviscid
fluid flow theory. As previously noted, the hy-
personic {light path of the MX-2276 enters
reglons wherein the effects of fluid viscosity
hecome increasingly important in determining
the aerodynamic pressure forces which act on
a moving body. Fluid flow thecries which neg-
lect these effects may be expected to give only
approximate estimates of these forces. A pre-
Uminary theory which considers the case of the
two-dimensional flat plate at an angle of attack
in viscous flow including shock boundary layer
interaction has been developed and is presented
in Reference 6. With this theory, asample cal-
culation -has been made for simple semiwedge
airfoii section with a chord length equal to the
mean aerodynamic ciord of the MX-2278 oute.
wing, at M = 20, at an angle of attacscf #°, and
an altitude of 200,000 feet.

For this two-dimensional analysis the
effects of shock-boundary layer interaction in-
crease the moment coefficigfit by 13 percent
and the left by 168 percent. The effects on three-
dimensional shapes esuch as bodies and wings
are as yet undefined.

6. Separation

As shown in Figure 1, the initial con-
figuration uses three stages of boost. The first
and second stage boosters and the bombar are
assembled adjacent to one another in a parallel
arrangement, The first and second stage
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boosters separate and drop away as their fuel
loads are expended and the final stage then
accelerates to the initial glide conditions. The
aerodynamics of these separations was con-
sidered in a qualitative manner but no definite
conclusions; can be drawn. It is recommended
that during the preliminary design of the sys-
tem, booster-vehicle combinations be put into
aercdynamic test as soon as possible since this
is the only way of evaluating such effeéts in a
quantitative manner,

7. Tandem Staging

While in the original concept the stages
are arranged in parallel, the feasibility of tan-
dem staging should not be excluded from future
design considerations. Some of the relative
advantages of the two arrangements are as
follows:

a. Handling - The parallel arrangement
is apparently easler to erect, combine
the stages, and service before launch.

b. Stability - When the final stage is
winged, it is easier to make the paral-

lel configuration aerodynamically sta- -

bie. It is more difficult to arrange the
thrust axes of the rocket motors of
parallel stages to pass through the
over-all center of gravity.

¢. Conlocl - vontrol motors would gen-
erally have longer moment arms, and
thus be more effective, for the tandem
casa,
d. Performance - A tandem configura-
tion will probably have less aerody-
namic drag. The parallel arrangement
aliows simultaneous burning of motors
from several stages and reducesover-
all powerplant weight,

Aerodynamic Heating - The tandem
stages can be arranged so that the
final stage forms the nose of the com-
plete configuration thus producing
thicker boundary layers on the aft
stages and generally lens heating.

id
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Figure 25. Bomb Zero Lift Trajectories

f. Separation - The parallel configura-
tion is subject to high interaction
forces, large local loads, and the pos-
sibility of collson of stages. Tandem
separation 1s essentially instantaneous,
there 18 no aerodynamic interaction on
the boosted stage fron. the booster;
however, experience has shown that
even the tandem separation may give
large angularaccelerations to the
bousted stage.

B. Bomb Trajectories

A preliminary analysis of the zero lift
trajectory of the MX-2276 homb has been made
for two release conditions to illustrate the
mechanics of the bomb drop. Trajectories were
calculated for initial velocities of 22,000 and
13,000 feet per second, and corresponding
initial altitudes of 258,000 and 158,000 feet,
respectively. The effects of earth rotation
were neglected. A range of drag coefficients
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for the bomb was used, and it was assumed that
drag coefficient was constant over the range of
flight velocity. Figure 26 presents the impact
veiocity, and the time and range interval between
th: time at whicii the carrier passes over the
target and the time at which bomb impact oc-
curs, It is apparent from these results that the
design of the bomh will require a compromise
between the desired impact velocity and the time
=nd range interval. Figure 28 presents the l'ne
of sight angle from the carrier to thebomb as a
function of time {rom ths drup point for two
assumed drag cosfficientc.

9. Test Facilities

As & part of this study program a pre-
liminary survey was conducted of the test
facilities, where the problems associated with
the design and development of such a hyper-
sonic vehicle could be investigated.

Facilities available, under development,
and planned were included in this survey. A
summary of these facilities and a general dis-
cussion of their usefulness and limitations is
contained in Reference 6. Figure 27 is a bar
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Figure 27. Approximate Mach Number Coverage
at Present Test Facilities

graph showing the range of Mach numbers in
which the various types of facilities will be
useful, It can be generally stated that consid-
erable progress has been made in the develop-
ment of facilities for tesling and evaluating the
effects of very high-speed and high-altitude
flight. The NACA has flown PARD models at
1 Mach number of 10 and are now devising
means of increasing this speed. A hypersonic
test vehicle (HTV) has been developed and
flown to provide information in the Mach num-
ber range of 10 to 15. The summary of facili-
ties indicates that at the present time there are
13 facilitics capable of testing to a Mach num-
ber of 10 and 7 facilities which can test at
Mach numbers from 10 to 20.

10. Applied Research

Applied Research is concerned with the
existence and accuracy of methods for analyz-
ing the force and heat toads towhichthe bomber
will be subjected and with the major flow prob-
lems which need be solved in order to provide
an adequate set of methods of analysis. One of
the primary aims was to point out the "new"
or "unconventional phenomena of hypersonic
flight wineh are not apparent or do not occur
at ordinary supersonic speeds and to provide
means for assessing their importance. This
work is presented in detail in Reference 8.
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a. Flow Hegion

One approach cenlered about a critical
investigation of the foundations of the basic
concepts of hypersonic flow theory in an effort
to inrdicate the nature and types of flow patternas
which could be expected to result from hyper-
sonic velocities. It was desired to determine
both the physical problems and the basic flow
equations which could adequately and consist-
ently describe these hypersonic flow problems.
To this end, an analysis of the {low about a flat
plate flying in the range of speeds and altitudes
corresponding to the flight plan was made de-
lineating the nature and the extent of the various
flow regions. In attempting to build up an over-
all pteture of the various flow regions, however,
details of the flow about a plate for various
Mach number-Reynolds number combinations
are required, and since there are very few
experiments in the high Machnumber, iow Rey-
nolds number range of interest, these details
must at present be supplied by theory. In
particular, it was apparent that the boundary
layer slip and shock-boundary layer interaction
phenomena could be appreciable in parts of the
Mach number-Reynolds number range of in-
terest,

b. Shock Boundary Layer Interaction

A survey was made of the various
shock-boundary layer interaction theories in
order to compile and correlate the information
on this phenomenon for use in building up a
picture of the various flow regions and for pre-
dicting the pressure, shear, and heating para-
meters on a body in hypersonic flight. There
were, however, several different theories pre-
dicting different results for some cases of
shock-boundary layer interaction, while other
cases of interest, e.g., the expansion side of a
plate at angle of attack, had not been considered
at all. It was necessary, therefore, to go into
the shock interaction theory in some detail in
order to evaluate these theories. As a result,
some Improvements were made on existing
theory, (flat plate, zero angle) and new theory
and numerical results were obtained for the
cases of interaction on a flat plate at positive
and negative angles of attack. The increases
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in pressure and skin friction coefficient due to
shock interaction for all cases canbe correlated
in a general but stmple and convenient form.

c¢. High Temperature Phenomena

Another line of approach followed in
this study was to make probing investigations
into the nature and magnitude of "new' effects
arising from the high temperatures which would
be realized in the boundary layer and behind
strong shocks in hypersonic flight. To thisend,
studies were made of the emissivity of air
(which governs radiative heat traasfer), of the
elfect of dissociation of the air on convective
heat transfer, and of such gas effects on shock
flow relations. In these cases, detarmination
of even the order of magnitude of an effect in-
volved detailed investigations.

In considering whether or not the in-
tensely hot air in the boundary layer radiates
an appreciable amount of heat to the adjacent
structure, the first step is to estimate the
emissivity of air at temperatures of the order
of 10,000°R and low densities, The estimates
obtained from air analysis based onthe quantum
mechanical aspects of kinetic theory show that
the order of magnitude of the emissivity of air
at the temperatures under conaideration is
sufficiently high so that radiative heat transfer
appears to be an important factor. It remains,
however, to solve the flow equations in the
boundary layer, including a radiative heat trans-
fer term, in order to determine the exact way
in which radiation will qualitatively and quan-
titatively affect the over-all heat transfer pic-
ture. A prerequisite to such a detailed study
is a precise knowledge of the emissivity as
a function of wave length, pressure, and tem-
perature. A theory has been developed to com-
pute this quantity; it was not, however, possible
in this study to carry out the detailed numerical
calculations.

Some brief thoughts and remarks onthe
calculation of the transport properties of dis-
saclatea gases are given and an investigation of
the effects of assumed equilibrium dissociation
of atr on the boundary layer characleristics is
reported. The results of the latter study show
that skin friction and heat transfer are essen-
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tially unaffected by dissociation so long as both
the stream and body temperatures are below
dissociation values. It appears that a similar
result holds in the stagnation region of a blunt-
nosed body.

A recently completed program (at Bell
Atrvcraft Corporation) to compute basic tables of
flow parameters for both shock flow and isen-
tropic flow, incorporating real gas effects up
to dissoclation temperatures, is discussed.
Since the gas flow tables are basic to any nu-
merical analysis of the flow, it was important
to determine how the actual behavior of air at
high temperatures differs from that described
by the standard ideal gas tables, and thus the
real gas flow tables were needed as a standard
ccmparigon. A numerical comparisonattypical
flow conditions of interest was made. It is of
particular interest to thz performance and
viscous heating analysis that real gas effects
on the flow adjacent to surfaces at reasonably
low angles of attack, e.g., the Stage I lower
surfaces, are small.

d. Transpiration Cooling

A survey and evaluation of the existing
theoretical and experimental literature on the
aerodynamic aspects of transpiration cooling
was made seeking a basis for the calculation
of coolant: requirements. Practically all of the
theoretical studies examined were restricted to
supersoniz tiow at low Mach number, generaliy
less than 3. Hence, it was deemed recessary
to develop new solutions to the equations of the
compressible laminar boundary layer ircluding
the effects of transpiration cooling for Mach
numbers up to 20, and to carry out the calcu-
lations for the Mach number and altitude range
of interest. As the end result, an approximate
theoretical method was developed for computing
the rate of mass flow injection of coolant re-
quired to keep a surface at a given (arbitrary)
temperature under given initial free Stream
conditions.

The theory applies to a laminar bound-
ary layer which is most pertinent to the present
case since transpiration cooling will must prob-
ably be confined to the areas near the leading
edges where the flow is expecled to be laminar.
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It is probable that the injection of the relatively
small amounts of coolant into the boundary layer
will not destabilize the laminar flow, In the
ptrict sense, air muat be used as the coolant
because the theory is based on homogenous
boundary layer considerations for which the
coolant and beundary layer flows must be of
the same gas. but it is believed that a dis-
gsimilar coolant can be handied with sufficient
accuracy through a siinple extension of the
present theory. A set of exemplary design
charts were calculated using air as the coolant.

e. Hypersonic Inviacid Flow Theory

The detailed investigation of shock-
interaction theory led to a thorough study of
hypersonic inviscid flow theory, since results
of the iatter have an important influence on the
results of interaction theory based on the two-
layer model, Furthermore, the so-called "New-
tonian flow'" approzimation of inviscid hyper-
sonic flow i8 an important practical method for
determining pressure distributions on a body
where viscous effects do not predominate, and,
hence, the applicability and lUmits of this ap-
proximation were given consideration. Some
contributions to an understandingof an improve-
ment in accuracy of the approximate hypersonic
inviscid theory were made.

f. Boundary Layer Transition

In any practical computation of fric-
tion drag or aerodynamic heating, the state of
the boundary layer must first be agsumed, i.e.,
a knowledge of the transition point is required.
Unfostunately, the present state of reliable
knowledge on this subject leaves much to be
desired. The effect and the importance of the
many variables which could effect transition
and the mechanism of transition itsel is not
yvet understood; hence, the assumptions of theory
are incomplete and experiments are not fully
controlled. The best that can be done at the
present time is to assume a transition Reynolds
number based on the trends exhibited by avail-
able wind tunnel and flight test data. In the
original work and the preseat study a transition
Reynolds number of 2.8 x 108 at ali Mach num-
bers was assumed, This appears to have been
conservatively low judging from the trends ex-
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Figure 28. Flight Regions

hibited by the test data available, and from
discussions with several experimenters during
our visits to other research agencies.

Based on the preceding work, Figure
28 iliuatrates some of the flow phenomena which
must be considered. The flight path is shown
superimposed on a plot of boundary layer inter-
action and slip flow boundaries of fluid flow as
they apply to a point one foot from the leading
edge of a flat plate. In addition, hypersonic
flight, through shock waves or viscous forces,
produces air flow temperatures sufficiently high
to cause deviations from normal air properties,
i.e., real gas effects, and in certain areas also
dissociation of the air. A curve showing where
approximately 5 percent equilibrium dis-
sociation could occur in the boundary layer
is aiso shown,
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STRUCTURES

1. General

The problems of structural design for the
MX-22768 weapon system are complicated by the
high temperatures encountered during hyper-
sonic flight. It was found during the analysis
that the structure could be divided into two

separate types:

a. Primary structure - This is the struc-
ture which carries the loads and comprises
approximately 76 percent of the structuval
weight. It i3 subjected to moderate heat fluxes
and, if no coolng is provided, maximum tem-
peratures wilt not exceed 1700*F, Its weight is
very critical.

b. Secondary structure - Thia 1is the
lightly loaded structure for such areas as lead-
ing edges, fuselage nose, and controi surfaces.
In these areas localized equilibrium tempera-

bility is the prime atructural consideration.

In this section materials, structural con-

figurations, insulating methods, and cocling °

methods have been evaluated for both types of
structure. The results of preliminary tests of
several cooling schemes are also included.
Reference 7 reports the structural work in

detail.
2. Criteria and Loads

The criteria and loade effort has been
directed towards two goals:

(1} Exploration and definition by cri-
teria of the new environment and flight forces
to be encountered.
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(2) Presentation of sufficient load con-
ditions to provide an indication of configurations
yielding minimum loads for use in future
studies.

a. Structural Environment

The {light path originaily estimatedfor
this weapon system is shown in Figure 9. While
the high altitude atmospheric properties have
been estabiished, knowledge of upper atmosphere
disturbances is still limited. Gusts at moderate
altitudes (0 - 50,000 feet) are well defined by
current specifications. However, above these
altitudes, they are not yet defined. Winds may
produce the same effects as gusts when there
are wind velocity and direction differences in
strata through which the vehicle passes at high
velocities, Using wind data and extending con-
ditions already specified, criteria for high alti-
tude gusts have been established. The gust
velocities at higher altitudes are reduced by the
ratia of o '/a at the altitude under considera-
tion to o.Y2 at 35,000 feet. Such a procedure
results in a 10-foot per second equivaient gust
at 105,005 feet. Current investigations have not
shown equivalent gusts or winds of greater mag-
nitude at altitudes over 100,000 feet, so there-
fore the 10-foot per second gust velocity is
retained to 280,000 feet. Using these criteria,
methods of performing gust calculations have
been adapted for use with this airplane,

b. Flight Loads

The effccts of both centrifugal and
Coriolis accelerations have been considered,
methods for computing them developed, and the
magnitudes computed. Criteria such as MIL-S-
5700, MIL-S8-8629 usually define the load factors
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to which an aircraft will be designed. This is
done graphically by a''V-r''dlagram for eachde-
sign altitude. It is ncijpossible tocategorize the
MX-2276 aircraft in this manner because of its
advanced design. Therefore, anewdiagram was
evolved to replace the conventional V-ndiagram
usually associated with structural flight loads
work. Based upon the sequential arrangement of
load conditions the "t-n' diagram (tirae versus
load factor) was chosen as the most descriptive of
the load environmeni. Thia type of diagram, to-
gether with the definitive flight path of this
weapon system, permits a comprehansive pic-
ture of the luad environment to be presented on
a single chart including the wide range of alti-
tude and speeds encountered,

The principal parameters influencing
load factors during powared flight are;

(1) Decreasirg weight due to fuelcon-
sumption and stage separation.

(2) Licreasing axial acceleration and
velocity because of weight decrease with ap-
proximately constant thrust,

(3) Travel through the ""gusty' portjon
of the atmosphere (h = 0 to 100,000 feet).

(4) Decreasing dynamic pressure over
100,000 feet and hence decreasing capability of
realizing large aerodynamic toads.

() Low transverse flight path accel-
erations until the latter part of Stage III flight.

Preliminary estimates of the design
load factors have been established and are pre-
sented in their proper relations in Figures 28
and 30 for powered flight and for glide flight.

Throughout the powered flight the vary-
ing weight causes large changes in axial accel-
erations. Figure 31 shows the rapidincreasein
axial acceleration as fuel is consumed, and the
abrupt change at stage separation where a lesser
thrust is initiated tor the reduced size vehicle.

‘The probable magnitudeof the transient
dynamic maneuver load factors which can be
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tolerated while maintaining the flight path are
iisted below,

Angular
Translational Acceleratlozn
Aircraft Axis Load Factors | Radian/sec
Longitudinal 0. lnx +1.0
Lateral 0.6 +1.2 6
Vertieal O.ZnN 21.0

These factors must be small if the
desired flight path is to be realized with the fuel
available. The vertical factors are especially
important in this respect and have been limited
upun this basis. The lateral and longitudinal
factors are not as critical and have been selec-
ted upon the basis of past experience.

)

¢. Landing Conditions

I.anding conditions, although of secon-
dary interest in the study program, have been
given some consideration. This consideration
has centered around the initial configuration.
Since stowage space and weight are prime con-

- siderations for the landing gear, the configura-

tion limitations are considered first. The thin
but deeply ingulated wing precludes any gear or
outrigger installations outside the fuselage,
With space at a premium inside the fuselage

“and possible internal temperatures over 250°F,

some form of flat retraciabls stacl skid ismost
appropriate. Omission of any outriggers neces-
ritates a side-by-side gear for stability. The
aft center of gravity location and a wide 1ear
body is suitable for such an arrangement.

