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20. Abstract continued:

drag coefficients which were considered are: cowl Jdrag coerficient, skin drag
coefficient, wing {or fin) wave drag coefficient and wing {or fin) friction
draglcoefficient. Base drag is assumed to be zerd duc tu the jet from ramjet
nozzle.\

It was found that the cowl drag coefficignt has a major influence on the
results,/ Therefore, a separate program (AERQ) was developed to calculate this
parampter.

. The 5"/54 solid fuel ramjet has a capabiiity to produce fuel specific
impulse in the order of 400 - 900 sec. depending mostly on the flight 27t tude.
The thrust coefficient varies in the range of 0.3 & 0.1 dJepending on the

internal areas. N s

A range in the order of 50 miles can be achieved with the ramjet
operation compared to only 13 miles achieved by tha conventionai projectile.
At low-altitude launch, a range of over 18 mles can be reached in Air-lertense
Scenavio. ' The ramjet propeliled projectile reaches the ranges mentioned above
at high Mach numbers (My > 1.8). A\t s, therefore, clear thai the ramjet
concept provides significant imprpvement and has an Anti-Ship Missile
Defense (ASMD) capability.
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ABSTRACT

This report covers work done on performance analysis of a 5 inch,
54 caliber gun-launched guided projectile with solid fuel ramjet (SFRJ).

A computer program (TRAJET) was developed. The program contains
ramjet and trajectory analysis. The ramjet part considers conical
shock wave iosses, inlet boundary layer losses, normal shock losses,
subsonic diffuser ~ecovery, expansion into combustor lasses, heat losses
at the combustor and nozzle losses,

A flat earth trajectory with drag and thrust was considered. The
various drag coefficients which were considered are: cow! drag coefficient,
skin drag coefficient, wing (or fin) wave drag coefficient and wing (or
fin) friction drag coefficient. Base drag is assumed to be zero due
to the jet from ramjet nozzle.

1t was found that the cowl drag coefficient has a major influence
on the results. Therefore, a separate program (AERO) was develcpad to
calculate this parameter,

The 5"/54 solid fuel ramjet has a capability to produce fuel
specific impulse in the order of 400-900 sec. depending mostiy on the
flight altitude. The thrust coefficient varies in the range of 0.320.]
depending on the internal areas.

A range in the order of 50 miles can be achieved with the ramjet
operation compared to oniy 13 miles achieved by the conventional pro-
jectile. At Tow-aititude launch, & rang. of over 18 miles can be reached
with the ramjet version. Launches at high elevation angles can be
useful in air-defense scenario. The ramjet propelled projectile reaches

the ranges mentioned above at high Mach numbers (M031.8). It is, therefore,
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i clear that the ramjet ccncept provides significant improvement. and has
| an Anti Ship Missile Defense (ASMD) capability.
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1. INTRODUCTION
1.1 Backaround

This report covers work done on propulsion and flight me-
chanics of a gun-launched guided projectile. Gun-launched guided pro-
Jjectiles have been developed by Martia Marietta for the U.S. Army
(Copperhead) [1,2] and more recently, also, for the U.S. Navy [3,4]
(5"/54 Mark 46). The USN round nas solid rocket propulsion.

The addition of a Jiauid fuel ramjet (LFRJ) to the Navy's
version, was examined in th2 past by Brown [5]. This report concentrates
on the addition of a solid fuel ramjet (SFRJ), instead.

It is believed that s01id fuel ramjet has some potential
advantages compared with the liquid fuel. Some of these advantages
are:

-Simple desion

-High reliability in operation

-Low cost

-Fuel control system not needed
On the other hand, there are alsy a few disadvantages to SFRJ compared
to LFRJ. Some of these are:

-Difficult to control magnitude of chrust

-Difficulties in achieving high combustion efficiencies

In botk cases, the addition of propulsion improves dramatically,
the performance of the projectile by multiplication of range and enhanced
maneuverability. Even more; to operate and nroduce thrust, the ramjet
engine depends only on its forward motion at supersonic speeds and does
not enploy any moving parts. This fact, which is especially emphasized

in SFRJ, leads to some advantages of the ramjet concept gver the other
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propulsion alternatives, at supersonic soeed. On the other hand, the
ramjet engine requires an auxiiiary booster to accelerate it to its
supersonic operating regime. The boost required causes some system
difficulties. But, whife solving these probiems, the ramjet system
becomes even more attractive for use with gun-launched guided pro-
jectile, 1ike the U.S. Mavy 5"/54,
A computer program was developed to analyze the performance
of the SFRJ. The computer program was writtan for the IBM-370
computer at the Maval Postgraduate School, Monterey, California. HTPB
was selected as a fuel, but performance with any other fuel can be tested,
using the same model. A flat earth trajectory with drag and thrust was
considered. Using solid fuel, a thrust-equal-drag trajectory is more
difficult to achieve with SFRJ. Therefore, most of the results given
in this renart eliminate this case, and the exact value for drag, at
each point, was calculated. However, if cesired, it is possibie to
change the air mass flow, in order to obtain thrust-equal-drag fliaht.

The computer program can calculate this case also,

1.2 Basic Concept

The ramjet engine consists of an air inlet, which serves as
a diffuser, a combustion chamber, and an exhaust rozzle [6,7]. The
diffuser admits air to the engine, which is mixed with fuel (solid or
Tiquid) at the combistor. After the burning process, which adds heat
to the flowing air within the system, the gases are transfered to the

noxzle. The nozzle ccnverts part of the thermal energy into kinetic

eneray to produce thrust.
The areas inside the ramjet engine are usually divided into

six stations, as illustrated in Figure 1.1. Station O defines the cross-
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section area of the stream tube captured by the inlet of the projectiie.
Stations 1 and 2 identify the diffuser. Station 1 itself is at the
throat of the diffuser, but sub-station 1C is after the conical wave;
sub-station 11 and S1 are ahead of the normal shock wave, located at
the throat, or at the actual place, respectively; sub-stations 12 and
S2 are as above, but behind the normal shock wave. Stations 3 and 4
refer tq the entrance and to the exit of the fuel grain within the
combustor, respectively. Note that both A3 and A, increase with time
as fuel burns, Station 5 and 6 belong to the nozzle's throat and to
the exit of the nozzie, respectiveiy.
1.3 Data
1.3.1 Dimensions
In order to be compatible with the Navy's 5 inch, 54 caliber,

Mark 46 gun mount, &s medified for ggqnlgunched guided projectiles
(Figure 1.2), a set of requirements were adéﬁééawﬁﬁitia11y: These were:

a. External shape of existing 5" quided SAL projectile.

b. Length - 60,37"

c. Length of combustion chamber - 23"

d. Total weight - 104.7 1b.

e. Muzzle velocity - 2500 ft/sec.

Typical values for the internal areas in the ramjet within the

projectile are (units - 5g. in.):

A, Aq A Ay Aq Ag Ag
19.3 5.2 2.6 4.3 8.2 7.5 13.1
Refer to Figure 1.1 for definition of the areas. Ar is a reference area,

For typical filight Mach number of: MO = 3, the appropriate Mach numbers

at the main stations are typically:
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1.3.2 Combustion Process

Some of the Tosses in the total pressure were taken to be
constant. These are:
a. Inlet boundary layer losses (w'D; typically = 0.93).
b. Subsonic diffuser recovery (n“D; typically = 0.93).
c. Nozzle losses (nn; typically = 0.96).
These values are typical and are not expected to vary too much.
A1l the other losses in total pressure, which are dominant to
the projectile performance,vere calculated. These are:
a. Conical shock wave losses (wc).
b. Normal s hock losses (”LS)'
¢. Losses due to expansion intoc the combustion chamber (ne).
d. Heat losses in the combustion chamber ("h)'
See section A 1.4.2 for definition of various m . Combustion efficiency
was taken constant: np = 0,90
Air heat capacity ratio was also taken constant: Yy = 1.4; however, the
value for the gas heat capacities ratio of the combustion products (yf)
‘was calculated from thermodynamic data for Hydroxy Terminated Polybutadiene,
HTPB, burned in air {8]. The stoichiometric chemical reaction of HTPB
burning with oxygen is as folliows:

4 (273H10301 + 393 0, + 292 CO2 + 206 HZO (1.3.1)

1.3.3 Trajectory
In the trajectory part of the program, the various drag coef-
ficients were calculated. Those are:

a. Cowl drag coefficient (CDN), [9-121.
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| b. Skin drag coefficient (Cyg), [13-15]. r
x c. Wing (or fin) wave drag coefficient (Cwa), (16 - 20].
F !

d. Wing (or fin) friction drag coefficient (CDNF)’ (13, 197.