Stability during a high-speed, nose-
down landing requires a nose wheel rather than
a skid. If weight and size of the noes gear are
to be a minimum and the forward fuselage de-
signed by flight loads only, the nose gear loads
must be severely limited. This means a low
attitude (high-speed) landing, a very efficient
oleo strut, and a cg as close as possible to the
aft or maln gear. Rapid decelerations when the
main skids touch down, cause hard nose gear
impacts which can be reduced withthe preced ..g
precautions.
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In addition to these limitations, a very
important landing load parameter, tne descent
velovity, must be selected on the basis of wing
area, landing speed, and lift efficliency of the
wing. A limit descent velocity of the order of
B feet per second as specified for heavy bom-
bardment aircraft is appropriate. Wing design
requirements for the long high-speed glide path
necessitates. a wing design that will afford a
reasonably low wing loading of about 30 pounds
per square foot. With this wing loading, it s
reasonable to cxpeet an 8-foot per second des-
cont velocity can be reahized, particularly for
high- speed Eindimgs.

Revart No, DEG-915-018

15

d. Ground Support

Ground handling equipment for the
transport, erection, and aesembly of the flight
articles and for fueling ano servicing the as-
sembled flight vehicles, have been considered.
The basic philosophy used requires that no
ground handling condition should result in a
structural weight increase in the flight article.
In order to make the ground handling loads com-
patible with flight loads, transverse loads must
be distributed over the airframe structure and
axial reaction must be concentrated at the

rocket engine gimbals,
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Longitudinal loads pose the most cri-
tical ground handiing condition for the assem-
bied and erected vehicle. The ground reactions
must support the empty or lopded aircraft
either at the rocket gimbals or on somne adja-
cent structure. In addition to extending around
the rocket engines such a ground support must
pull clear of the engines at take-off and with-
stand the {ull rocket blast for a raatter of i0
seconds while under load. By adding weight in
the form of bullt-in suppourt structure extending
to the outside of the body this high temperature
condition can be relieved.

3. Structural Materials

Early in the study a survey of structural
materizals was made with the following objec-
tives.

a. To select materials suitable for the
various elements of the air{rame, considering
the type of construction under investigation and
the associated temperature levels or heatfluxes,
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b. To compare material efficiencies over
a range of temperatures andunder various load-
ing conditions so that relative weights of ele-
vated temperature structures could be investi~
gated.

c¢. To gather de:ailed mechanical and
physical properties of the materials selocted
for use, 2o that information is avalluble for the
design studies.
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The materials were divided into twocate-
gories as previously mentioned. For the pri-
mary atructure, eauilibrium temperatures will
not exceed 1700°F, which is approximately the
upper limit of presently available metallic
materials, Since any degree of insulation or
cooling may be applied to the primary structure,
ite operating temperatures may be established
at any value below 1700°F, whichever leads to
minimum weights. Thus, it was necessary to
consider, for the primary structure, all mate-
rials which will operate below 1700°F and this
include: all available structural materials ex-
cept the ceramics and cermets. - The term
ceramic is intended hero to include not only
true ceramics, which are basically oxides, but
also the nitrides, carbides, etc.

For the secondary structure, such as lead-
ing edges, fuseiage nose, and control surfaces,
equilibrium temperatures in some localized
areas go as high as 5000-8000°F. It 18 obvious
that such aveas must be cooled, but because
flight times are long ( 70 to 80 minutes), it can
be expected that ""passive' structures, in which
no attempt i8 made to protect it from the heat,
would be lighter than a continuous supply of
expendable coolant. Thus, for the design of
secondary structures, all of the "newer' mate-
rials, the ceramics, graphite, and molybdenum
were considered, and some thought was given
to the potential of such materials as tungsten,
beryllium, and even some of the precious met-
als,such as platinum,

The results of the survey are presentedin
Reference 7, where they have been discussed and
are summarized in a series of tables. Detailed
properties are presented for Inconel X and
Haynesa Alloy No. 25 whicharethe high-tempera-
ture alloys solected for potential use in the third
stage airframe. Figure 32, which iilustrateathe
tensile propertiee of Inconel X as a function of
temperatures, is presented to show a typical
variation of structural properties withtempera-
ture.

4. Heat Pratection
Section 1V -B-4 contains abrief discussion

of the heat balance on the outer surface of the
airframe. In that cection it is stated that the
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heat transfer to the inside of the airframe may
often be neglected insof:r as calculation of
equilibrium skir temperature {8 concerned.
From a structural sianupoint, nowever, ihis
transfer is extremely important. Aa the skin
temperature rises to the equilibrium value, the
temperature of the entire airframe will con-
tinue to approach this equillbrium value unless
insulation or cooling is provided to separate it
from the heat source. '

If cooling is provided, some or all of the
heat entering the structure can be introduced by
various means into the coolant. The coolant may
then be expended overboardor circulated through
a heat exchanger. If aheatexchangeris used, it
can dissipate heat only by radiation since the
hot boundary layer completely surrounds the
airplane. In any case, the sum of radiation heat
lnss and the heat luss through expended coolant
will equal the convactlve heat input., With an
expendable coalant the weight of such coolant can
be minimized by operating the surface at the
temperature limit of the material so that the
maximum heat /3 dissipated by radiation. This
then becomes a compromise, or an optimiza-

-tion, bctween the quentity of coolant and the

efficiency of the structure at high temperature.

Interposing a layer of low conductivity
insulation material between the cooled structure
and the hot boundary layer is a practical means
of controlling the proportions of heat absorbed
by the coolant and that dissipated by radiation.
The se.ection of the proper insulation thickness
introduces another variable into this optimiza-
tion.

The optimization of the heat protection
system may also include the condition where the
heat taken into the structure is so small that it
can be absorbed entirely by the heat capacity of
the structural material. In the work which fol-
lows, such an arrangement is termed an "Insu-
lated Structure' while the combination of {nsula-
tion and coolant described previously is called
an "'Insulated and Cooled Structure'.

The aerodynamic heating effectsarerela-
tively moderate over the major portiorn of the
airframe and especially in the areas of primary
structure, making it practical to consider heat
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Figure 32. Stress-Strain Diagram for Inconel X at Elevited Temperatures

protection, Protection of the primary structure
by insulation, by cooling, or by a combination
thereof results in the conditions that full equili-
brium temperature is never attained by the
primary structure, Advantages that may be ex-
pected from the protection of the primary
structure include:

(1) iteduction of structural temperature
to the point where materials with a useful and
reliable load carrying capacity can be used.

(2) Reduction of structural temperatures
still furthei' to allow the wse of materials of
higher strength-weignt ratio,

(3) E!imination of thermal stresses so
that the most efficient type of internal structure
can be used.

A short summary of the materials, prin-
ciples, and systems used to obtain these advan~
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tages, together with their application to the air-
frame of the bomber follows. Some of these
systems have been developed to the stage of
preliminary testing, and the results of these
tests are included.

Heat protection systems for the hightem-
perature secondary structure have been studied
in a general manner with sufficient numerical
support to indicate arrangements whichdeserve
more detailed study.

a. Insulation and Cooling Materials

(1) Low Conductivity Insulation Mate-
rials

The densities, conductivities,
ugeful temperature ranges, and other pertinent
data for a number of insulating materials have
been collected and preszrted in Table 1II, Vari-
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ation of conductivity with temperature is pre-
sented in Figures 33 and 34, while Figure 35 is
a plot of the products of conductivity and density,
against mean temperature. This latter curve,
therefore, indicates the weight of various mate-
10.3
rials for a required value of thermal resis- 20 6 PCF PCF_ !
tance. Table Il is concernedonly with materials 3 PCF
which show a high efficiency on the basis of 1.6

weight.

It will be noted from tabie III that
insulating materials fall into three broad groups
with respect to the function of insulating struc-
ture:

(a) Relatively hard brick-type
materials capable of forming the cxternal sur-
face of the aircraft, able to support acrodyna-
mic pressures and to resist abrasion from the
airstream.

Report No, D143-945-018 49

SECRET

THERMAL CONDUCTIVITY - BTU-in/ft % hr-°F

~

27" 157RCF
- \-—SPCF
———FIBERFRAX |
-~~-~REFRASIL

] L
1

o
o

o
>

o !
400 €00 80O 1000 1200 t400 1600 1800 2200

MEAN TEMPERATURE-"F
Figure 34. Thermal Conductivity of Fibrous
Insulators




A ——— i — - o =

SECRET

k3

45.5 PCF

BTU-Ib
hr-fte~ef

(T ]

INSULATING FIREBRICK =\

ZONOLITE H TEMP.
INSULATING CEMENT
18.7 PCF

SIL-0-CEL BRICK
25.5 PCF N

FIBERFRAX
8 PCF

B E LW.V?/ CORPORATION

DIATOMACEOQUS BRICK A

NONPAREIL gRICK

}F
/ /

SIL-0-CEL BRICK

(NATURAL C22) 28 PCF

SLAG WOOL BLOCK 22.8 PCF

YERMICULITE
GRANULES 7T PCF

DIATOMACEOUS EARTH 23 PCF

iHERHOFU!l 3 PCF
:-’/
REFRASIL 3 PCF

(-]

THERMAL CONDUCTIVITY x DENSITY —
o

200 400 600 800
MEAN TEMPERATURE — °F

1000 1200 1400 18600 1800

Figure 35. Relative Weight of Insulation

- (b) Loose, fibrous or powdered ma-
terials which require an external cover to pro-
vide the aerodynamic contour and to carry
pressure loads,

{c) Gases, chiefly air, which re-
quire an external cover to provide the aerody-
namic contour and to carry pressure loads and
also a means of minimizing heat transmission
by radiation.

Ultimately, therefore, the compari-
son of efficiencies for insulating materials must
include the weight of the protective outar wall,
since this will differ greatly between the grcups
mentioned above,

(2) Material for Radiation Barriers

The important requiremen: of a
material for radiation barriers is that it have
a surface condition which is highly reflective
to radiant energy in the infrared bard. Gen-
erally, this requires a highly polished metallic
surface, but, unfortunately, wide deviations
from the optimum result from a slight deteri-
oration of the surface. This deterioration is
generally, though not excliusivoly, the result of
oxidation, and it is usually greatiy accelerated
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by the kigh-temperatire conditions under which
most of the radiation foils will necessarily
operate,

The other requirement for radia-
tion barrier material is availability in very
small thicknesses, since this will govern the
weight of the barrier assembly. Mechanical
strength is not important except to the extent
that the foils should support themselves over
a reasonable distance. The foils will be sepa-
rated,at intervals, by spacera which prevent the
foils from sagging and touching, Since the
spacers form a conduction path of relatively
low resistance through the air space, it is
clear that an optimum combination exists be-
tween the thickness of the foils and the number
of spacers in which the maximum insulation
value is achieved for each pound of weight.

Figure 36 shows emissivity values
for a number of pure and alloyed materials,
plotted againsat temperature. It can be seenthat
the low values of emissivity, and particularly
the ability to retain these low values under high-
temperature conditions, are best realized by
certain of the precious metals. This conclusion
led to the study of plating and cladding as a
means of using extremely thin sheets of pre-
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cious metal. Tesis of plated materials indicate
that the plating was completely removed by oxida-
tion and diffusion into the base metal when ex-
posed to temperatures of 1800°F in air. Ex-
posure of gold foil, 0.002-inch thick, to the
same conditions produced no visible deteriora-
tion of the polished surface. From these tests
it was concluded that only the pure metal foils
should be considered.

Tests of silver, platinum, and gold
foil were conducted., The silver tarnishedtothe
extent thai it was unsatisfactory. The platinum,
although satisfactary, was eliminated because of
its excessive cost compared to gold which was
also satisfactory. Gold foil has therefore been
selected for further consideration.

(3) Cooling Materials

Cooling materials will generally
be selected on the basis of cooling capacity per
unit weight, with secondary consideration being
cooling capacity per unit volume, thermal con-
ductivity, boiling point, etc. The heat capaclty
of a coolant will Include that which produces a
temperature rise (specific heat),and that which
produces change of state (latent heat).

Materials having good heat capacilty
fall naturally into two groups in which the boiling
temperature is the basis for division. Suitable
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materials with a low Lolling point include hydro-
gen, helium, oxygen, nitrogen, and water, and
with the exception of water, these materials rely
upon temperature rise for heat absorption,
Since these materiala have boiling points well
below O°F they will normally be used in the
gaseous form with corresponding large volumet-
ric flows and small heat transfer coefficients.
Water boils 2t a convenient temperature for
structural use and has a large value qf latent
heat which can be readily used.

The other groupof materials having
large heat capacity are the light metals. Heat
capacities of these materials are greater than
that of water, but the boiling:points which must
be achieved to make full use of this capacity are
very high. The metals have the added advantages
of good conductivity, gcod heat transfer coef-
ficients, and a large heat capacity per unit
volume, but there is the problem of maintaining
them in the liquid form.

Table 1V presents a summary of
the important properties of materials suitable
for structural cooling, and Figures 37 and 38
show heat capacities on a comparative basis,
ploited against the temperature at which the
coolant leaves the hot surface. Since boiling
temperatures are controlied by pressure, Fig-
ure 38 shows heat capacities over a range of
pressures.

b. Insulation and Cooling Principles
(1) Use of Insulation

Insulation applied to airframe
structures has three functions:

(a) Protection of structure from
high temperatures.

(b) Reduction of heat flux Into a
cooling system.

(c) Protection of crew, equipment,
etc.

Items (a) and (b} are discussed in
this section and (c) in Section IV-A. In general,
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satisfactory accompiishment of the first two
functions, results in satisfaction of the third.

The heat transmitted between two
points by conduction is proportional to the tem-
perature difference between the two reference
stations, while the heat transmitted by radiation
is proportional to the difference of the fourth
powers of the absolute temperatures. I the
heat problem of the bomber is visualized as a
cool structural skin, separated {rom an outer
skin or covering which may be at an equili-
brium temperature of 1T00°F, it is apparent
that the intervening space should be filled with
material very opaque to radiation. Such mate-
rials, of course, are necessarily dense, and
therefore heavy, and even {f materials of low
conductivity are used, such as diatomaceous
brick, an appreciable amount of conduction is
introduced. These considerations lead to the
study of an "insulation' consisting of a series
of parallel metal foils each with highly re-
flective surfaces and acting as a barrier to
radiation. The air between these foils and the
necessary spacing materials result in some con-
ductinn,

(2) Theoretical Expressions for Insu-
lation Requirements

To evaluate analytically the amo it
of insulating material required to maintain a
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given structural temperature, after exposure to
the high boundary layer temperatures for a
specified time, two simple expressions have
been developed based on a number of practical
assuTiptions. Thess expressivis correspund o
the two extreme types of heat transmission:

(a) Pure conduction with constant
conductivity.

{b) Pure radiation.

The assumptions on which this
work is based are as follows:

(a) No heat capacity in the insu-
lation,

(b) Infinite conductivity through the
structural skin, applicable to thin shell struc-
tures. '

(c) Constant external temperature
at the outer layars of the insulation,

(d) Constant conductivity withtem-
perature, low conduction materials.

() Constant emissivity with tem-
perature, of all surfaces of radiation barriers.

(f) Neglect of conduction paths
through the radiation foils due to Spacing
material, connections, etc.

Note that assumption (c) permits
inclusion of the heat transfer by forced convec-
tion from the boundary layer to the outer
covering, and also the radiation from the
covering back into the boundary layer. This is
normally difficult to include in a complete solu-
tion because of the fourth power radiation, but
with insulation it can be assumed that heat con-
ducted Into the structure is small enough that
the outer covering, or the ocuter layers of insu-
lation, reach equilibrium temperatures instan-
taneously.

(3) Conduction and Radiation Combined

As noted previously, the use of
radiation "barriers' will require consideration
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of the conductivity of the air between the foils.
It has been determined that the conductivity of
air i1s not substantially reduced by reduction in
pressure until the molecular mean free path
becomes of the same order as the dimensions of
the air space. Thus the high altitudes at which
the MX-2276 flies are not likely to produce any
significant reductions of air conduction, so that
this term must be included in the evaluation of
radiation barriers.
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(4) Cooling

The division of the structure into
the load carrying primary type subjected to
moderate heat fluxes and the lightly loaded
secondary type, some of which are subjected to
high heat {luxes (e.g., the leading edge), has the
following significance from acooling standpoint.

For the primary type atructure,
the equilibrium temperatures are within the
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range of structural materials. Thus, although
it may not be desirable from a weight stand-
point to use the high-density, high-temperature
materials for the heavily loaded primary struc-
ture, it iy be profitable 10 use such material
in a light, protective, outer wall. One of the
highly cfficient fibrous Insulaters vwuld then be
used between the outer wall and the primary
structure, to reduce heat {lux into th: cooling
system.

For the secondary type of structure,
cquilibrium temperatures are so high that cool-
ing must be used at the exposed surface, regard-
less of the weight involved. The problem in
these regions is to study various methods of
cooling so weight may be minimized.

(5) Cooling Combined with Insulation

The properties of ccolants shown
in Figures 37 and 38 serve to deimnonstrate the
overwhelming superiority of water as a cooling
medium for areas that can also be protected
by insulation, The liquid metals require very
high temperatures before a heat capacity can
be realized that is comparable with that of
water. Oxygen, nitrogen, and methyl alcohol
are significantly inferior. Helium shows a
weight superiority over water except in the
most useful temperature range (200 to T00°*F).
The practical difficulties and the hazards of
using hydrogen are obvious, and it has not been
ronsidered during the present study., The po-
tential weight saving by the use of hydrogen is
very significant, however.

In addition to its general conven-
fence and efficiency, water has two other im-
portant advantages as a coclanl for primary
structure:

(a) The boiling temperature of
water permits the use of aluminum structure
with resuiting high structural efficiencies.

(b) The use of the change of state
of water from liquid to vapor as the principal
source of beat absorption provides a guarantee
of umiform .emperatures. This is particularly
important with a circulatory type of system,
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since it insuves that coolant temperatures are
constant regardless of the length of the circula-
tion path or of the variation of flux along the
path, until all the water I8 boiled.

A system of heat protection which
uges insulation and cooling combined will ob-
viously require a system for distributing coolant
to the surface, and, if the efficient fibrous in-
sulators are used, it will require an external
protecting wall to carry aerodynamic forces,
The weight of this outer wall will vary slightly
depending on the thickness of insulation, since
the height of the attacl ment structure wiil be
affected. Similarly, the welght of cooling sys-
tem will be affected by the quantity of coolant
to be used.

For a first approximation it will
be assumed that outer wall and cooling eystem
weights are independent of variation in the pro-
portions of insulation and cooling. Then the
total weight can be optimized by minimiging the
sum of insulation and cooiant weights.

(8) Low Capacity Cooling Systems
Using Water

I ' In conjunction with the combined
use of insulation and water cooling for the pro-
tection of primary structure, a number of
schemes have been devised for supplying the
required amount of coojant at ail points on the
structure.

(a) Circulation System

In this system the water is
pumped through suitable passages ir the struc-
ture, a amall part is converted to steam, and
the mixture of water and steam is taken back to
a central separator so thatthe remaining water
can be recirculated.

Advantages of the circulation
system are: a guarantee of coolant, where re-
quired, and in the necessary quantity; the ability
to deal with a wide tolerance inheatflux without
failure of the system; no fundamental research
required since the mechanics ol water boiling
have been adequately studied and much empirical
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inforwation ia available on the design of water
cooling and bolling systems.

isadvantages ol the systom
are: weight and the undesirability of using a
mechanijcal system.

{b) Distribution System

In this system water i8 fed to
the areas of akin at the rate at which it is eva-
porated, no return lines are required. Two
arrangements have been devised for this sys-
tem. In the first, water is fed to many points
on the inner surface of the structural shell,
there being approximately one suchpoint to each

‘saquare foot of surface. The water is then ab-

sorbed and spread uniformly over the local area
around each feed point, by a thin "wick'' material
covering -the entire inner surface of the struc-
ture. The success of the system dependson the
ability of the wick material to transport water
by capillary action over the local area around a
feed point; and also on the development of a
satisfactory metering device to controltheflow,
Two wick materials have been consideredduring
the present study: an all-wool feit, approxi-
mately 1/8 inch in thickness, and a woven{iber-
glass material of brand name ""Refrasil".

The second arrangement uses
a layer of material adjacent to the skin which
contains the total quantity of water that is used
during the fiight. The material used is
"Vermiculite', an exploded mica, which has the
ability to hold an amount of water equal to be-
tween fthree and five times it own welght.
Stearm charging of the "'Vermiculite'' 8 visualized
as a convenient means of filling it with the neces-
sary quantity of water before take-off.

The advantages of thefirst sys-
tem are the reduced coolant flow and the elimin-
ation of return lines, The second system has
these same advantages plus a lighter distribu-
tion system and since the distribution occurs
prior to take-off, the system is "'fall safe',

The disadvantages of these sys-
tems are the additional weight of lines, ducts,
manifold, and residual water; the fact that the
water may not be diffused through the wicking
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proporly; and the presence of water and steam
throughout the airframe may prove unsatis-
factory.

(c) Compound System

In this system the water sinkis
confined to a tank, and air is circulated through
a closed systom as a means of transporting
heat from the structure to the water. The air
is pumped through ducts covering the entire
structural surface, and through a heat exchanger
within the water tank., After baing cooled by
giving up heat to the water, the air would be
recirculated.

This system has the advantage
of not requiring water throughout the structure.
The disadvantages are large volumes of alr
required with the attendant large ducts and
pumps. This volume can be decreased through
the use of compressurs and turbines, at the
expense of increased weight and complexity.

(7) High Capacity Cooling Systems

. In the areas where equilibrium tem-
peratures are too high for the use of irsulation,
cooling systems capable of handling much higher
values of heat flux than the system just de-
scribed will be required. This difforence wiil
be a factor of at least 100, so tiial it may be
safely assumed that water-soaking devices will
be totally inadequate. However, the possibility
of developing very high temperatures allows
consideration of coolants such as the liquid
metals, in addition to water. Such a system,
working at high temperatures, takes maximum
advuntage of heat dissipation by radiation, and
at the same time these areas are generally
lightly loaded secondary structure so that the
uso cf high-temperature, high-density structural
materiais may be acceptable.

Cooling systems for areas of high
heat flux divide naturally into those with and
without an expendable coolant. If the coolant is
not expendable, it must be circulated to areas
of the airframe with high temperatures andthen
to those where the naturalequilibriumtempera-
tures are lower than the temperature limit of
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available materials. The temperatures of those
areas can then be raised by the coolant, with a
resulting dissipation of radiant energy. The
study of cooling systema that function without
an expendable coolant thus becomes a study of
means of transporting heat from the areas of
very high flux, to areas where heat can be lost
by radiation,

Systems using an expendable
coolant as a means of cooling reduce essentially
to the choice of coolant on the basls of heat
capacity, working temperatures, etc., and of
meansg of distributing, circulsting, and expending
this coolant.

(a) High Capacity Systems - Ex-
pendable Coolant

Two methods are available for
using an expendable material as a structural
coviant; (a) transpiration cooling, and (b} con-
vective cooling. Since transpiration cooling in-
volves interaction between the coolant and the
boundary layer, this is treated in Section 1V-B.
Figures 37 and 38 show the properti«s of various
possible coolants and show the superiority of
liquid metals as expendable coolants, Estimated
coolant weights for liquid metal expendable
systems apply to the leading edge of the bomber
using aluminum, magnesium, and sodium as
coolants. Aluminum has the highest latent heat
of vaporization but requires operating tempera-
tures higher than those at which any known
structural material 18 useful, Magnesium has
half the heat of vaporization but operates at
temperatures within the useful range of existing
high-density superalloys. Sodium hasasmaller
Jatent heat, but is useful at even lower tempera-
tures. Water has a cooling capacity of about
one-half that of sodium, but has the obviousa ad-
vantage of convenience and safety.

(b) High Capacity Cooling System -~
Nonexpendable

Two methods are alsoavailable
for use of this type of system. In the first,
coolant may be pumped through the system ab-
sorbing he:l at the hot area and losing heat on
the cooling area. In the secondahigh-tempera-
ture refrigeration cycle is necessary. With
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Figure 39, Structural Configuration Principles

this system, the area being cooled can be oper-
ated at a lower temperature level than the
area from which heat is being dissipated. How-
ever, since materials are setting the limits,
this 18 a dubious advantage to offset the addi-
tional weight and complexity.

5. StructuraiConfigurations

The preceding discussion of the problem
of protecting primary structure indicated prom-
ising results for systems which utilize external
insulation either with or without cooling. Pre-
liminary analyses indicated that a light outer
wall structure to provide aerodynamic contour
and carry airloads, combined with an inner
primary structure to carry structural loads was
the most satisfactory solution. This principle
is illustrated in Figure 38 which also shows the
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mechanism of airload transmission to the pri-
mary structure viathe supporting edge members
while at the same time retaining the capability
of expanding thermally in all directions. This
floating characteristic avoids transfer of ther-
mal stresses to the supports and hence to the
primary structure. Inconel X was chosen as the
external skin and corrugation as previously ex-
plained.

Two designs utilizing these principles
have been devised. In the first of these (Fig-
ure 40) the nuts supporting the guter retaining
strip are arranged to float after the screw has
been tightened, so that differential expansion
between the retaining strip and the support
channel 18 accommodated. DBoth the support
channel and the retaining atrip are divided into
approximately 4-inch lengths to allow for ther-
mal expansion, but free expansion of the sup-
port channel is somewhat restricted by the
attachment to the aluminum primary structure,
Thermal stresses and deformations Induced in
the support channel by this restraint have been
estimated and found acceptable. Heat trans-
mission into the primary structure has been
minimized by arranging for edge contact only
at the base cf the floating nut, and by reducing
to a minimum the width of the conduction path
through the support channels, This latter also
minimizes the weight, Total weight of thie
attachment structure, based on 8-inch wide
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panels, is equivalent to 0.70 pound per square
foot of surface. )

Figure 41 shows a second edge attach-
ment development in which the retaining strip
and the support channels have been combined
to provide, with reduced thicknesses, the neces-
sary bending strength to carry loads from the
corrugations. Figure 41 also shows how the
weight and heat conduction have been minimized
in the attachment by removsl of material, and
strength and stiffness maintained by maximum
use of fianges, beads, etc.

The attachment of Figure 41 has the ad-
vantage over that of Figure 40 in that it is ap-
preciably lghter in weight, being only 0.31
pound per square foot of surface for an 8-inch
wide skin panel. This advantage is offset, how-
ever, by the fact that individual skin panels are
not readily removable for repair or maintenance,
and also by the fact thatihe proposed attachment
is more susceptible to thermal stresses. This
latter conditivn arises because of the additional
continuity of .aaterial and, hence, additionalre-
straints in the scheme of Figure 40 compared
with that of Figure 41,

6. Testing

The type of construction which wasanaly-
tically found to be of minimum weight for the
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Figure 41. Outer Wall Attachment Structure

primary wing structure of Stage III (Figure 40)
was subjected to a series of tests. The test
program included tests of fabrication, strength,
rigidity, thermal warpage, and cooling.

a. Fabrication

The fabricating tests indicate that sat-
isfactory methods are available for handling ail
problems connected with fabrication. Thesein-
clude forming, joggling, and weiding of panels,
all to very close tolerances. These methods
are available even though much of the stock is
of foll gauge.

b. Strength and Rigidity

Bending and simulated air loadingtests
were conducted on outer wall specimens at
room temperatures. These tests showed that
stresses of 88,600 psi under positive conditions
and 136,000 psi under negative conditions were
required to fail the specimen. In the a r load-
ingtests, a positive average distributed loading
of 14 psi was successfully withstood, and failure
occurred at 17.9 psi average distributed nega-
tive loading.

¢. Thermal Warpage Tests
A wall panel was heated from a heat
source such that a uniformity within £50° at

1500°F was achieved on the test panel. A max-
imum deflection at the center of the six-inch
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span of 0,037 inch occurred at a time o! 80 sec-
onds. The temperature program applied consis-
ted of heating at = rate of 14°F per second from
70°F to 1470°F in 100 seconds, holding 1470°
for 30 seconds, and decreasing at a rate of 5°F
per second to 224°F at a total elapsed time of
316 seconds.

d. Thermal Cooling Tests

A series of tests were conducted to
demonstrate the feasibility of the proposed
wick-type cooling system, These tests were
designed to determine:

(1) If the wick which covers the inner
surface of the aluminum aliluy wall can distri-
bute the coolant under the prescribed heat flux
and not develop dry areas next to the skin or in
local patches.

(2) The amount of coolant required to
cool the aluminum skin at the boiling tempera-
ture of water.

The basic specimen conslstedof 0.125-
inch x 8.00-inch x 10.88 aluminum inner wall
and two 4.17-inch x 8.37-inch sections of outer
wall, the necessary supports, nut plates, retain-
er strips, screws, and locating pina toduplicate
the proposed means of attaching the outer wall
to the inner wall.
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Figure 42. Thermal Cooling Test:
Double Layer Refrasil

Thz most successful cooling system
utilized a double layer of refrasil backed with a
perforated aluminum foil sheet. Duringthetests
water was supplied at a rate of approximately
17 cc per minute through a single supply point
located 2.00 inches from the top of the panel,
Figure 42 shows the test results. It is signifi-
cant that the sections where a supply of water
was continuous were maintained at the boiling
point of water.

Another test of interest was that of the
cooling system wherein the water required for
cooling was stored in 0.28 pound of 15 pounds
per cubic foot density vermiculite which was
held in contact with the inner wall by a box made
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Figure 43. Thermal Cooling Test:
Saturuted Vermiculite

of 0.0045 diameter 100 mesh stainless steel
screen., In this vertically mounted test panel a
water ratlo of 1.54 was obtained as compared
with 3.83 obtained in a horizontal panel, Figure
43 shows the temperalures attained during the
tests.

Comparison of the time elapsed before
the sharp temperature rise at the various ther-
mocouple locations shows the marked effect of
gravity on the distribution of the water over the
panel. It is apparent from these resuits that the
portion of the vermiculite adjacent to the inner
wall tended to dry out more rapidly than water
could be drawn from the remaining vermiculite.
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NAVIGATION AND CONTROL _

1. General

The tremendous speed, short time of
flight, and longe range of Stage IIl create many
navigational problems which are peculiar toth.s
type of weapon system. In addition, the navi-
gation and control system must be capable of
operation for either bombing or reconnais-
sance missions. Reference 8 1s a detailed re-
port of the study of the navigation and control
system,

Considering the general requirements,
the following four classes of navigation sys-
tems have been investigated for possible ap-
plication for the MX-2276 weapon:

a. All-inertial navigation

b. Doppler-aided inertial navigation

c. Position-aided inertial navigation

(1) Loran type
(2) Radar beacon
(3) Navarho
{4) ATRAN map-matching
(5) Star Tracker
d. All-electronic positional navigation
with the same position fix possibilities
as mentioned above.
These classes of navigation were eval-

uated considering the following aspects in ad-
dition to the basic accuracy requirements,
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a. Weight of airborne equipment (pius
cnst and power consumption).

b. Number of ground stations and their
complexity (plus operating personnel,
maintenance cost, etc.).

¢. Present state of the art (and estimate
of development in 10 years).

d. Flexibility of use and capability of in-

dependent action by pilot. (Thefactors

shown in parentheses were secondary

considerations only.)

As a result of these studies, the primary
bomber navigation system selected is all-
inertial. The radar and optical systems are
used by the pilot as sources of navigation in-
formation for use at his discretion in diverting
to an alternate target or landing site, correction
of mapping errors, or other action requiring
judgment and decision. They also serve as a
means of obtaining reconnaissance data. For
the reconnaissance mission, extreme accuracy
is required of the navigation systems. In
order to 1llustrate the accuracy which this sys-
tem can attain for this purpose, a preliminary
error analysis to determine instrumentation re-
gquirements has been made for a total CPE of
4000 feet at an 8000-nautical mile range. This
range and accuracy is considered to be the
maximum capability. A relaxation of the
accuracy requirements would eliminate the
need for some of the advanced instrumentation
techniques recommended for attaining this ac-
curacy.

During a bombing mission, the bomber's
navigation and control system must navigate
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the bomber to the desired release point, pro-
vide the proper initial conditions to the bomb,
and release the bomb at the correct time.
After releara, by means of radar or optlcal
fixes on the target or aimpoints, tho crew
measures and transmits position correciions
to the bomb via a radio link, On the basis of
this correction to the bomb guldance system,
the accuracy requirements of the bomber navi-
gation system are less stringent, for a bombing
mission alone, and the instrumentation can be
less precise.

The bomb navigation system should guide
the bomb to the target over a range in the order
of 300 nautical miles and detonate the warhead
with a 1500-foot CPE at the desired target.

2, Bomber Navigation and Control System

For clurity in discussion, the system can
be considered in three sections. An inertial
reference system determines the position of the
bomber with respect to a set of reference co-
ordinates. The navigation system determines
the flight path the bomber is to follow and
genarates the required control sigrals. Finally,
the control system exerts the proper forces on
the bomber to cause the desired maneuvering and
to obtain satisfactory stability.

Figure 44 is a block diagram showing the
major components of the navigation and control
system, The ilnertial reference system is re-
presented by the platform, accelerometers, and
position computer. A flight path computer and
flight programmer fulfill the requirements of
the navigation system in supplying the proper
roll, pitch, and yaw control signals to the
bomber autopilot.

a. Inertial Reference System

The heart of the inertial reference
system is the accelerometers measuringalonga
zet of reierence cocrdinates. This coordinate
system is established by the orientation of a
multi-axis, gyro-stabilized platform. A position
computer double integrates the outputs of the
accelerometers to obtain the desired position
information. In addition to this function, the
position computer generates the signals nec-
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essary for keeping the platform aligned with
the reference coordinates and the signals nec-
essary to convert the output indications of the
accelerometers from an inertial to an earth-
fixed reierence. These slgnals are the cor-
rection terms for centripetal and Coriolis
accelerations.

(1) Reference Coordinates

One of the simplest systems to
instrument is the conventional latitude and
longitude coordinate system where the meas-
urements are performed in the horizontal North
and East directions. However, this system is
limited to a nonpolar operation due to the
excessive azimuth torquing rates (infinity at a
pole), necessary to keep the system North
aligned.

Siner: the operational area of the
MX-.2276 extenis over the polar regions, a
transverse polar coordinate system has been
selected, utilizing poles which lie outside the
operational srea of the bomber., Although the
required inrtrumentation {8 more compliex than
for the coaventional polar coordinate system
(North-East system), navigation is permitted
over vast areas of the giobe.

The transverse system is based
in its orientation on a great circle between the
take-off and landing points, Since it is desir-
able for simplicity to measure horizontai ac-
celerations in two mutually perpendicular cc-
ordinates, the system is based on transverse
longitude and latitude.