Base drag {13, 21-23) is assumed to be negligible due to the jet fr =m ramjet

nozzle, s

The model, which was chosen to calculate the cowl (nose) drag
i i coefficient, was‘based on a theoretical development done by 7. H. Gawain
E {9]. The modified program (AERO) is listed in Appendix G. However,
pragram AERQ as it is, appears to be too long to be used directly in the

; main program {TRAJET). Therefore, best fit curves for calculated results |

- from AERO were used in TRAJEY.

Skin drag coefficients were calcuiated for either laminar or '

turbulent flows The same routine was also used to caiculate wing or fin

v

Sp—
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friction drag coefficients. To calculate the wing wave drag coefficients,

a psuedo 3-dimensional model was developed.

The program alsc has an option to calcuiate a trajectory of a

ot

SN o AP g b e e =

>

projectile without propulsion. In this case, the drag coefficients which - ;

are calculated are:

a. Nose drag coefficient (a different model than the above).

[

4

) b. Base drag coefficient

c. Skin drag coefficient (as above). :

- 1.3.4 Air _Defense Scenario L

In the air defense scenariu, the program takes into account only

L
Ij ; cases in which the projectile exceeds a Mach number of at least 1.8. This
Y !

value of minimum Mach number (XMO) can easily be changed. 4
1.4 Results o :

Each section of the program was developed, tested and run sep-

7

{

»

!

]

5 .

f arately. The ramjet part was first run without the trajectory part using
t

3
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constant altitude (Typically - 10,000 ft), The same was done with the

trajectory part usinc vacuum case, thrust-equai-drag flight, or constant

thrust case. The final version was programmed to give the fcllowing

optional printings:
Loop on all possible values of AO/Ar and A5/Ar and print

a.
summary tables only.
b. Print detailed, time d=zpendent, tables for any specific area
ratio chosen:
- Results frem combustion process (file name: CMB D)
- Results from trajectory process (file name: TRJ D)
- Various drag coefficients (file name: DORG D)
¢. Detailed print of every step during the calculation, for

checkup.
d. Variation of the above:
Detailed print of cases that were found not to be
suitable: )
- Reasons only

- Full detailed parameters

- Loop on Mach numbers, also (output of subroutine

CALCM)
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2. TYPICAL RESULTS

Figure 2.1 presents the dependenc¢e of the fuel specific impulse (Isp,

in sec.) of the ramjet on the projectile Mach number at various altitudes.
It appears that the 5'/54 ramjet has a capability to produce fuel specific
impulse in the order of 400 - 900 sec., depending mostly on the flight al-
titude. The dependence of ISp on the flight Mach number is weak,

Figures 2.2 and 2.3 present the dependence of the thrust coeffigient
(Cf) en the internal area ratios AO/Ar and A5/Ar. In figure 2.2, the change
of Cf with altitude and with Mach number is also presented. The thrust coef-
ficient (Cf) varies in the range of 0,3+0.1 while AO/Ar changes from 0.25 to
0.40 and AS/Ar changes from 0.42 to 0.26,

The correlation between the fuel specific impuise (Isp) and the thrust
coefficient (Cf) {5 presented in figures 2.4 and 2.5. In both figures, a Mach
number of MO = 3.0 was selected. In figure 2.4, the correlation was checked
at various altitudes and at various AO/A5 area ratios. In figure 2.5, various
internal area ratios (AO/Ar' As/Ar) are presented.