The equator of this system istaken
along the great circle connecting the take-off
and landing points. This avoids the possibility
of approaching the transverse poles eventhough
the target may conceivably be off this great
circle by an appreciable distance. As can be
seen from Figure 45, this system is similar
to a conventional latitude-longitude system with
the equator displaced. The vertical coordinate
is established by the direction of the instanta-
neous local vertical.
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Figure 44. Bomber Navigation and Control System

(2) Stabilized Platform

The stabilized platform maintains

" the measuring axis of three accelerometers

along the direction of the transverse longi-
tude and latitude coordinates and the local
vertical, The supervision of the platform to
establish this reference coordinate system can
be achieved by several different methods. Two
of these methods seem appropriate to this proj-
ect according to the present state of {nertial
techniques.
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The first of these methods, which
involves the use of a star-tracker, has special
merits for very long times of flight eince there
i8 no steady state drift involved. However, the
instrumentation required is complex, and this
complexity combined with the short time of
flight makes the use of this system unwarranted.

The second method which is rec-
ommended is a conventional gyro-stabilized
platform which uses very accurate gyros. From
the many possible platform gimbal config-
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uratfons, the platform shown in Figure 46
was selected since it easily accommodatesa both
the vertical launch and a large roll angle for
maneuvering., It is gimbailed as a yaw-roli-
pitch piatform with the addition of an outer roll
gimbal, The inner element of the platform is
separated into the accelerometer seclion and
the gyro section which are rotatable relative to
each other.

To maintain the platform horizontal
and aligned with the reference coordinate sys-
tem, it i8 necessary to rotate the platform to
compensate for earth's rotation and curvature.

(3) Position Computer

The position computer determines
the instantanecous position of the bomber in
terms of altitude and transverse longitude and
latitude. [n addition, the position computer
supplies the various signals for torquing the
gyros and rotating the accelerometer platform
seclion refative to the gyro section in order to
keep the stabilized platform slav: 1 to the re-
ference coordinate system,
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The accurate determination of alti-
tude by pure inertial means presents certain
problems. To circumvent these problems a ra-
dar altimeter will be combined with the inertial
instrumentation, Corrections must also be made
fcr the change in radius of curvature of the genid
as a function of latitude, direction, and altitude.
In order to keep the accelerometers properly
aligned with the axes of the reference coordinate
system, acombination of Schuler tuning and com-
pensation for earth's rotation is utitized.

(4) Accuracy Considerations

The overall CPE of the proposed
inertial navigation system is determined by the
accuracy of the components of the system.

The following assumed accuracies
of these components are values that will be af-
tainable within the time period of this program.
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Accelerometers

Integrators

Gyros: Random Drift
Torque Accu-

racy

0.5 x 10°° of full range
2 x 10-5 of full range
0.01 deg per hour

0.01 deg per hour
(torquing rates less
than 100 deg per hour)

The precediny value for gyro drift
does not reflect improvements possible withthe
special gyro operating technique discussedlater

in this aection.

Initial ground alignment of the plat-
form will be made to the following accuracies:

Leveling

Azimuth Alignment

4 seconds of arc

10 seconds of arc

Ik is believed that a leveling period of one-half
hour will be sufficient to attain these values.

In performing a preliminary error
analysis of the navigation system, the following
assumptions have been made concerning an

MX-2276 mission,

Maximum Navigation
Range
Average Velocity

Maximum Cross Range
Maximum Transverse
Latitude

Maximum Altitude
Maxlmt;m Longitudinal
Velocity

Jaximum Lateral
Velozity

Maximum Vertical

Velocity

10,400 nautical
miles

4,000 nautical miles
in 25 minutes

1,000 nautical miles
17°

5C nautical miles
22,000 feet per
second

4,000 feet pex
second

1,000 feet per

second
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Maximum Longitudinal 5g
Acceleration

Maximum Normal 0.5¢
Acceleration

Maximum Vertical 1g
Acceleration

Based on the f{oregoing assump-
tions, the individual standard errors have been
computed and listed in Table V,

These standard errors have been
avaluated for various flight times and the CPE
determined. The results of this error analysis
are shown in Figure 47.

It should be noted that in the evalu-
ation of errors the high cruising velocity of the
bomber was considered. The centripetal accel-
eration due to this speed reduces the effective
vertical acceleration to about 0.25g.

CPE-#1210"3
o [}

o W s

O 10 20 30 4 S 60 70 30 90 100
TIME -minutea

Figure 47. CPE as a Function of Flight
Time and Range
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TABLE V
INSTRUMENTA TION ERRORS
Range Accuracy Standard Error
A. Transverse Longitude Channel
1. Accelerometer +5g 0.6 x 10™° of fun1 range| 2.5 x 197 g
2. Velocity Integrator £23,000 ft/sec | 2x10°% of full range | 0.44 ft/gec
3. Range Integrator 10,400 n.mi | 2x10°° of full range | 12651t
4. Schuler Loop Integrator +180 degrees 2x 10'5 of full range 18 sec - arc
5. Positioning of 2 sec - arc
Accelerometer Section
6. Gyro Drift 0.01 deg/hr
7. Initial Platform Leveling 4 sec - arc
B. Transverse Latitude Channel
1. Accelerometer +0.6g 0.5 x 10”5 of tunl range| 0.25x 1070 g
2. Velocity Integrator +4000 ft/sec 2x 10-6 of full range 0.08 ft/sec
3. Range Integrator £1000 n.mi 2%1070 of full range | 121t
4. Gyro Drift 0.01 deg/hr
8. Gyro Torquer 0.01 deg/hr
6. Initial Platform Leveling 4 sec - arc
7. Initial Azimuth Alignment 10 sec - arc

Gravitational anomalies must also
be considered for the groundlesveling of the plat-
form since the gravitational radial anomaliesin
the United States may apprcaci: 0.2 cm per sec?
and deflections of a2 plumb bob up to 30 seconds
of arc have beenobserved, Because of the height
of the cruise portinn of the flight path, it can be
expected that local anomalies along the flight path
of the bomber practically disappear.

The accuracy of the computation of
the correction terms for the latitude and longi-
tude channels (radius of curvature, Coriolis and
centripetal accelerations) i selected soastobe
compatible with the basic instrumentation.
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Altitude is determined to 300 feet
and vertical velocity to 0.1 foot per second
through the use of the przviously described alti-
tude channel. This al.ows a computation of the
radius of curvature correction with a 500-foot
error and an error of 10-4 of the total correc-
tions for centripetal and Coriolis accelerations.
In the worst case {transverse longitude channel)
this would correspond toanadditional 5 x 10-6 g
standard accelerometer error and a 0.5 foot per
second standard velocity error.

The errorsinvolved inthe computa-
tion of the gravitational arceleration using a
constant value for the radiv . of the earthis well
within the allowable vertical error.
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(5) Instrumentiation

The instrumentation of the MX-2276
Lomber navigation systom will conlain the basic
clements of an inertial reference system. Gyros
supervise the atabilization of the platliorm,
accelerometers act as the primary sensingele-
ments, and integrators obtain velocity and posi-
tion information. In addition, certain auxiliary
computing elements are requiredtogenerate the
necessary correction terms, The required com-
putations can be performed by either analog or
digital techniques; a third method, that may be
termed ''pulsed-analog", shows promise in that
it avoids the complexity of arithmetic approxi-
mations whila retaining the advantages of ''count -
ing."
combination of pulsed analog and digital tech-
niques would provide the best system.

(a) Gyros

Several gyros are under devel-
opment for various programs that could con-
ceivably satisfy the accuracy requirements,
However, these are of rather large size and
weight 8o that the platform becomes extremely
heavy. A different solution becomes mandatory
because cf the low permissible weight in *he
bomber.

One solution utilizes a slow and
continuous rotation of the gyro housingabout the
gyrospin axis. Bythis process, mosat of the gyro
drift torques are rotated so that their effect in
terms of drift angle becomes negligible. Sucha
scheme allows the use of small gyros.

(b) Accelerometer and Integrators

The high accuracy requirement
rules out the use of conventional direct reading
accelerometers and necessitates a servo-con-
strained instrument. This is a null-type inasiru-
ment whereby the reaction torque, due to the
acceleration of an unbalanced mass, isnulled by
an electromagnetic torque. The current in the
torque coil is then proportional to acceleration.
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b. Navigation System

Input information to the navigation
system s obtained {rom thie position computer
which Indicates the location of the bomber from
map data and from flight operalions as siored
in the [light programmer. The system is auto-
matic but may be corrected at the discretion of
the pilot by information derived from the radar

or optical equipment.

The basic problem of navigation canbe
considered in two parts: flight between two
aimpoints, and almpoint departure. The take-
off and landing sites as well as the target are
considered as aimpoints in this discuseion,
In the general case the desired flight path would
consiat of crossing several aimpoints for a re-
connaissance mission or in passing sufficiently
close to prescribed check points (aimpoints) to
obtain radar or optical fixes while performing
a bombing mission.

(1) Flight Between Aimpoints

The most direct flight pathbetween
two points on the earth is along a great circle
d-lined in earth-fixed coordinates, While fol-
lowing such a path the bomber is subject to
Cortolia forces which the bomber has to coun-
teract. This requires an appreciable roil angle
during the entire time of flight, resulting in &
probable loss in range.

To avold these forces the bomber
may be navigated along a great circle course
in a apace-{ixed coordinate system. The dis-
advantage of this form of navigation is the exis-
tence of large position 2rrors with respect to
the aimpoint, since it is impossible to predict
the exact course of the bomber over the earth.
These variations from the expected flight path
are caused by deviations in the velocity and
altitude of the bomber from predicted values.

The exis ence of large position errors requires
either a awitch to another form of navigation or
a rapid turn in the vicinity of the aimpolnt to
obtain the required accuracy in passing over the
aimpoint.
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A method of navigation that would
combine the advantages of the previously dis-
cussed systems would program transverse lat-
itude us a function of transverse lungitude as
indicated by the position computer. The pro-
grammed latitude ls the latitude at which the
bomber should be in order to insure arrival
over the aimpoint. This is a space-fixed great
circle path if the actual values of altitude and
veloelty correspond to predicled values. If this
assumption I8 in error, the bomber stillfollows
the programmed path on the earth, but thig path
Is no longer 3 space-fixed great circle. The
bomber is then subject to Coriolis forces that
are a function of the difference between actual
and predicted values of altitude and velocity,
The important consideration is that the bomber
is navigated to arrive over the aimpoint.

(2) Atmpoint Departure

After leaving analmpoint the bomb-
er, in the general case, enters a turnto reach a
new heading angle before navigating to the next
aimpoint. The flight path, particularly the head-
ing angle at which the bomber approaches an
aimpoint, and the location of the next aimpoint
are carefully selecied in order to restrict the
required turn angle to 5 small value.

{3) Flight Programmer

The bomber navigation system con-
tains a flight programmer which is capable of
automatically initiating the variousfunctions re-
quired along the flight path. This programmear
consists of a storage element and several func-
tion generators. The storage element permits
setting in all pertinent information for the oper-
alion of the bomber. The function generators
produce the various programs as functions of
position, alaiude, speed, acceleration, time, etc,

The following list, though not en-
tirely complete, pointa out the most significant
programs and commands which have to be gen-
erated during the bomber (light.

() Dich attitude

{h) Stage separalion signals

Heport N, T G00-018

(c) Atmpoint leeation
(d) Alternate aimpoint location

(e) Automatic levelling for
bomb platform

(f) Automatic bomb release

(g) Changing autopilot
parameters

(h} Automatic checkout
procedures

c. Control System

In addition to its normal function of
providing stabilization of the bomber, the control
system performs the lateral maneuvering and
pitch control required to fly the desired flight
path. Provision is made for the pilot to over-
ride the automatic control system andto provide
manual control,

If a navigation system malfunction
occurs, the pilot can assume control and navi-
gate using conventional techniques. Similarly,
in case of a failure of just the flight path com-
puter, the pilot may navigaie ihe bomber along
the programmed path by monitoring the bomb-
er's computed position on a mag display.

3. Proposed Bomb Guidance System

The bombing mode consisis of allowing
the bomb to fall freely until it reaches a Mach
number low enough that aerodynamic control
may be (nitiated without producing excessive
heating. Since the bomb must be prevented
from rolling during its entire trajectory, a
means of rall control other than aerodynamic
should be provided.

A bagic inertial system which can becor-
rected from the bomber by means of a radio
link appears to be most suitable for guiding the
bomb to the target after it is released fron. the
bomber. The bomber operator canobtainaccur-
ate information on the target location by ether
radar oroptical means .5 the homber approaches
the target area, These data can then be used (o
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compute error signals for tranemission to the
bomb. This correction feature is of extreme
value considering the accuracy required andthe
lack of map data on target locations.

a. Coordinate System

The choice of coordinates for this sys-
tem is very much dictated by the bomber
navigation {netrumentation which delivers
velocity and position information in a trans-
verse polar coordinate system., The system
selected consists of using the same basic velo-
city and position information as developed in
the bomber navigation system. The lack of any
transformation in the coordinate systems be-
tween bomber and bomb should result in 4
higher over-all accuracy without increasing the
complexity of the total arrangement. Correc-
tions in the target location required during the
bomb {light can be accomplished very easily by
varying the target coordinates.

b, Stabilized Platform

As in the inertial reference system of
the bomber, the three accelcrometers are
mounted on & multi-axis platform which stabil-
lzes their measuring axes along the axes of the
desired reference coordinate system.

¢, Transfer of Initial Conditions

For the proper operation of the bomb
guidance system it 18 necessary tointroduce the
instantaneously correct initial conditions from
the bomber navigation system. This allows a
proper alignment of the stabilized platform in
the bomb so that the bomb system acceler-
ometers readthe same accelerations as thoseon
the bomber platform. The velocity and position
outputs of the homb system are also adjusted
to the Indications of the bomber navigation
system. The position informiation from the
bomber consists of the instantancous position
of the bomber less the coordinates of the tar-
get. The bomb guidance indication then develops
in terma of range-to-go to the target.
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d. Position Computer

The bomb position computer basi-
cally double integrates accelerations {o deter-
mine position. It has the added requirement
of providing platform rotation signals and
Coriolis and centripetal acceleration correc-
tions. Since the reference coordinates of the
bommb and bomber systems are identical, the
correction terms required to be computed by
the bomb position computer are identical to
those for the bomber.

From preliminary investigations itcan
be deduced that the random portion of the gyro
drift should not exceed about 0.1° per hour,
accelerometer errors should be in the order of
§ x 10~%g, and the integrator accuracy should
amount to less than 1 part in 8,000. As men-
tioned praviously the small range and shorter
flight time of the bomb allows a less accurate
instrumentation of the corrections than was
required for the bomber navigation system.
The over-all error of such an instrumentation
over a 300-nautical mile range, including any
effects of these errors on the aligament per-
formance, i8 estimated to be in the order of
1500 feet CPE, exclusive of map errors.

e. Flight Path Computer

The '"range-to-go’ information in
terms of transverse longitude, latitude, and
altitude increments in itself i8 not sufficient
to direct the bomb to the desired detonation
point. A flight path computer is necessary to
derive from this information the necessary
signais from the proper yaw and pitch control.

4. Radar and Optical Correction of
Navigation System

a, General

Correction of both the velocity and
position outputs of the bomber navigation sys-
tem have been considered. It appears that the
radar and optical data cannot be obtained with
sufficient accuracy to warrant velocity cor-
rections. However, they can be obtained ac-
curately enough to warrant pogitioncorrections.
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One posgsible method rorrects only the
range -to-go information computed in the bomber
witliout ¢orrecting the bomber navigation sye-
tem.

The method of position corrections can
be seen from Figure 48 which assumes, for
clarity, perfect position fixes. (Lg , Aj ) are
the map coordinates of the aimpoint while(L,’ ,
A{) are the true coordinates. (L', ) 18 the
location of the bomber as indicated by the
navigation system and (LS , A} ) the true
bomber location. The radar or optical equip-
ment measures Pa, the relative distance be-
tween the true almpoint and the true bomber
location, However, in computing the true
bomber location on the basis of poaition fixes,
the map coordinates of the aimpoint are used,
thus locating the bomber at (L ,A;). The
distance, P,, is displayed to the pilat.

An outline map of the terrain over
which the bomber flies is also displayed to
the pilot and is driven by the navigation longi-
tude and latitude indications. The bomber
position on this may may be represented by 2
pair of cursora which move over the map face,
or by positioning the map with respect to the
display such that the center of the display is
maintained at the bomber position. On the
map, (L' - Lg') represents the distance from
the indicated position of the bomber to the
predicted aimpoint along the L' axis, and
(A~ 2’ ) represents the corresponding dis-
tance along the A’ axls. These distances are
also indicated to the pilot.

Position corrections are then made
by the pilot by adfusting the map dieplay to
make the distance (L' - Lg') and (A'=2J)
corresponding to the respective distances on
the radar or optical displays.

b. Map Display

The map display is driven by the in-
dicated longitude and latitude of boumber in
such manner that the center of the display is
the bomber location. Since the bomber location
ig also the center of the radar and optical dis-
plays, this map may then be guperimposed over
elther the optical or radar display which have
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Figure 48. Position Correction of Navigation
System

the same scaie. The pilot is then readily able
to see the difference in the location of an aim-
point on the map 85 compared to the radar or
optical display.

Figure 49a shows a sketch of this
map display. The map may be a reversed
negative with aimpoint and major land features
outlined on it with respect to the programmed
flight path which ls along the centerline of the
map. The map I8 on a long strip and scaled
equal to the scale of the radar and optical
displays. Movement of the map is lengthwise
through the display as the bomber travels along
its programmed path. The programmed path,
in genera!, deiatea a certain distance from the
L' axis of the transverse coordinate aystem, but
because both the take-off point and the landing
point are on this axis, these deviations are
small. Therefore, the map may be drlven
direcily with the computed transverse longi-
tude and scaled as a function of the ungle
X, the angle between the programmed path and
the L' axis. This eliminates the possibility of
errors arisirg from a computer used to con-
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Figure 49. Map Data Presentation
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vert distances along the L' axis to distances

along the flight path,

Since the bomber, in gencral, does not
exactly follow the programmed path, these
deviations must be introduced into the map
display. As shown in Figure 49b, the bomber
location at an indicated longitude L' differs
from the programmed path by (1 /= A’ ) where
); is the programmed latitude.

The map computar, Figure 49c, re-
solves this error into components normal and
tangent to the programmed flight path. The
normal component, () /=)’ ) cosXis used to
drive the map normal to its centerline. Sim-
ilarly the tangential compisnent (} ./ -23’) sin
X represents an error in the locaﬁlon of the
bomber along tlie prograrmmed path as pre-
sented on the map. Since the map is driven
with the L' indication, the term (}P'-X')
sinX i8 resolved into a component along the
L' axis. This term is used to correct the L'
indication driving the L' map servoe.

It is also necessary to rotate the map
about the center of the display by the angle be-
tween the bomber axis and the tangent to the
programmed path. This argle is (Y-X) whe-e

is the horizontal angle between the bomber
attitude and the L' axis.

5. Rodar
a. Recommended System

In Reference 1 in which the early
work on the weapon system was reported,
a K;,-band side-looking radar system was pro-
posed. A technique of simultaneous lobing was
specified to provide resolution improvement.
Radar data were to be displayed on a fac-
simile printer or a rapid film developing and
viewing device. As a result of the work ac-
complished during this study contract in which
only the original configuration proposed for the
airframe was consaidered, the most promise still
lies In the simultaneous lobing, side-looking
radar (Table VIand Figure 50), very similar {0
the one proposed at the start of this program.
The power has been increased toimprove ground
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painting and permit the obsorvition of smaller
target areas. Relerence 9 contains a detailed
description of the radar stady

The technique for simultaneous lobing,
as incorporated in this radar, reauires that the
antenna array, looking to either side, be di-
vided into two halves. Each half is end-fed and
the combined pattern will depend on the relative
phasing between the two halves. U the two
halves are fed in phase, the combined pattern
is as shown in the upper pattern of Figure 50b,
If they are fed out-of-phase, the combined pat-
tern is as shown immediately below (the cen-
ter of the pattern willbedisplaced afew degrees
from perpendicular to achleve a reasonably
broad band impedance match), Both of these
patterns are obtained simultaneously by con-
nectine the two halves of the antenna to the
""side" arms of a '"Magic Tee'" or other hybrid.
The other two arms of the hybrid are re-
gpectively called "sum' and difference' arms
{n the block diagram, Figure 50d.

The remainder of the radar set consista
of a modulator, magnetron and power dividor, a
local oscillator referencedtothe magnetronfre-
guency, 4 mixers and IF strips (a sum and a
difference strip for each side) and 4 detectors.
The '"sum' detectors are ordinary linear de-
tectors; the '"difference' detectors arebalanced
phase detectors. The output of the phuse de-
tector is (approximately) the magnitude of the
product of the two inputs of polarity determined
by thec relative phases. (See the bottom pattern
shown in Figure 50b.) The detector outputs and
synchronizer pulses go to the display,

The display which is proposed for this
radar (Figure 51) is a flying-spot cathode-ray
tube whose image i8 projected ontc a moving
photosensitive film which is developed in 2sec-
onds or less for viewing by the pilot. The image
of the radar map would be combined optically with
the previously prepared strip map to facilitate
position fixes. Provision for comparison of the
map with the actual ground as viewed hy a
periscope should also be included.

The details of this display are as fol-
lows. The spot of the high resolution cathode-
ray tube is deflected by a range sweep starting
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TABLE VI. TENTATIVE SPECIFICATIONS
PROPOSED SIDE-LOOKING RADAR
(FIXED ANTENNAS, SIMULTANEOUS LOBING)

T {Equency

Peak Power

Pulse Repetition Frequency
Pulse Width

Receiver Bandwidth
Antenna Length

Antenna Width

Ground Coverage

Spot Size (from 200,000 {t)

Resolution of Indicator
Film Requirement for 10,000 n. miles
Minimum Discernible Spot Target
Weather Penetration
Weight Estimate

Antennas

Radar and Indicator (CRT unly)
Size Estimate

Antennas (2)

Radar and Indicator

NOTES: See Figure 50c. The underlined figures represent the resolution in
agimuth. They are subjecg to a further improvement of a factor of 3, achieved
by indicator display technique (spot positioning).

io ke

100 kw each side
1200 pps

0.4 microsecond
3.0 me ¥
22 ft

8 in,

10 to 50 nautical miles, each side
Near Ra.age
500 ft x 800 ft

Far Range
1000 ft x 250 ft

5000 spots for 100 n. miles
7 in, x 50 ft

40 square meters

Light rainfall

300 W
250 1b

24 ft x 1.5 ft x 1 ft each
8 cu. ft

with the altitude return and intensity modulated
by the output of the "sum‘' receiver. The re-
sulting line of spots is focused upon the moving
sensitized film or paper whose speed is scaled
from the aircraft speed given by the navigation
computer. Separate tubes are usedfor right and
left radars and the images are combined opti-
cally. ‘The size of the projected spot on the film
is about one-third of the corresponding beam-
width of the antenna. The positionof this gpot of
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{llumination witiin the area onthe film whichre-
presents the ground spot size is determined by
the output of the "difference' receiver of the
mcnopulse radar, Thus, if there are a number
of strong reflectors within the illuminated
ground spot, the position of the displayed spots
on the film will, when averaged over a large
number of pulses, show the targets approxi-
mately in their truelocations. The ground inter-
cept of the beam will be slightly hyperbolic
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Figure 50a. Proposed Simultaneous-Lobing
Radar: Possible Location ¢ . Antennas

due to the deviation of the antenna axis from
horizontal. The cathode-raytube sweep would
be slightly curved to compensate.

Since the antenna of this radar is not
stabilized, and it is desired to present the op-
erator with information in ground coordinates,
some stabilization of the display i1s required.
In order that the resolution of the recordedimage
will be limited only by the cathode~-ray tube, the
recording film must be about 7 inches wide (as-
suming 20 lines per millimeter optical reso-
lution) and about 50 feet of film are required
to record the 10,000-mile flight path,

b. Bomb Ccmmand System

Bell Aircraft Corporation has consid-
erable experience in the design of command
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Figure 50b. Proposed Simultaneous-Lobing
Radar: Antenna and Patterns

systems for the Rascal missile and has been
working under contract to the Bureau of Aero-
nautics on improvements to render the system
éven more reliable and more difficult to jam.
With this backlog of experience it has been
relatively simple to specify the parameters of
a missile controi system which would meet the
MX-2276 requirements. These parameters are
shown in Table VI, The exact choice of fre-
quency for this system will depend upon the con-
figuration of both thc bomber and the miscile
locations. A calculation of several possible fre-
quencies shows that the indicated power will suf-
fice for any of the possible freq:encies.
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Figure 50c. Proposed Simultansous-Lobing Radar: Ground Coverage

c. Associated Radar Problems

During the past year theoretical, and
in some cases experimental, evidence has been
obtained concerning the following problems
which are common to all radar systems for
this weapon. In each case satisfactory solu-
tions have been obtained for application to the
radar system proposed.

In addition, methods of resolution im-
provement have been studied intensively, es-
pecially those involving the techniques of co-
herent radar, in order to reduce the require-
ment for a large antenna array. It was found
that because of the very high speed and altitude,
none of the techniques studied are practical.
The systems studied include CW radar, the
Sherwlin system, Redap, and Douser.

(1) Breakdown

The atmosphere in the region im-
mediately surrounding the homber is of a very
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low density (the pressure may be as low as 0.1
mm Hg). It is known that high-power radar en-
ergy will cause ionization of the oxygen and other
molecules, provided the density of power flowis
sufficiently great. An atten'nt has been madeto
determine from the theoretical data the limiting
power level for antennas of various sizes op-
erated at various frequencies in the rangeof al-
titudes at which the bomber s to fly. The pri-
mary source of experimental data on this prob-
lem is the work at the Research Laboratary of
Electronics, Massachusetts Institute of Tech-
nology by Herlin and Brown in 1848, Utili-
zing these data it was determined that the radar
systems proposed operate with powers that are
leas than the calculated breakdown power by a
factor of four or greater, even for continuous
operation. For pulsed operation at these alti-
tudes, the power required for breakdown is ex-
pected to be considerably greater.

It appears that sufficient data are
availablc on the breakdown probiem to proceed
with the design of a radar set provided safety
factors of 2 to 5 ties are used.
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Figure 51. Display for Side-Looking Radar (Simultaneous Double-Pulse Lobing)

(2) Radome Problems

A survey of the ceramic and other
radome materials disclosed one material which
shows high promise for this application. This
material is fused silica which i8 capable of
withstanding the extreme temperatures, meets
the therrnal shock and structural strength re-
quirements, and has acceptable electrical pro-

Report No. D143-945-018 78

perties. Since some of the properties of
fused silica far exceed those required, suchma-
terials as rosterites, Steatites, Wollastonites,
Aluminas, AF-156, and Vycor should be con-
gidered as possible alternatives. To evaluate
their suitability, equipment for measuringelec-
tricai and mechanical properties at tempera-
tures up to 1000* C at frequencies up to 38
Kilomegacycles will be required.
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TABLE VII. TENTATIVE SPECIFIC ATIONS
MISSILE COMMAND LINK

Frequency

Peak Power
Channel Bandwidth
R.F. Bandwidth

Maximum Range
for +20 db signal-to-noise
ratio

Carrier

Weight Estimaie

Size Estimate
Missile

Welght Estimate

8Size Estimate

1000 to 10,000 megacycles
5 kw

500 bits per second

2 mc

240 n. miles (free space)

50 b
1.5 cu. ft (not including antenna)

26 1b
0.5 cu. ft

(3) The Effect of Atmospheric Bend-
ing on Radar System Accuracy

There are two types of bending
which influence radar applications to this weap-
on: first, the air in the immediate vicinity
of the bomber forma a weak but significant
prism which will defiect radar (and optical)
waves to a certain extent and will cause dis-
turbances like blurring; second, the variable
density and natural ionization of the air be-
tween the bomber and the ground will have the
effect of bending and attenuating the radar
waves. A calculation of the amount of bending
which would be experienced for various angles
of propagation wes formulated theoretically.
These show that for the angles within 60°
of the vertical the angular disturbance due to
the thermal ionization of the boundary layer will
be completely negligible for frequencins above
1000 megacycies, while angular disturbances due
to density variations are not important gt fre-
quencies below 36,000 megacycles. This ap-
plies both to the steady-staie deflection and to
random deflections due to turbulence.

The propagation through the re-

mainder of the air, including the slightly ionized
“D'" layer, will not cause deviations detrimental
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to the radar system. As aresultof the atudy on
beam bending it was concluded that negligible
distortion of the radar picture is tobe expected.

(4) The Effects of Cloud and Rain

It is of considerable importance in
the tactical applications of the MX-2278 that op-
erations be independent of weather conditions on
the ground. Radar provides this all-weather op~
eration while optical methods are greatly handi-
capped by clouds. However, in order toprovide
a radar set having the best poseible resolution
and using the minimum power, it 18 necessary
to go to a very short wavelength, which will
result in some sensitivity of the radar systein
to weather effects, These effects have beenex-
tensively studied in many meteorological stud-
ies.

It is concluded from an application
of these results to the MX-2276 problems that
a suitable radar for this weapon system will be
less affected by rain than navigation and recon-
naissance systems presently in use, because of
the high altitude, high depression angles, and
high resolution.
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(3) Larpe Antenna Arrays

Elementary considerations of power
required and desired resolution dictate that the
larpest possible antenna structure be used.

All of the theoretical work and
many of the practical techniques which have
heen developed in the past year on large-
aperture airborne antennas are direclly ap-
plicable to this antenna design problem. In
addition, the techniques f surface-mounted
radiators which have been developed at Ohio
Statc may prove to be of value.

The largest antenna so far de-
veloped gives approximately 1/2° bandwidth at
X band. The antennas considered above have
slightly smaller beamwidths and are longer and
perhaps will be heavier unless a higher (re-
quency is .used or the aircrall's structure is
utilized to a very large extent.

(8) Jamming and Countermeasures

During this year's study, little
effort has been devoted to consideration of
iamming and electronic countermeasures be-
cause it felt that these properties of a radar
system are very sensitive functions of the
state of the art reached by the enemy and
therefore cannot be predicted with enough re-
liability to warrant any flrni conclusions, It
is most likely that techniques for active jam-
ming (noise, CW, and pulse) will be most
fully developed in the 10,000-megacycle band
because it has been the standard airborne radar

.frequency for almost 10 years and will prob-

ably continue to be so for some time. At
higher frequencies (K, and K bands) jamming
will be less apt to be well developed and well
organized. This is, of course, a matterof time,
and If it were known or even suspected that
such a frequency was to be used, the jamming
equipment could be developed.

Techniques of passive jamming —
radar camouflage and smokes — have been
studied in this country and presumably else-
where. The navigation is not strongly affected
by radar camouflage because its inertial ref-
erence system makes large numbers of aim-
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points unnccessary.  However, target identifi-
cation could be confused by suitable techniques.
The way lo improve this situation 18 toincrease
the resolution, which 1s also desirable from
other considerations., Against ionizing smokes,
the higher frequencies have a definite ndvantage
in that the required electron concentration for
total reflection increases linearly with the
radar frequency. The use of such techniques
has only been postulated, howaver.

d. Alternative Radars

Since many radar systems were in-
vestigated prior to the selection of the system
recommended, it 1s appropriate to list those
which are most interesting and may later
prove to be useful for this weapon system,

(1) Side-Looking Double-Pulse Lobing
Radar, Table VIII

The lobing technique incorporated
in this radar consists of transmitting two short
pulses, a few microseconds apart, [rom an an-
tenna which is a traveling wave array.

(2) Simultaneous-Lobing "Canied" Ra-
dar — Table IX
This radar may have application
either asg a "filler' radar to observe the area
immediately under Stage i1l which the side-
lovking radar does nat cover, or possibly as
an alternative to the sice-looking radar. Weight
estimates are given for both applications.

3) Freqqency Scanned Radar — Table X

This radar provides a view of the
area ahead of Stage III at the expense of in-
creased antenna weight and display complexity.
Although it uses advanced electronic techniques,
it is felt to be completely practical within the
MX-2276 developmental time schedule.

(4) Mechanically Scanned Radar of the
Kascal Type, Table X[

The principle problem with this
radar is the radome. Althoughspecial solutions
are possible it is nol as suitahle for this appli-
cation,
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TABLE VIII. SIDE-LOOKING RADAR
(DOUBLE-PULSE LOBING)

Frequency

Peak Power

‘Pulse Repetition Frequency
Pulse Width

Receiver Bandwidth
Frequency Shift for Lobing
Antenna Length

‘Antepna Width .

‘Ground Coverage

Spot Size * (Considering resolution
improvement of °2 from beam multi-
plication, aititude 200,000 ft)

Resolution of Indicator
Film Requirement for 10,000 n. miles
Minimum Discernible Spot Target
Weather Penetration
Weight Estimate

Antennas

Radar and Indicator (CRT only)
Size Estimate

Antennas (2)

Radar and Indicato:

10 kmc
120 kw each side

1200 pps

2 x 0.4 microsecond with 2-microsecond separation
3.0 me

12 m.c

22 ft

7 in_

-

10 to 50 n. miles lateral, each side

Near Range Far Range

550 It x 600 ft 1000 ft x 250 ft
5,000 spots for 100 n. miles

Tin. x 50 1l

22 squure melers

!
No thunderstorms.

300 ib
250 b

24 ft x 1.5t x 1 ft each
6 cu. Tt

+ NOTES: The underlined figures represent the resolution in azimuth.. They
are subject to a further improvement of a factor 3, achieved by indicator dis-

play technique (spot-positioning).-
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TABLE IX. CANTED RADAR
(FIXED CANTED ANTENNAS, SCANNING BY FORWARD MOTION, DUAL PULSE LOBING)

] Frequency 16 kmc
Peak Power 100 kw each side
Pulse Repetition Frequency 1200 pps (Same as Side looking system) J
Pulse Width 0.4 microsecond with 2-microsecond separation
(Same as Side-looking system)
Receiver Bandwidth 3 me
Frequency Shift for Lobing 12 mc
Antenna Length 12.5 ft
i Antenna Width 8.5 in.
: Cant of Antennas 45°
Squint of Beam 70° from forward end of antenna axis
. Ground Coverage 0 to 11 n. miles each side (17 to 28 n. miies for-
, ward)
Spot 8ize * Near Range Far Range
290,000 ft2 440,000 ft2
(Distorted spot shape)
Resolution of Indicator ) Indicator is Integrated into Side-looking radar
indicator
Film Requirement for 10,000 n. miles)
Minimum Discernible Spot Target 26 square meters
Weather Penetration Heavy rain marginal.
Weight Estimate !
Antennas and RF System 250 b |
Indicator (CRT only) 50 Ib Added to indicator of Side-looking radar
Size Estimate
Antennas (2 required) 15 ft x 1.5 ft x 1 ft each
Radar and Indicator 3 cu. ft Added to Side-looking system
* See notes of Table VIO
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TABLE X. FREQUENCY SCANNED RADAR
(CONVENTIONAL PULSE RADAR)

Frequency 10 kme

Peak Power 80 kw

Pulse Repetition Frequency 2500 to 4000 pps, depending on altitude
Pulse Width 0.4 microsecond

Receiver Bandwidth 3.0 mc

Antenna Length 22 ft mechanical

Labyrinth Length 110 ft

Antenna Width 7 in.