More detailed results are presented in Appendix H. The dependence of the
projectile performance on the other internal area ratios (A1/A0, AZ/AO’ A3/Ap)
was also checked. Some typical results are presented in that Appendix.

An altitude vs range dependence for various elevation angles is presented
in figure 2.3. A range of over 80 km can be achieved with the ramiet operation,
compared to only stightly mere than 20 km achieved by the conventicnal pro-
jectile, A low-altitude laynch (in this figure, an elevation angle of 15°
was selected) is also presented reaching a range of over 30 km with the ramjet

operation. The high elevation angles are mostly used in air-defense scenario.

The drag of the projectile when the ramjet is not operating, for example,

= =TT - D St = : - = i - -V - e v W
TR iy TN s eeade mhyrge . TR L S TP MR 10 Y TR e v g -
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after burnout, was not determined. The computer program does not account
for the drag increase due to the ramjet not operating. Consequently some
of the trajectory curves in figure 2.6 are in error, However, fo¢ tra-
jectories at low gun elevation, the ramjet burns all the way to splash.
These trajectories are accurate. For all trajectories, the curves are
accurate to the pcint of ramjet burnout. The trajectories of interest to
air defense are accurately calculated. Trajectory of thrust-equal-drag
(vacuum} case is shown for comparison.

Results for air defense scenario are presented in figure 2.7. Only
ranges where the projectile Mach number exceeds at least 1.8 where con-
sidered. The area ratios where chosen as specified in the figure. The
two cowl angles, shown in figure 3.1 were 20° and 9.5° respectively.

The gun elevation angle was varied from 7° to 80°. The change of atmospheric

conditians with the altitude was taken into account. In table 2.1, some

typical results for "Surface-to-Surface Mission" are presented.
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- TABLE 2.1 |
: Solid Fuel Ramjet Propelled 5"/54 Projectile i
| Surface-to-Surface Mission ;
! Ranges {(km) vs Gun Elevation Angles j
| E
f !
b ;
o Elevation I
o Angle . 7° 25° 45¢ 65° 80° !
a. Ramjet!!) 15.6 49.9 80.3 15.9 5.6 o
11 ! !
Y b. Projectile 9.2 17.5 20.2 16.3 7.6 Lo
S Wi thout |
.; { Propuision co
1 l}. :
b g
s :
Vol .
b p
sl Note; 1. Area ratios as in Figure 2.7 P
A |
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.'J i
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3. Discussions

Looking back at figure 2.1, the dependence of Isp on altitude and on
Mach number should be explained. We shall do that by using the equations
described in Appendix A.

From equations: (1.4.9a), (1.4.12), (1.4.16)
together with equations: (1.1.1), (1.1.2), (1.1.3)

one obtains:

Igp = Cp % X3 (3.1)
where: Ky = dyp Ot 1 (3.2)
and: Cp = %y = ky (3.3)
where: Xp = kyMy21X-1) o (3.4)
X = kq_Mo['H-kswo g ] (3.5)

The parameters k] to ks are functions of the various area ratigs, the
temperature of air (TO)' the heat capacity ratic of air (ya) and the
perfect gas constant (Ra)' These parameters are assumed t0 be constants
in discussing the influence of the changs in altitude and in Mach number
on the vaiue o Isp‘ The altitude dependence is mainly due to change in
atmospheric pressure (Po). In the conditicns zhosen for figure 2.1, the
dependence of Isp on prassure is approximately P00'4 at MO =3. That means
that, in the region mentioned, ISp pressuve dependence is mostly due to
change of X, (equations 3.1 & 3.2). From the same equations, the Mach
number dependence of ISp can also be cxplained. At high altitude, the
change of x3 (M01'41) is very close to the Ce dgependence on Mach number
-1.3)

and therefore IS is almost constint while changing My- On the

(Mg 0
0
other hand, at sea Tevel, the change in XQ(MDI‘“J) is suialler than that of

'2-]4)

Cf(M0 and therefare Is changes with Mo as saown in figure 2.1.
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Figures 2.2 - 2.5 present similar dependences of the ramjet performance,
and can well be understood using the same equations.