Scanning Frequency 2.0 scans per second

Frequency Range for Scanning +5% (9500 to 10500 mc)

Maximum Scanned Angle 30° left and right

Scans per Target 22

Ground Coverage 60 miles wide, centered on ground track

15 to 50 miles ahead of bomber
Spot Size (from 200,000 ft)

Range Azimuth
On ground track, Near 600 ft 800 ft
On ground track, Far 300 1t 1600 ft
Edge, Near 400 ft 1200 ft
Edge, Far 300 ft 2000 ft
Minimum Discernible Target Radar Area 36 square meters
‘Weather Penetration No thunderstorms
Resolution of Indicator 2000 spots square
Film Requirement for 10,000 n. miles 70 mm x 50 ft
Weight Estimate
Antenna 500 1b
Radar and Indicator (CRT only) 450 1b
Size Estimate
Antenna 24 ft x 2.5 ft x 1 ft
Radar and Indicator 8 cu. ft
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MECHANICALLY-SCANNED RADAR

(CONVENTIONAL PULSE HADAR, ROTATING DUAL PILLRBOX ANTENNAS)

Frequency

Peak Power *

Pulse Repetition Frequency ¢

Pulse Width *

Receiver Bandwidth

Antenna Length

Antenna Width

Rotation Rate (back-to-back antenna)

Time between scans
Scans per target (at 20,000 ft/scc
ground speed)

Ground Coverage (from 200,000 ft)

Range
Angle

Spot 8ize

Near
Far

Minimum Discernible Target Radar Area
Weather Penetration
Resolution of Indicator
Film Requirement fur 10,000 n. miles
Weight Estimate

Antenna

Radar and Indicator (CRT only)
Size Estimate

Antenna

Radar Indicator

36 ke
300 kw *

2 microseconds ¢

1.5 me (to allow [or Doppler shift)
6 1t

2 4 in. (each half)

90° per second

2 soeconds
5

I8 miles to 50 miles
707 left to 707 right

Range Azimuth
2000 ft 1000 it
1200 ft 2000 ft

150 square meters

Heavy clouds - no rain

500 spots square (offset ppl)
35 mm x 10 ft

300 b
300 Ib

7 it diameter x 1 toat deep

5 cu. ft

2500 to 4000 pps, * depending on altitude

* NQTE: These values are unreasonably high. They are given for
comparative purposes only. They are required if ground
painting must be seen as assumed in the preceding radar

designs,

Reduction of power passible only at the expense

of s12ze of minimum discernible spot target,
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1. General

The problems of selecting a propeliant
combination for this weapon system are some-
what similar to those encuuntered in design
studies of otherlong-range vehicles. Therefore,
‘previous studies have been reviewed with the
following differences in mind:

a. The particular requirements of this
weapon system differ somewhat from
those of previous studies.

b. Additional propellant data and experi-
ence have become available sincetheae
studies were made.

¢, The development time available may
rule out certain propellants which re-
guire extensive preliminary investiga-
tion prior to the: establishment of a
preliminary design.

As a result of this review, it was found that
liquid oxygen and JP-4, which were selectedfor
long-range guided missiles now under develop-
ment, were most feasible technically but would
result in an undesirablylarge weapon. The study
was then reduced to a search for a propellant
combination having a higher specific impulse
than liquid oxygen and JP-4 and which could be
operationally available within the desired devel-
opment time. The material discussed in this
section is reported in detail in Reference 10.

2. Propellants Considered
Using liquid oxygen-JP-4 as a bage line
fnr comparison, the entire field of propellants

was surveyed for those propellant combinations
which offered promise of better performance.
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The various propellant combinations were
examined on the basis of performance, combus-
tion chamber temperature, regenerative cooling
possibilities, potential availability and cost,
toxicity, handling experience, and storage sta-
bilily. The propellant combinations were {irst
compared on the basis of specific impulse.
Theoretical shifting equilibrium values of speci-
fic tmpulse for a chamber pressure of 300 psia
and a nozzie exit pressure of 14.7 psia are
shown in Table XII. Figures No. 52, 53, and 54
show the theoretical shifting equllibrium values
of specific Impulse chamber pressure withnoz-
zle exit pressures of 14.7, 10.6, and 1.47 psia.
The theoretical values of specific impulse were
calculated for the various expansionraiiosfrom
the data in the table.

Additional increase in specific impulse
resulting from reduced dissociation effects at
the higher chamber pressures was neglected.
Calculations show that an increase in apecific
tmpulse obtainable with an increase in cornbus-
tion chamber pressure isalmostentirely caused
by the increased expansion ratio through the
nozzle. Various physical properties of the pro-
pellants considered in this evaluationarebriefly
summarized in Table XIII. RFNAisincluded al-
though its performance, even with hydrazine, is
lower than desired., This was done because
some consideration was given to having a more
storageable oxidizer than liquid oxygen. The
following propeliants in various combinations
were selected for further study:

Oxidizers
Liquid Oxygen

Liquid Ozone
Liquid Fluorine
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TABLE XI1l. THEORETICAL SPECIFIC IMPULSE (SHIFTING EQUILIBRIUM)
OF VARIOUS PROPELLANT COMBINATIONS

Propeliant Combination r* Isp“ PB ld TC °K 'rc °F
F, & N H, 2.2 314 1.32 | 414 | 4340 | 7352
F, & NH, 3.0 k3D 1.17 | 364 | 4236 | 7180
F, & 80% NoH, + 40% NH, 3.5 310 1.28 | 400 | 4300 | 7280
70% F,+ 30% 0, & JP-4 3.8 208 1.28 | 378 | 4340 | 7352
O, & N.H, 0.83 272 1.01 | 2756 | 3248 | 5386
O, & N.H, (Cﬂ:’)2 1.1 268 | 0.95 | 256 | 3100 | 5120
0, & 60% NH, + 40% NH, 1.08 268 | 0.97 256 | 3160 | 5200
80% Oy + 20% 0, & JP-4 2.2 270 1.02 | 275

o, & JP-4 2.4 262 1.01 | 265 | 3410 | 6878
0, & NH3 1.26 262 | 0.86 | 225

RFNA (Type ) & N.H, 1.26 248 1.26 | 272 | 2020 | 4798
RFNA (Type 1) & N,H, (Cl-ls)2 2.7 242 1.2% | 283 3100 | 5120
RFNA (Type L) & JP-4 4.8 231 1.26 | 291 3080 | 5080

* Annroximate mivture ratio for maximum gpecific impulee

*+ Chamber pressure 300 psia, nozzle exit pressure 14.7 psia, shifting equilibrium

Both ozone and fluorine can also be used as 3. Oxidizers

mixtures with ligquid oxygen,
a. Liquid Oxygen

Fuels

This is the most widely known rocket
JP-4 oxidizer and offers good performance with many
Dimethyl Hydrazine fuels in those applications where its limited
Ammonia storageability can be tolerated. Complete infor-
Hydrazine mation necessary for the design of a rocket
Boron Compounds engine exists, and much experience in produc-
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Figure 52, Theoretical Performance of Several
Rocket Propellants (Expanded to 14.7 psi)

tion, handling, and teating has been obtained. It
must be remembered that liquid oxygen is not a
good coolant, and any fuel selected for use with
it must be capable of cooling the thrust chambers
of the engine. This places some limitation on
propellant combinations which may be con-
sidered when liquid oxygen i{s used for the oxidi-
zer.

b. Ozone

Ozone by itself is unstable and cannot
be handled practically as an oxidizer. The addi-
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Figure 53, Theorctical Performance of Several
Rocket Propellants (Expanded to 10.6 psi)

tion of liquid ozone to oxygen has been investi-
gated as a means for achieving a higher per-
formance than for liquid oaygen alone., A con-
centration of 42.4 percent ozone inliquid oxygen,
which i8 considered tobe the upper limit for safe
handling, provides anincrease in pertormance of
about 4 percent. The disadvantages of this oxi-
dizer are (1) a serious probiem of rapid decom-
position in concentrations over this amount, (2)
poor stability under local heating conditions, and
(3) there 18 no production of ozone in other than
iaboratory quantities., Consequently, ozone 18 not
considered seriously at this timeeither aloneor
mixed with oxygen.

¢. Liquid Fluorine

Liquid iruorine is the highest perfor-
mance oxidizer available for use withfuelscon-
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taining nu carbon, such as hydrazine and am-
monia. These fuels are not good coolants,
particularly for use with fluorine where
combustion temperatures are higher than with
oxygen, Wilth hydrocarbon fuels, (luorine
alone offers a smaller performance advantage
over liquid oxygen becaute the [luorine reacts
only with the hydrogen, leaving the carbon to
burn with oxygen, Therefore, with a hydro-
carbon fuel such as JP-4 the optimum oxidizer
appears to be a mixture of liquid oxygen and
liquid fluorine. The variation in performance
with increasing amounts of fluorine is shown in
Figure 55. It can be seen that an increase in
specific impulse of over 16 percent can be ob-
tained by the addition of fluorine.

Because of this increase in perfor-
mance over that obtainable with oxygen alone, a
further study was made of the use of fluorine
and oxygen with JP-4, Considerable experi-
mental work has been done withf{luorine-oxygen
mixtures and JP-4 by both North American
Aviation and NACA. Most of the problems re-
lating to its use have been, or are being, inves-
tigated. There does not appear to be any seri-
ous factor which would prevent the use of fluo-
rine in a rocket oxidizer, although tiic handling
and - operating procedures are more complex.

® NACA 10 3.94 I l

G NACAre39

o~

S

Lad i : I
LIQUID OXYGEN + LIQUID FLOURINE & JP~4 '

r* MIXTURE RATIO,OXIDIZER /FUEL (BY WEIGHT)
& CHAMBER PRESSURE « 300 psia .
THEORETICAL

' O SHIFTING EQUILIBRIUM
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_EXPERIMENTAL

Tl NAA S

O AEROJET R763
T NACA RM ES3420
220
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Figure 39. Specilic Impulge vs Percentage of Fluorine by Weight in an Oxidizer for a
Propellant Cunsisting of Oxygen plus Fluorine and JP-4
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TABLE XIlIl. PHYSICAL PROPERTY DATA FOR PROPELLANTS UNDER CONSIDERATION
Propellant FP | BP |Sp. Gr. c p T °F Cost $/1b
°F °F P Y ¢ B =
Btu/lb-°F psia resent | Future

F‘2 -360 | -306] 1.54 0.29 808 -200 20, 1.00
02 -362 | -287| 1.14 0.39 731 -182 0.02 0.02
0, -418 | -170| 1.46 802 10 0.10 | o0.08
RFNA - 65 140] 1.58 0.42 0.10 0.10
N2H4 35 2368| 1.01 0.73 2130 117 2.50 1.00
NH3 -108 |- 28] 0.86 1.07 1645 270 0.03 0.03
JP-4 - 18 0.78 0.48 310-510 575-710 0.015 0.015
Nzl-l2 (CH3)2 -7 145]| 0.79 0.65 882 482 4,50 1.00

FP = Freezing Point

BP = Boiling Point

Cp = Specific Heat

The problem areas associated with the use of
fluorine are discussed subsequently.

(1) Logistics

Fluorspar is presently ounlhe criti-
cal materials list, chiefly because of the limited
facilities available for reduction of the ore. A
preliminary investigation indicates that suf-
fictent fluorine for use only in the third stage
could be obtained with a nominal expansion of
existing facilities.

(2) Toxicity and Handling

The General Chemical Division of
the Allied Chemical and Dy. Corporation has a
contract to develop the technology for producing
and handling liguld f{luorine. They have devel-
oped a trailer for transporting liquid fluorine
and another capable of storing the liquid a max{-
mum of 27 days without any servicing or loss,
They have defined procedures f{or test opera-
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tions, including the use of scrubbing chambers
for decontaminating exhaust gases. The use of
fluorine in onlv the third stage would eliminate
the problem of releasing large quantities of
toxic combustion gases during launch.

(3) Design Problems

Most of the design problems associ-
ated with the use of fluorine are related to the
problems of material compatibility, resistance
to corrosion, and maintenance of physical prop-
erties at extreme temperatures. Many of these
problems are common toother rocket engine de-
signs and many materials developedfor themare
suitable for fluorine use. Aluminum and stain-
less steels can be used with fluorine, The use
of plastics for seals, etc., presents a probiem
since teflon and Kel-F are not satisfactory.
Soft metai gaskets of aluminum and copper can
be used; however, Monel is most suitable for
reusable tanks, although stainless steel or alu-
minum can be used for certain types of service
if properly designed. Thrust chamber compo-

SECRET




SECRET

nents {ncluding injectors, have been made of
aluminum and have proven satisfactory. Pump
seals are under development, and several prom-
Ising materfals have been reported by North
American Aviation. Regenerative cooling of a
thrust chamber using {fluorine-oxygen and JP-4
has not yet been demonstrated, but heat rejec-
tion rates measured by North Americanindicate
that it is possible.

(4) Performance Attainable

The {mprovement in performance
which ie obtained by the addition of fluorine has
been ghown in Figure 58. These data represent
the results of a large number of teats performed
by more than one group and appear tobe fairly
well established, Theoretical calculations indi-
cate that a 70 percent fluorine and 30 percent
oxygen mixture will produce the highest speci-
fic impulse, The experimental data show that
while the maxinium impulse is obtained withthe
same mixture, the decrease in apecific impulse
with decreasing amounts of fluorine is not as
great as the theoretical curve would suggest,
Since such a small decrease in performance
occurs, the 50 percent mixture has been selec-
ted for use in this atudy., This mixture has a
lower combustion temperat:ire and shouldthere-~
iore result la a more easily cooled thrust
chamber. The optimum mixture ratio of oxidi-
zer to fuel is lower with the 50 percent mixture
which will alsc help to relieve the cooling
problem.

4. Fuels
a., JP-4

Of the fuels proposed JP-4 is the most
common, and the required information for its
direct application to rocket design is readily
available. It is, of course, already available
in quantity production and has the lowest cost
of any of the fuels considered. Although, as
has been stated, a combination of oxygen and
JP-4 does not present the desired high perfor-
mance, in combination with liquid fluorine the
performance is quite acceptable,
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b. Pure Hydrocarbons

Substitution of a pure hydrocarbon for
JP-4, or blending JP-4 and a pure hydrocarbon
could improve the specific impulse. However,
a significant improvement is obtained only by
going to the light hydrocarbons which must be
kept refrigeraled or pressurized. It is doubtful
if this complication is justified by the slight in-
crease in performance obtainable. The coolant
problem with such a system would be more diffi-
cult than with jet fuel.

¢. The Hydrazine Fuels

There are three fuels available which
can be used with liquid oxygen in the MX-2278,
These are hydrazine, unsymmetrical dimethyl
hydrazine, and the 80 percent hydrazine-40 per-
cent ammonia mixture. The performance of
these fuels at a chamber pressure of 300 psia
expanding to one atmosphere is listed in Table
X1V, :

The performance of the hydrazine and
unsymmetrical dimethyl hydrazine with liquid
oxyge.. {8 greater than that of the hydragzine-
amronia mixture, the fuel suggested in the
initial proposal. The bulk density and density
{mpulse of the hydrazine-oxygen combination
is substantially greater than the remaining two
combinations, while that of the unsymmetrical
dimethyl hydrazine-oxygen is approximately one
percent greater than the proposed MX-2276 pro-
pellant. In addition, the performance and mix-
tuce ratio of the hydrazine-ammonia mixture and
liquid oxygen are slightly different than pre-
viously used. The difference in performance of
these fuels with liquid oxygen is not sufficient to
base a selection on this parameter alone.

Since the MX-2276 thrust chambers
must be regeneratively cooled, one of the pro-
pellants must be a satisfactory coolant. In che
section on oxidizers, it is shown that oxygen is
not satisfactory. Therefore, the fuel must be
usable as a primary regencrative coolant. The
coolant properties and related characteristics
of the fucls 23 well as propertles required for
handling ana logistics must therefore be con-
sidered.
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TABLE XIV. PERFORMANCE OF HYDRAZINE FUELS*

Prapellant r lsp PB Id =
1 xP
sSp B
O2 & N2H4 0.83 272 1.065 290
O2 & N2H2 (CH:’)2 1.10 268 0.955 256
Oy & N H, - NH, (80% NyH,) 1.06 268 0.951 253

(r = oxldizer/fuel by weight; PB = bulk specific gravity of propellant)
*at a chamber pressure of 300 psia expanding to one atmosphere.

(1) Hydrazine

The major drawbacks to the use of
hydrazine are its relatively high freezing point,
its toxicity, its poor thermal stability, and its
tendency toward accelerated decomposition in
the presence of common materials such as
mild steel. On the favorable side, hydrazine has
i high density, a high apecific heat, a low vapor
pressure, and good storage stability., The
resuits of experimental work are too limited in
the range of operating conditior:s to justify the
designation of hydrazine as a satisfactory regen-
erative coolant,

(2) Unsymmetrical Dimethyl Hydrazine

Unaymmetrical dimethyl hydrazine
has a lower density, a slightly lower specific
heat, and a higher vapor pressure than hydra-
zine. Its toxicity has not been fully determined,
but {8 probably somewhat less than hydrazine,
Its storage stability, under conditions of 1imited
contact with air, is very good, It can be stored
safely and without fear of deterjoration or
freezing over a wide range of temperature. Its
thermal stability is much better than hydrazine,.
Its vapors are not explosive. Onthebasis of its
superior physiochemical properties, unsymmet-
rical dimethyl hydrazine is probably more suit-
able for regenerative cooling than hydrazine.
However, there is nec cxperimental data on re-
generative cooling with unsymmetrical dimethyl
hydrazine to verify this,
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(3) Hydrazine.Ammonia Mixture

The addition of ammonia to hydra-
zine results in a fuel with greater potentialities
as a regenerative coolant than hydrazine.

Experimental data on regenerative
cooling with the hydrazine-ammonia mixtureare
completely lacking although some tests have
keen carried out with'ammonia, Tests at JPL
show that regenerative cooling withammonia can
be acccmplished. Since not all the tests were
successful, a problem area exists even here
with pure ammonia.