Testing these results, together with those presented in Appendix H,

e e —— < "

l‘
the design of the ramjet internal area ratios can be completed. The v
results are listed in Table 3.1.
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( Table 3.1: Ramjet Design
! ,
f F
{ Dimensions:
‘ Externai diameter = 5" |
t - |
Total length = 60.97" ! ‘

Total weight 104.7 1b (47.5 kq)

Area Ratios:

LIRS [ . .

|
f
AO/Ar AllAO A2/AC| A3/Ar‘ AS/AY‘ AG/A'I !
0.25 0.47 0.887 0.426 0.26 1 |
\}f Reference Area: :;5
4 A. = 19.3 sq. in. (124.5 an®) i
'% 2 Combus tor L
‘g i Solid fuel: Hydroxy Terminated Polybutadiene (HTPB). i :.~;

Fuel weight: . 3 kg
| Fuel density: 971.56 kg/m’
Fuel specific impulse (Isp): 400 - 900 sec.

T e e LA e s ..
i

’ |
K E' Bopster ! ,i
i!ir Booster weight: 2 kg f §~
J‘ "Booster density: 1650 kg/m> | |
%j' Booster specific impulse (Isp): 240 sec (* i
i;: Performance _! ;
: Muzzle velocity: 762 m/sec l -
'%;  Velocity after booster: 863 m/sec l
o Thrust Coefficient (C;): 0.2 - 0.4
|
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o In figures 3.1 - 3.4, the designed ramjet concept is pi-esented. The

guidance and the control sections as well as the warhead were not redesigned,

The location of the tailfin is described in fiqures 3.3 - 3.4 (White,24].

The configuration of the solid fuel ramjet presented here, is in accordance
i | with the design of the liquid fuel ramjet done previously by Brown (5]. |
The new design is also in agreement with the Navy's requirement to be
compatible with its 5"/54 Mark 46 gun mount, as modified for gun launched

guided prujectiles.

§
I
|
Figure 2.6 presents a full-range comparison of the SFRJ 5"/54 pro- f
|
Jjectile performance with that of the conventional projectile. The ;

improvement in performance of the ramjet-propelled, cuided projectiie is S

i _ very significant. The extended range of the ramjet concept can be used in

. a "Syrface-to-Surtace Mission” {(Tadbie 2.7). The main improvement of the

minimum Mach number of M0 = 1.8 was assumed for both the ramjet concept

i
]
_i | ramjet concept might be in an "Air-Defense Mission" (figure 2.7). A
]
|
5 and the conventional projectile. At lower altitudes, the projectile is
3

i .
1
. .. N s
o 1imited by burn-out of the fuei. At higher altitudes, the performance |
Tty boundary is due to ramjet unstart. The corventional projectile is 1imited Bl :
B l'
b}
iQ{ ' by ihe Mach number decay to values less than 1.8, It is self-evident : _
P that the ramjet concept provides significant improvement, and, therefore,
1
O has significant ASMD Capability. o
[
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SECTION 8-8

Figure 3.2 Solid Fuel Ramjet Propeliled 5"/54
Projectile: Design, Section B-B
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4. Conclusion

Based on the computer model discussed above, the ramjet-propelled,
quided projectile providas significant improvement over the conventional
projectile. The fue! specific impulse of the SFRJ is in the arder of 600
+200 sec, depending mainly on the altitude of the projectile. The
appropriate value of the rocket is anly 300 sec. The thrust coefficient
varies from 0“? to 0.4, depending on the atmospheric conditions (altitude)
and on the geometry of the projectile (internal areas). Therefore, the
ramjet-propelled, guided projectile reaches a range of about 80 km compared
to range of slightly more than 20 km in the conventional projectile. The
improvement of the ramjet conc¢ept might be in both "Surface-to-Surface
Mission® and in “8fr-Defense Mission”. It provides an ASMD weapon which
is conpiemcitary to guided missiles,

More work is required toc design an optical system incorporated into
the inlet. For satisfactory ramjet performance at the flight Mach numbers,

the lens must he a conical shape.
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, entrance port to the combustor; see figure 1.1.
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Appendix A: SOLID FUEL RAMJET: EQUATIONS

Al.  Combustion

Computation of fuel - redression rate, weight rate of

Al
burnina fuel, and fuel - air ratio

Define G as the weight flow rate of air per unit through the
Hence G is given by:

G = (1.1.1)

>’z-
MW |

and has dimensions of 1b/sec.in®. The simple form of the regression

rate of a solid fuel, #, is given by:
* = aG (1.1.2)

Where a and n are empirically determined constants. The dimensicns for

Knowledge of the temperature dependence of the regression

 are in/zec.

rate will allow the use of a more accurate model instead of equation

{1.1.2).
The weight of fuel burned per unit of time is as tollows:

We = ppe tr0slq (1.1.3)
Where o 1is the density of the fuel in Ib/in’, 0, is the inside dia-
meter of the fuel grain. Note that 03 increases as the fuel burns.
The length of fuel grain is L3 inches. Fur the case of HIPG, the value
of 0.035] ib/in3 was taken. In an actual solid fuel ramjet, * varies

alona the grain; ¢ is largest in the region immediately downstream of

the entrance port of the combustor. However, for the ramjet model

developed here, the value ¢t * is assumed to be constant along the grain.

Consequently:
t
D3 = D3 + 25 . rdt (1.1.4)

4




The integral form for the change in grain internal diame

since » may vary with time,

= is used

The initial grain inside diameter is 030

inches, and the inside area for fuel grain as a function of time can be

written as:

it 2
Y|
Ay = Z[n Agp * ZJO rdt] (1.1.5)
By definition, the fuel - air ratio is:
W
_f
f= o (1.1.6)

a

ey

. et - gy

The value for wa is obtained from weight flow through the inlet, and the

value for wf is calculated using equation (1.1.3). The total mass flow

e R L

o e —

¥

Qs through the nozzle is given by:

Wy = Wf + wa = wa(I + f) (1.1.7)
For HTPB burning in air, the stoichiomatric value for f s 0.0728; high
combustion efficiency is difficult when f is less than 0.025.

A1.2 Computation of Combusticn Exit Condition

Combustor exit conditions are specified by four guantities as

follows: stagration temperature, TT4’ OR; stagnation pressure, PT4’

psi; ratio of heat capacities, Ygs and gas constant, Rf, in/OR. In

"
iy

the computer program, the appropriate mks units are used, 1.a. GK’ (TR

n/0 To determine the exit conditions, two input quan-

g+ respectively.

tities are needed.
at the combustor inlat, TTO' Note that TT3 =_TTO has Leen éssumed.

From the thermodynamic data for HTPB byrning in air, one determines

These are fuel - air ratio and stagnation temperature

Tra(th), Yg» Re.  The symbol Trq{th) is a theoretical temperature which

results from 100% combustion efficiency. Introducing the definition of

combustion efficiency yields:

29
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T14 {“'T Trglth) - Tro] *Tro (1.2.1)

As discussed previously, a canstant value of nr equal to 0.9 has been

assumed.
The value for Pra is calculated based on one-dimensional, choked
nozzle flow. A certain value of Pra is required to force a certain weight

flow, W;, through the nozzle. Assume that e remains fixed through the

nozzle. Define a function of Yg as:

(Yf + 1)/[2(‘{1: - 1)]
re AT [.—.--_ ] (1.2.2)
Flre 1
Define a characteristic nozzle velocity,
c¢*, m/sec:
'/Q Rf Tva
c* = -——-————-—.—--r i (12‘3)

where g is the acceleration of gravity and has value of 9,807 m/secz.

The required value for Prg is given by: N

= (1.2.0)
Prg = 1.2.4
T4 g 5

The dacrease of flight stagnation pressure, Pro by inlet and combustor

losses must not be too large. If the inlet and combustor do not provide

the required Prgqs the inlet will unstart and LA will decrease.