On the basis of the preceding infor-
mation, no choice as yet can be made between
the three hydrazine-type fuels. A program
should be initiated to provide the basis for a
logical choice between the three fuels. The
heat transfer characteristics should be investi-
gated in an apparatus deaigned for this purpose.
Subsequently, thrust chamber firings should be
made, Withcut substantial evidence such asob-
tainable from actual firings, any choice between
the three fuels must be considered conjectural,

d. Boron Fuels

Consideration has been giver to using
fuels being developed under Project ZIP. Vari-
ous boron compounds have been proposed from
time to time [or use as rocket fuels but have
never found wide acceptance because of their
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cost, availability, and physical properties when
compiarced with more common fucls, [t is be-
hreved that at least a year of experimentation
with these fuels in actuual rocket engines, or at
least thrust chambers, will be necessary before
sufficient data are obtainedto permit considera-
tion of these (uels for MX-2276.

5. Propellant Combinations Reserved for
Final Consideration

The preceding section discussed the vari-
ous factors which were considered in the selec-
tion of a propellant combination for MX-2276.
The combinations chosen are:

a. Liquid Oxygen and JI*-4

b. Liquid Oxygen plus I.iquid Fluorine
and JP-4

The primary advantage of adding fluo-
rine "to the oxidizer is to reduce the size,
welght, and, hence, the comst of the resuiting
weapon, Since it 1s actually the cost which is
most important, a study was made to deter-
mine in some approximate manner the savings
in cost which might be achieved by the addition
of fluorine to the oxidizer,

A comparison based on the weight of
the vehicle hag been prepared for the several
arrangements that are passible with these pro-
pellants, It is of interest that the cost of the
propellants selected does nnt greatly influerce
the over-all cost for a significant number of
missions, This ia true because, although the
prapellants repregent a large portion of the
gross weight for any combination, their cost is
much less than the airframe cost. As a con-
sequence, the use of fluorine as an oxidizer
results in the lowest over-all expense because
it results in the smallest airframe, For the
purpose of presenting a cost comparison the
following values have been assigned:

Stage ! and 0OI (Manned
Vehicle)

Second Stage (Unmanned)

Liquid Fluorine

Liquid Oxyeen and JP-4

$50 per pound
$35 ner pound
$ 2 per pound
$.02 per pound
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The wrframe vialues shown are arbi-
trarily chosen for the purpose of presenting a
comparative evaluation and do not necessarily
represeni an estimated cost,

The possible arrancements {n the order
of thelr desirability from the standpoint of the
slze of the vehlcle and the cost of the program
are:

1. All stages: Liquid Oxygen-Fluo-
rine and JP-4

2. Third stage: Liquld Oxygen - Fluo-
rine and JYP-4

Second and First
Oxygen and JP-4

stages: Liquid

3, All stages: Liquid Oxygen - JP-4

Since the propellant combiration, liquid
oxygen and ammonig plus hydrazine, was pre-
sented in th: first proposal, it has been re-
tained in the figures accompanving this report
for the purposes of comparison with the data
inciuded in the previous reports,

Further studies and more recent in-
formailon on large rocket engines have resulted
in reduction in the eatimated weights of the
vower plants for MX-2276 of approximately 25
percent over that shown in the initial reports,
This reduction is reflected in the accompanying
figures.

For the purpose of permitting com-
parisons on a percentage basis, Figure 58 has
been prepared. Since the oxygen and JP-4
bomber is the mosat expensive, it has been
asslgned the value of 100 percent. The cost of
the other arrangements can congequently bede-
termined as a percentage of the maximum prob-
able cost for a desired number of missions,

The cost differential between the ar-
rangement using liquid oxygen and JP-4 inall
three stages and that wherein fluorine and
oxygen and JP-4 are used in the third stage
with oxygen and JP-4 i1 stages one and two is
about $135,000 per mission. This i3 relatively
insienificant. However, if extended aver twenty
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Figure 56, Relative Cost of Various Bomber
Arrangements for a Number of Missions

1. General

The material in this section {s reported
in detail in Reference 10.

By increasing the speed of Stage Il
from high hypersonic to circular velocity cer-
tain advantages are obtained which make such
a measure worthy of consideration, These
advantapges include:

a0 AL or near cipcular velocity the cen-

trifucal effoct can be utilized to obtain 1ft in-
stead of acrodimamic forees. By this means
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missions and added to the difference in cost re-
coverable hardware (stage one and three) the
sav. ys become signtficant.

Savinus;
20 Misgsions at $135,000 § 2,700,000

Stage 1 and [II Initial
Cost Differential 7133'000
Total Savings for One
Bomber at 20 Missions § 3,433,000

Since it is logical to assume that more
than one bomber would be operational, this
flgure may be multiplied by the number of
bombers. If twenty bombers are assumed, the
savings are 20 x $3,433,000 nr $68,660,000.
It is apparent that the cost of the fluorine pro-
gram would be amortized over a short period.

If oxvgen and fluorine are used in all
three stages the decrease in cost of bombers
and missions is even more impressive.
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the drag is appreciably reduced and one or more
circumnavigations of the globe become possible
with the use of very little additional energy.

b. The foregoine advantage makes it pos-
gible that the take-off and tanding can both be
accomplished within the continental United States
and independence from foreign bases isachieved.

¢, Descent can be made al maximum
lift coefficient rather than maximum lift-over-
drag ratio as required for dreater aerodynemn
range. [t may be possible by this mceans 1n
somewhat reduce the acrodvnamic heating,
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Figure 57. Path Type I: Horizontal Delivery
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2. Flight Patha

In order to learn more about the require-
ments for global {light a preliminary investi-
gation of a manned global weapon gsystem capable
of one or mere circumnavigations of the globe
was made. Four types of flight paths were
considered, A general description of each of
these paths follows, alcng with some factors
which must be considered when evaluating their
relative merits. A preliminary weight estimate
is also included.

a. Path I (Spiral) Figure 57

The vehicle is delivered horizontally
at an altitude of about 402,200 feet at a local
circular velocity of 25,700 feet per secound.
The body does not fully escape {rom the atmos-
phere and therefore loses speed throughout the
cruise. As a result, the descent follows a
spiral path, When entering the denser atmos-
phere, the aerodynamic portion of the flight is
made at maximum lift coefficient rather than
at rnaximum lift-over-drag ratio. The take-
off is in the direction opposite to the shortest
great circle route to the target area. Inthis
manner the vehicle appears over the target
area at a velocity and altitude comparable to
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Figure 58. Path Type II: Low Eccentricity
Ellipse with Perigeec Near Target Area

that of MX¥-2376, I more than one revolution
is desired, the initial altitude must be in-
creased, probably to 500,000-6800,000 feet.

h, Path II (Elliptic) Figure 58

The vehicle is delivered not horizon-
tally, but at a small trajectory angle at near-
circular or circular velocity. The resulting
{ree-flight path is an ellipse whose apogee lies
at an altitude between 700,000 and 1,000,000
feet (110-180 nautical miles) but whose perigee
would lie inside the earth if the vehicle were
permitted to fcilow thia path beyond the anogee.
Therefore, a small impulse (burst of power)
is needed so that the vehicle enters a new
ellipse whose perigee lies at an altliuge of
about 300,000 feet. The orientation of the
ellipse is such that the perigee lies over the
target area. Since most of the elliptic path
is outside the atmosphere, the velocity loss
between cutoff point and perigee 18 small and
a second circumnavigation can be effected with
comparatively little additional energy.
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Figure 58. Path Type IlI: Constrained Path

¢. Path II (Constrained) Figure 59

The vehicle is delivered horizontally
at a cut-off speed which exceeds the local
circular velocity. The excess, referred to as
elliptical excess, sends the vehicle into an
elliptic orbit unlass it is forced, by negative
l1ift, to stay at the initial altitude and to follow
a circular path. In order to accomplist. this,
the vehicle must initiglly fly at o neaotive
angle of attack, and the initial altitude must
be low enough to permit action of a sufficiently
gtrong aerodynamic force. The angle of attack
returns to zero as the speed is reduced to
circular velocity,  Thereafter, the path is
similar to the spiral (Path I).

d. Path IV (Sustained)

Again the vehicle is delivered hori-
zontally, and the cut-off speed is =austained
at constant altitude by a small sustainer rocket
motor avercoming the comparatively low drag.
So far, circular velocity has been assumed as
cut-off speed; the effect of a lower velocity
should be investigated. I circular velocity
ts used, the cruising altitude will have to be
of the order of 450,000 feet to reduce the drag
sufficientlv, and, hence, the thrust and pro-
pellant consumption per revolution, also.
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3. Discussion of Flight Paths

Table XV has been prepared {n order to
agsist in the evaluation of the various flight
paths.

The energy requirement, based on the
number of revolutions assumed, i8 glven In
terms of the ideal velocity. Assuming that
the total energv required to send the given
regt mass, m, over the respective {light path,
is expressed in terms of equivalent kinetic
energy, then the ideal velocitv is defined by

1/2 mv2j4qq; = kinetic energy of rest mass +
potential energy of rest mase + energy lost
due to gravitational pull during powered {light
+ energy lost due to drag + energy lost due to
steering.

Therefore, viqeq) represents the velocity
which the vehicle could obtain under the ideal
loss-free conditions of propulsion in gravity-
free vacuum., This i8 the velocity for which
the over-sl]l mass ratio of the vehicle must be
laid out. Table XV shows that the energy
requirements are about the same for all paths,
with the exception of the constrained path.

For ignition and power plant operation,
the number of (ndividual propuision periods
is of importance. It is desirable to keep this
number at a minimum for reasons of efficiency
and reliability of the ignition process. In this
respect, the elliptic path is less favorable,
because it requires a second propulsion period
at the apogee.

The characteristic flight path conditions
indicate that extreme altitude is required for
the elliptic path and extreme speed for the con-
strained path.

The conditions over the target area are
most favorable for the spiral path, vielding
lowest altitude and speed without, however,
rendering the vehicle wulnerable to enemy
defense. The elliptic and constrained paths
show near circular velocity over the tareet
area al an altitude of about 300,000 feet. The
highest altitude over the target area is ob-
tained for the sustained path.
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SIHCHARACTERISTICS FOICGLORAL WEAPON 8YSTEM

The load conditions normal to the in-
stantaneous flight path direction which result
frem the flight pati configuration proper (i.e.,
excluding load conditions during powered [light
or due to maneuvering) are sm:l in all cases
and never anywhere near the values olbtuined
for the skip path. The negative sign in the case
of the sustained path indicates thit, during
flicht at greater than circular velocity, the
apparent weight vector points awiy from the
center of the earth.

With respect tu stability and control
requirements, the number of control systems
aceded is indicative of the weight and relative
complexity, as well as reliability to be ex-
pected.  Obviously, a vehicle operating inside
and outside the atmosphere must have two
types of control - aerodynamic control within

the atmosphere, and jet control for vacuum
ftight.  This dual control is required for all
paths exceept the constrained path.
4, Wéight

A preliminary study ol the take-off
woeteht of the global svstem was conducted to
evalitite the cnerpy reguirciuents  of these
Report No, PyEGG o ol a4
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Night paths in terms of vehicle weight. Since
this study was of a preliminarv nature, several
simplifying assumptions were made as follows:

a. Payload for Stage III - 4200 b
Actual Velocity

b. (1) Tieal Velocity Stake1=0.75
5y Artual Velocity )
(2) Jdeal Velocity Stae 1l = 0.94
(2) Actual Velocity Stage III = 0.98

Ideal Velocity

¢. Propellants - (50% F‘2 + 50% 02) + JP-4

(1) Specific impulse Stape I - 316 sec

(2) Specific impulse Stagell- 361 sec

(3) Specific impulse Stage Il - 361 sec

Dry Weisht

Take-off Weight |
Dry W(-r_whl
Take-of f Wm;,hl

Dry Welelt
Take -of ! Weggrht

Stage I = 0,20
Stage Il = 0.15

Stapre IH = variable

Best Available Copy
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The investigation conslsted of varying the
veloeity increments of the second and third
stage for a given first stage velocity increment
and repeating this for three different first-
stage velocity increments. By this meansthrec
curves were obtained for agiven cut-off velocity
and four cut-off velocities were investizated.
Figure 60 shows the results of this investigation
for a ratio of dry weight to take-off weight for
Stage IO of 0.30. This figure also shows the
associated weights of the second and third stage
as a function of the third stage velocity incre-
ment. The location of the minima indicate a
trend toward lower take-off weights with de-
creasing first stage velocity increment, down
to about 5700 feet per second. From tne view-
point of economy it is significant thac the
weight of the second stago increases with de-
creasing {irst stage velocity increment and,
hence, more hardware must be thrown away at
the lower take-off weight. This trend is gen-
erally true with multistage rocket vehicles,
i.e.,, the more of the hardware that is made
expendable, the lower will be the take-off
weight.

From this graph and additional studies at
different dry weight to gross weight ratios of
the third stage, the weight curves in Figure 61
have been obtained showing four bands of over-
all take-off welgl*s for four different values
of dry weight to take-off weight for the third
atage, plotted as a function of the actual velocity
of the third stage, The limits of each band
represent the values found for the ‘''upper
minimum’” and "lower minimum" for each set
of three different stage velocity distributions
such as shown in Flgure 59.

If a dry weight to gross weight ratio of
0.3 for the third stage is accepted as r reason-
able approximation it can be seen that for the
spiral path a take-off weight of the glcbal
weapon system of approximately 1,000,000
pounds can be expected. Similar weights can
be anticipated for the elliptic path as well as

Report No. D143-845-018

98

2800

2400

1600

1400

TAKE-OFF _WEI

o »
o ©
o ©

800

800

4
0%3 24 25 26 27 28 29 30 3

(aV) ~10° 117400
tot

Figure 61, Take-Off Weight as a Function of
Cut=0ff Velocity

the sustained path for operation at 460,000
feet altitude and circular velocity. The con-
strained path however requires weights of 2.3
to 2.4 million pounds.

If the results of the weight study are
considered with the f{light mechanics consid-
erations, it appears that global systems of
about one-million pounds take-off weight are
feasible and that the spiral or sustained paths
are the most attractive unless there is a re-
striction on the maximum desirable altitude,
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This section contains a resumé of the work
performed in a configuration study sponsored
by the Bell Aircraft Corporation. The study
was intended to augment the Air Force-spon-
sored study program, which did not provide
for design work, by applying current results
to new configuration studies. Because of the
state-of -the-art, the configurations which have
evolved are considered to be a next step rather
than a {inal design.

The method of approach used in the atudy
was first to design the bomb, then the bomber
or final stage, and finally the booster stages,
considering both as expendable and recoverable
(glider) first stages. Since each in order is
the payload of the next stage, this is the logical
asequence to follow.

A. BOMB
Each additional pound in the bomb increases
the take-off weight by more than 30 pounds, and

the size of the bomb influences both size and
weighi of the bomber.
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Consequently, minimum size and weight are
deslivd for tlie bomb, yet it not only must have
satisfactory stability and controllability char-
#nteristics, but for a short period it may be
exposed to higher temperatures than the bom-
ber. The high temperature peak, which is con-
siderably higher than Immediate postlaunch
temperatures, is reached 80 to 120 seconds
after launch for launch speeds of 13,000 and
18,000 feet per second, reapectively. The tem-
pcrature then drops abruptly and after about 80
secends ceages to be a problem.

It should be noted that if large airbrakes can
be provided, the temperature peak can be re-
duced substantially. However, the various prob-
lems presented by the brakes seem more diffi-
cult to solve at this time than the problems
brought on by the high temperatures.

These temperature considerations, plus
stowage aboard the bomber, make the use of
conventional fins cr aerodynamic surfaces ap-
pear undesirable, In place of {ins it seems
nmore practical to use a seif-stable body, which
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1s controlled by flap-type surfaces located at
the rear of the hody. Small hydrogen peroxide
rockets would be used for roll control. This
sclf-stable body has a conical-ogival contour
with the center of gravity being made to lle
ahead of the center of pressure by suitable
placement of the warhead and other large
masses. Since the body i8 stable, the {laps are
in the lee of the body when extended. Prelimi-
nary indications are that the necessary flap
deflection angles can be made sufficiently small
so that deflecting the flap will not produce a
temperature problem on the flap iiself. But the
temperature on the windward side of the body
does increase, of course, with angle of attack.
It may prove desirable, therefore, to restrict
coitrol to the portion of flight just beyond the
peak temperature region in order to minimize
temperature problems. Even 80, using a 2g
turn, the bomb can be steered about 5 nautical
miles to either side of the initial bomb aim-
point in the last 40 secunds.

Preliminary structural studies show that
water cooling {8 probably the most satisfactory
heat protection method for the bulk of the body,
with the exception of the nose, for whicha com-
pletely satisfactory solution has not yet been
evolved. '

B. BOMBER

Once the size and weight of the bomb were
determined, the weight of all the equipment, in-
cluding items such as the navigation system,
search radar, communication tranamitters and
recelvers, cabin furnishings, etc., was estl-
mated and design work on the bomber was
begun.

In these studies, as differentiated from
earlier configuration work, the total structural
weight was estimated for each specific con-
figuration, based on actual geometric charac-
teristics of the wing and body. In making these
estimates, the latest data from MX-2276 struc-

tural and heqt insuiation studies data were uned.

‘The design objectives set for the bomberare
largely the same i s belore,  Propellants and
bomb are Jocated to minimize center of gravity
Report No. DEA3-0915-018
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travel on expending the propellants and bomb.
The configuration must be satisfactorily stable
and controllable throughout the entire flight
regime., In addition, landing characteristics
must be satisfactory.

The main differences from previous designs
are shown in the wing-tip-mounted vertical sur-
faces and the high-wing-bodyarrangement,
These changes are consideredtoimprove direc-
tional stability substantially over the mdre con-
venticral body-mounted upper vertical tail and
low-wing-body arrangement.

In addition to the requirement for small cen-
ter of gravity travel on expending the bomb to
keep trim drag to a low value, it appears that
rearward ejection of the bomb from the body
base will be the most practical procedure con-
siderin; both the temperaiure problems en-
countered with open bomb bays, etc., and the
moments and separation problem associated with
downward ejection of the bomb.

C. BOOSTER STAGES

The design work on booster stages has been
concerned so far with two types of two-stage
vchicles; one type is similar to the previously
ghown MX-2276 boosters; that Is, the f{irst
stage s winged and is landed in a conventional
manner, while the second stage is expended,
the other booster arrangemecnat expends both
stages. The main advantages of all-expendable
booster arrangements are low first cost and
greater adaptability to multistage configurations
which exhibit simpler separationproblems. The
recoverable first stage offers promise of lowe.
over-all cost provided sufficient re-use is pos-
sible, These factors remain to be evaluated
in a systems analysis.

The use of round bodies which permit integ-
ral tank-body construction has been empha-
sized in the present study, since this procedure
tends to lead to minimum stage weight and con-
sequently, take-off weight. With {ntegral con-
struction, the boosters are mainiy propellant
tanks with the rocket power plant noused in a
rear fairing. For the all-expendable bnoster
configuration, the first stage may be divided
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into two sections and placed on cither side of
the sccond stage; the bomber and second stage
are then arranged In tandem. The use of two
bodies for the first stage makes it possible for
all the booster sections to be no more than 10
feet In diameter and less than 60 feet in length.
These sectiona can be shipped in standard
railroad freight cars.

The winged first stage can employ only one
body, and with practical length-diameter ratjos
becomes quite long. Hence, a three-stage con-
figuration utilizing a tandem arrangement of
the bomber and second stage, which is carried
pick-a-back on the first stage, may be the most
suitable, when minimization of over-all length
is emphasized. A favorable outcome is that
the wing of the first stage provides an aerody-
namic stabilizing moment.

As mentioned before, the second stage has
been considered expsndable. The reasons for
this assemption are as follows: it is much
smaller than stage one and thus more likely to
be justified as being expendable; the research
and development cost of a manned second stage
vehicle will be high and probably difficult to
justify; and, finally, the larger over-all size and
weight of the three-stage vehicle, with all
stages recoverable, would make logictic, main.
tenance, and ground handling problems more
difficult.

It i8 in order to point out problems which
arise when the booster stages are manned and
recoverable, First of all, wings must be pro-
vided. For the second stage, which reaches
very high Mach numbers, the wing would be
sintilar in construction to the bomber wing.
Cubin furnishings, control, commuanication sya-
tems, and auxiliary power cources would have
to be praovided. An extendable landing gear is
required, and the structure must be able to
withstand fanding loads. Purging or inerting
systems for the tanks may also be required.
In addition, both stages are 80 large that un-
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powered landings may be hazardous. Conse-
quently it may be considered necessary to pro-
vide auxiliary propelant tanks and rockel mo-
tors for landing.

D. FUTURE TRENDS AND STUDIES

In keeping with the objective of re-using as
much hardware as possible, the presenl study
has considered bomber configurations which do
not discard the propellant tanks and rocket
power plants on burnout. However, recent
studies have emphasizedthe pyramidingcharae-
teristics of dead weight in the bomber, and it
now appears desirable to examine in detail the
over-all results obtained when the bomber pro-
pellant tapk and power plants are expended. For
example, to house the tanks and power plants in
the fuselage means that the [uselage is larger
and heavier, and has more drag than one that
does not contain these items. The wing algo is
larger and heavier because il must support
more f{uselage weight as well aa the welght of
the tanks and power plants.

The over-all weight that could be saved in
the bomber when the tanks and power plants are
expended will be reflected more than 30-fold in
take-off welght, and thus may prove to be an
econamical tiing to do.

Another promising idea is the use of more
than two boost stages. This is particularly
applicable for all-expendablebooster configura-
tions for two reasons: first, booster arrange-
ment is more flexible, and second, it is more
important to minimize the weight of expended
hardware,

Other items which should be examined thor-
oughly in future studies are the use of large
wing sweep and perhaps a drooped wing leading
edge and a drooped hody nose to alleviate tem-
perature and heat flow problems. Prelhiminary
indications are that favorable results may be
obtained by emploving these measures,
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Vi gn!gwswns AND RECOMMENGATIONS

Sl

A. CONCLUSIONS 1. Crew

The resuits of the past year of study have, a. The funciivns sequired of the crow
in general, verified the initial concept of this of this weapon system are well within the
weapon system. No new major problem areas abilities of a human,
have been revealed and progress has been
achieved in most of the areas of investigation b. The environment necessary to main-
required to support a program for the design tain the crew of the bomber in suificient com-
and development of this weapon aystem. fort to perform the functions required cun be

provided by the methods outlined.
The Bell Aircraft Corporation sponsored

preliminary configuration design work hus shown 2. Aerodynamics

the importance of a two-pronged attack for this

program, the first being configuration design &. For glide performance the range and
and layout, and the second being evaluation of altitude are substantially the same as initially
the experimental and analytical investigation of predicted except that the maximum altitude is
the phenomena associated with the flight condi- reduced froin 259,000 fest to 214,000 feet at a
tions of this weapon system in order to support velocity of 22,000 feet per second. With the
or modify the analysis of the syatem character- bomb aboard for the entire flight, the range is
istics an? performance. slightly greater than for atypical mission where

the homb is dropped.
The following conclusions can be listedas

a resvit of the work performed during the past b. The inclusion of shock wave-
vear under the ierms of AF 33(816)-2419. boundary iayer interaction oun performance
Report No. D143-945-018 102
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shows both lift and drag are increased witha
negligible effect on the lift-drag ratio (hence,
glide performance), However, the effect of the
additional 1ift which will permit higher altitudes
to be attained has not been included in the
present glide performance,

c. The effect of earth rotation on glide
performance indicates large effects on range
for equatorial flight, Flight in the easterly
direction would increase the range by 2200
miles while in the westerly direction, it would
be decreased by 1200 miles.

d. Attempts to reduce the viscous
heating by programming the flight path to
higher altitudes using higher lift coefficients
than for L/Dpax Or by utllizing a partial lifting
path were not profitable.

e. Temperaturea on the upper and
lower surfaces of the wing and body for glide
flight conditions show that the lower surface
temperatures are higher indicating values of
1800°F and lower from the 2-foot point aft.
Leading edge temperatures are higher and in-
dicate the need for cooling posaibly by trans-
piration,

f. Shock wave-boundary layer inter-
action has a negligible effect on the lower sur-
face temperatures, However, it does increase
the upper surface temperatures by as much as
700°F near the ieading edge (neglecting the
e‘fect of increased aititude due to increased
1ift). This increase {alls off rapidly asdistance
from the leading edge increases. Resulting
upper surface temperatures are still less than
the lower surface values.

g. From a preliminary analysis, satis-
factory stability and control can be obtained up
to & Mach number of 20. Shock wave-boundary
layer interaction effects on lift and moment
values must be included along with effects of
earth rotation.

h., Free flight as well as ground test
facilities are available for investigation of the
very high-speed and high-altitude phenomena of
this weapon system.
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i. Equilibrium dissociation of the air
in the bounaary layer should not affect the skin
friction and heat transfer values appreciably as
long ao the local {ree stream and wall tempera-
tures are below the dissoctation value. Such a
condition is the practical case.

}. Radiation of heat {from the hot bound-
ary layer air to the skin appeara to be an im-
portant quantity which should be included in the
boundary layer and heat balance equations. A
theory to compute the emissivity of the hot air
for such analyses has been developed.

k. A theoretical method has been de-
veloped for predicting the transpiration coolant
requirements for hypersonic flight conditions
using air ag the coolant,

3. Structures

a, A survey of materials Iindicates
that, for the outer panel, suitable materials are
available for equilibrium temperatures up to
1800°F. Above 1800°F material fabrication
techniques must be developed, and above 2400°F
material development is required.

b. The study of cooling and insulation
shows that the optimum structural design for
the primary structure from a weight standpoint
conaists of a heat protecilon methud combining
insulation and cooling. The primary structural
areas comprise a major part of the structural
weight.

¢. The heat protection consists of
double-wall construction wherein the outer wall
is constructed of heat-resistant material and is
separated from the inner wall by insulation.
A coolant system is ccntained inside the inner
wall to maintain the proper structuraltempera-
ture.

d. Tests of a sample of the structural
configuration on an elemental basis for thermal
warpage, strength, thermal conductivity, and
coolant requirements verified the analytical
estimates except for the amount of coolant re-
quired. This single discrepancy is believed to
be duetothe improvisedtesttechnique employed.
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¢. The i the bomber aarirame
which were not mveshigated in detail (such as
levaany edge and iose; and will require design,
Aopment, and test represent only a tewper-
cent of the total surface area.

portions

4. Navigation and Control

a. An  all-inertial  navigation system
for the bomber will provide an accuracy of
4,000 feet CPE for a range of 8,000 nautical
miles. Component and instrumentation accura-
cies required are realizable in the development
time period.

b. A similar inertial system for guiding
“the bomb will provide an accuracy of 1500 feet
CPE for a range of 300 nautical miles.

c. Practical methods can be devised for
comparing the inertial information withthe pre-
dicted path and the radar or optical data on
check points to monitor the midcourse naviga-
tion phase and provide the information for
terminal guidance.

e B E L l{%ﬂﬂﬂ(;’/ CORPDRATION

d. A K, band radar using thé technique -

of similtaneous lobing and incorpdrating a side-
looking linear antenna array will provide "2
ground spot size resolution of 250 to 1,000 feet
from an altitude of 200,000 feet, depending upon
the range.

e, Generally speaking, the radar system
can be designed and developed using the present

state-of -thé- radar-art withnomorethan routine’

problems or mechanical aspects of design.

f. Fused silica is a suitable radome
material for this high temperature application.
Other materials sach as Fosterites, Steatites,

Heport Ho, Py uty ol
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Wollastomites, Aluminas, and Vycor are also
satisfactory.

5. Propulsion

a. Current rescarveh and development
on large rocket engines of the 120,000-pound
thrust class using Og and JP-4 as propellants
can be used for the propulsion units of the

boousters. These engines are already being
tested, 1
b. For the bomber, the higher per-

formance propellant combination of Og + Fg
and JP-4 is recommended because of the re-

duction in over-all size and weight of the
vehicle.
¢. A propulsion unit using this im-

proved propellant could be developed within the
time scale of this program provided the engine
development was initiated immediately.

d. Some expansion of f{luorine manu-
facturing facilities would be required for the
prosecution of this program.

6. Global Weapon S'ysteﬁi

A prelimipary study of the global
weapon system indicates that such a weapon is
sufficiently feasible and advantageous to warrant
further study.

B. RECOMMENDATIONS

The recommendations for future work arede-
tailed in the various applicable technical reports
(References 6-11). A summary of the most im-
portant recommendations is presented in Table
XVI.

Best Available Copy
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A Program Plan for the design and develop-
ment of this advanced strategic weapon system
has been submitted as a special report (Refer-
ence 12). The report describes in detail the
program approach and the schedule, und also
presents work statements for the arcas of in-
vestigation during the first year of the program,
Cost estimates have been submitted under sepi-
Jate cover.

A. APPROACH

~The Bell Aircraft Corporation uapproach to
this manned advanced strategic system is de-
signed to provide uan operational weuapon al the
curliest possible time using technology and
cquipment consistent with the most advanced
state-of -the-art. The first year of the develop-
ment program should provide sufficient informa-
tion to nitiate a Pluse 1 program. ‘This first
vear would include the prejiminary desipgn of
coudipurations for the weapon system and the
supporting techmead amalysis, This effort would
be  supplemented by anadviical and
thental researeh wihneh, althauph conducted pr-
i oreanications other thian

Q'_\']ll‘l'l .

marthy by deenerens
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Bell Aircraft, should be monitored, evaluated,
and incorporated by Bell Aircraft into the pre-
liminary design work. A study of the weapon
capability and value from a military standpoint
would be included.

The program plan report recommunds that the
development program begin in September 1955,
This will allow time for the evaluation of the
past study results as well as provide the neces-
sary lead time for the negotiation of the first
year of effort onthisprogram. It further recom-
mends that AF Contract 33(616)-2419 be ex-
tended from 2 May 1955 to 1 September 1955,
This four-month period not only permits further
study of the more important problem areas but
also provides a continuing effort which can be
accelerated in an efficient mannertothe greater
level of effort beginning in September 1955.

B. PROGRAMS

Two proposals for the first year of the pro-
pram have been submitted as Program | and
Propram i1, Progran: [ which entails a lower
fevel ol ctart during the first year woulu -

Best Available Copy
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crease the total system development by approxi-
mately one more year than would be required
with Pregram II.

1. Programl

The effort during the course of this one-
year program is the minimum that will provide
the data necessary to evaluate the weapon sys-
tera {rom a military standpoint and to outline
the system to an extent which will permit the
initiation of a Phuse I program.

The three primary areas of investigation
are preliminary design and system analysis,
military requirements, and applied research,
This program, although including a small ex-
perimental program to investigate phenomena
associated with the very high speed and altitude
of this weapon, reliea heavily uponthe analytical
and experimental investigations which are being
. sponsored by other government contracts. Such
* investigations include the {following broad cate-
gories:

1. Airframe heating as affocted by factors
such as dissociation, shock wave-boundary
layer interaction, andboundary layor propertiea.

2. Heat protection Including insulation,
cooling, and radiation methods {or the alrframo
and its contents.

3. Inertial navigation system and compu-
nent devolopments.

Report No. D143-945-018 110
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4, Large-thrust tiquid rocket engine de-
velopment as well as small-thrust, higher por-
formance units using an advanced propellant
combination,

5. Radar systems and antenna develop-
ments for high resolution.

6. Stability and control variations at
hypersonic speeds and very high altitudes,

2. Progromil

This program includes all tho effort re-
quired during the first year in order to develop
the weapon system in the shortest pnssible timo.
The areas of investigation are simlar to thoso
for Program I. Theexperimental investigations
and preliminary design work are expanded and
the development and test of system protutypoes
would be Initiuted, This program would utilice
subcontractors to a great extent not only to
assist {n the devolopmers. of specific items but
alao to conduct parallel invesetigations in ver-
tain areas to insurc the bost golution in the
srorteat time,

Buth Program I and Program 1l would
include sufficlent preliminary doesign work to
permit the start of a Phaso [ program in
Septembur 1986 on tho second und third stuges
of the final thve_ .attge syetem,

|\
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Devlgn Report:
Report Nu, D143-048-010, date
1094,
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Orlanshy, J, and Waters K '"The Use of
Mathematicul wnd Muoteoruloglval Data in
Aeronauties]l Clart Conetruction':  Dunlop
und Aggocintes Report No, DA-10-4, duled
86 May 1901.

Mitler, J. W. wnd Ludw'g L. F: "Dynamic
Visual Aculty When the Regquired Purault
Movement of the Eyo le In a Vertleal
Mlane'; U.5. Naval Behool of Aviation
Medlcine Report No. NM 001 078.01.02.

Schaeler, H. J.: "Exposire Harzard from
Cogitiy Hadiatlon at Exteeme Altitude und
In Free fpace™  Amerlcan Roicket Roclety
Faper No 81.83, dated 8 September 1063,

Heport Nu, 11143045014
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Schaefer, H.J: '"Theory of Protection of
Man in tho Region of the Primary Cosmic
Radlation': U.8, Naval 8chool of Aviation
Medleino Roport No, §3-8-6, dated 8 August
1983,

“"MX-3376 Strateglc Weupon System —Auro-
dynamice': Bell Alrcraft Corporatiun Ke-
port No. Di43-846-013, dated 89 April 1088,

“MX-28706 Strateglc Wenpon System —
Structures™ Bell Afreraft Corporation Ree
port No. D143-9408-013, dated 30 April 1086,

"MX-23708 Btratogic WeaponSystem — Navi-
gation and Counlrol”; Bell Alrcraft Corpora-
tlon Report No, D143-045.016, dated 20
April 10886,

"MX.22706 Strategic Weapn Syatem —
Radar': Bell Atreralt Corporation Repurt
No. D143.948.015, dated 29 April 1068,
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MX-2276 Strateglc Weapon System - Rro- Study':  Bell Alreralt Corporation Report

pulsion™  Bell Alrcra: Corgoration Re i 98
on™ port No. D143-845-014, dated 20 Apeil 1035,
No. D143-945-017, duted. 28)April 1985, l

12, "MX-2278 Advanced Btrategle Weapon Sys-

et . tem Program Plan': Bell Areraft Corpora-

i, s.hmke. K: "MX-2376 Stratoglc Woapon tion Hoport Nu, DI43.046-018, dated 91
ystem - Proliminary Qlobal System Maypeh 1068,




DEPARTMENT OF THE AIR FORCE
HEADQUARTERS 88TH AIR BASE WING (AFMC)
WRIGHT-PATTERSON AIR FORCE BASE OHIO

17 March 2006

88 CG/SCCMF
3810 Communications Blvd
Wright-Patterson AFB OH 45433-7802

Defense Technical Information Center
Attn: Ms. Kelly Akers (DTIC-R)

8725 John J. Kingman Rd, Suite 0944
Ft Belvoir VA 22060-6218

Dear Ms. Akers,

This concerns Technical Report AD073760, MX-2276 Advanced Strategic
Weapon System, 29 April 1955. This technical report, previously
Unclassified/Limited Distribution, is now releasable to the public. The attached
AFMC Form 559 verifies that it was reviewed by release authorities at Air Force
Research Lab Air Vehicles Directorate (AFRL/VA) and determined to be fully
releasable to the public.

Please call me at (937) 522-3091 if you have any questions.
Sin(;grely
‘ /L}‘Inn Kane
Freedom of Information Act Analyst

Management Services Branch
Base Information Management Division

Attachment
AFMC Form 559, RUSH - Freedom of Information Act