R
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A1.2 Computation of Nozzle Exit Conditions

The relation betwecn the arez ratios and the Mach number is well

known by the formula:

(ve + 1M/ {20v¢ - 1)1

& {ye + 1)/2
5 f
= (1.3.1)
L TR _n2
2 6

Ag, Ag are the areas at the throat and at the exit of the nozzle, re-
spectively. Knowing Yes the exit Mach number (MG) can be calculated
for any nozzie area ratio (AS/AG)' This indirect calculation is done
in Subroﬁtine CALCM, using Mewton - Raphson's iteraticn routine.

The tutal pressu re at the exit of the nozzle (DTE) is defined by:

Preasurs «
pTG = pT4 Wn (].3.2)

where the total pressure at the exit of the combustor (pT4) was calculated

previously f{e.g. 1.2.4).
Knowing the total pressure at the exit of the nozzle (pTG) and the

Mach number at this point (MG)’ the exit pressure (p5) can be calculated:

Yf'l 5 ‘Yf/(Yf'])
Pg = Prg L1 + =~ Mg (1.3.3)

Al1.4 Computation of Thrust and Thrust Coefficient

A1.4.1 Thrust Coefficient (Cf)

The thrust of the engine is the net rate of change in
momentum at a steady state condition, and is given by:
F = pghe + gy = Py - MUg = polAg - Ag) + py(Ag-Ag)

= pﬁA6 + m6U6 - pOAG - mOUO (1.4.1)

e a
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where UO’ UG’ mo, m6 are the velocities and nass flow at the inlet

entrance and at the nozzle exit, respectively.
From the continuity equation, the foliowing relation arrives:
mU = oA (1.4.2)
Substituting for the density (p) from the perfect gas equation of state:

e ET (1.4.3)
gives: tU = By u%A (1.4.4)

From the definition of Mach number and spced of sound:
U2 = wa? ; a2 = \RT (1.4.5)

Therefore: H = ETszRTA
h o= oMEvA (1.4.7)

Substituting (1.4.7) into (1.4.1) gives:
A

F=pgh (1 + Ystz) - pvo(K% + ¥, (1.4.8)
The thrust coefficient is defined :
C, = —t
f qoﬁr {1.4.9}
where: = aoUn? = By paM.C (1.4.10)
' 9p = 20g¥p T =aPo"y -
Combining equation (1.4.9) and 1.4.10) gives:
- F A ] A 1
Cf —Y—-———’-z'—— (1.4.17)
3 pOM0 A
-'2- r

Substituting for the thrust from equation (1.4.8) turns equation (1.4.11)

into:
20 /A T pordD 2A
_ ZRg/A T PrgiPg 20 -0 (1.4.12)
“f 2 -[.st/ps (e rtg”) ]] L

YaMo

o
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Al.4.2 Prassure Losses
The pressure ratics in the above formula:
P16/P10
Prg/Pg
can be substituted by a function of pressure losses across the ramjet:
°r6 . Pre Pia P13 P2 Pro (1.4.13)
Fo Pre Pr3 P12 Pro Po
We define the pressure losses as follows:
Peg
—= = q_ = Nozzle losses
Pra n
Prg .
—- = n_ = Rayleigh flow losses
Pr3 " '
K _ .
—— = 7, = Combustor expansion losses
Pr2 €
PT2 = n = Intet | = (conical loss )* *
3;5 = mp = Inlet losses = (conical wave loss )*(boundary layer loss)
*( normal shock loss }*(subsonic diffuser recovery) = "C"D'“NS"D"
i Therefore:
)
i
i P16 . . P10 [“(“1’) ]_DIQ (1.4.14)
(.E Ea— = TTn Tl’h 1Te 1TC TTD TTNS T\'D %— = ‘- - 1osses po 8,
Finally, substituting for total pressure ratios (pra/Pn: Pre/Dg) gives:
TO'FD Y16/ %6
. Yo/ (v,-1)
i Ya~ 2]
: Pre/Po [ i(n.) [__.._._.__1 T
: ST =1 Ye-1 — Yf/((f']-) (1.4.15) :
! Pre/Pe  Li=losses- |, , 'f ", 2
§ 7

e
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This relation can be used in equation (1.4.12) which calculates the

thrust coefficient of the system.

A1.4.3 Computation of Thrust
The thrust can easily be calculated from the thrust coefficient,

using eq. (1.4.9):
F=CcaqA, (1.4.9)

The dimensions of F are Newtoni (after multiplying eq. (1.4.9a) by

The fuel specific impulse, Isp’ in

the acceleration of gravity, g).

N/kg/sec, is defined by:
(1.4.16)

ISP = F/Wf

The specific fuel consumption, SFC, in kg/hour/N

. SFC = 3600/1sp (1.4.17)
Ramjet perforiance is specified in to 'ms of the performance parcmeters

ic given by:

and SFC.
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A2. Check for Choked Nozzle

The total pressure at the throat of the nozzle is given by:

Prs = Prg T (2.1)
Again, Prgo is the total pressure at the exit of the combustor, and is

calculated by eq. (1.2.4). w_ is the nozzle loss.

it follows that:
] 2\ Crgtl) (2.2)
Ps = P15 (V. +1

f

The pressure at the throat of the nozzle (ps) should be equal or greater

than the atmosperic pressure (po).

P5> Py (23)
When inequality (2.3) is satisfied, the nozzle is choked.

AJ. Heat Losses at the Combustor

A3.1 Mach Number

a. Continuity

At the combustion chamber, fuel is added and the continuity

equation is: A
03 Uz Ay (1 +f/a) = g Uy A, (3.1.1)

where A3 and A, refer to the entrance and to the exit of the combustor,

respectively. By assuming that A3 = A4, the continuity equation

{eq. 3.1.1) can be written as follows:

P3 Uy
—= (1 + f/a) = (3.1.2)
Pq U;

Replacing the velocities (U3 and U4) by the appropriate Mach numbers
(eq. 1.4.5), turns eq. (3.1.3) into:

p M\ [Ty ve Re %

3 4, 4 ¢ °f
{1 + f/a) =( )JT_—-R— . (2.1.3)
Py : UYNRFRARN
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’ Where Ra‘ Rf are the gas constants of air and of the combustion products,

raspectively. Hence:

: )
- (“3)= (f’i) ( T4) YeRe 1
- Mo/ Nog/ \T3/\R I\ 1+ 7/a (3.1.4)

h. Momentum

Applying the conservation law of momentum to the discussed

% ' problem:
! 2 2
i +* p, U," = + U 3.1.5
} P3 T P3 %3 TPy TPy (3.1.5)
| From the definition of Mach number (eq. 1.4.5) and the perfect gas
S J equation of state (eq. 1.4.3):
_}i o5 U2 = vy p; M2 (3.1.6)
J Substituting equation (3.1.6) in eguation (3.1.5):
| 2 :
| Pg_1+vy My (3.1.7) |
- |
| . 3 1+ Y¢ M4 '
f ; Again, from the perfact gas equation of state: R
5 |
\!: Ps_ (" (Ta) (3.1.8) i
S 3 P3 Tg L'
1
. Substitution of (3.1.8) into (3.1.7): :
b
! f 2 ?
| (Eg) . (T3) Vv (3.1.9) ‘
)\ A oy i
K o
Ly . ' h \
- Substituting (eq. 3.1.9) turns equation (3.1.4) into: g
| , ; : y
' YfR 1
4 3

1

{

f' 3
‘T\ M3 T4 - 1 + yaM3 f. 1

gi YA I;ygué A T+ (3.1.10)
|

|

|
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Replacing the temperatures T3 and T4 by the appropriate total temperatures:

- v;-1
Ty = TTi/(] +J7_M1.2)

and assuming that the change in total temperature up to the entrance of
the combustor, is negligible (TTo = TT3), one obtains:

9 4

M\ /T 1y M2 Y-Z—Mf-] 2
(_1) ky_) = Ya'3 1+ 5= YeRe ] (3.1.11)
M) \Tro - YfM42 ‘ s AN T+ /3

1+

¢. Solution
The Mach number at the exit of the combustor (H4) can be

solved knowing the conditions at the throat of the nozzie:

(v¢ +iy/2 ) (ve+1)/{2(vg-1)]

Ag
g M4 e 1, (3.1.12)
1 +TM4 s

The computation is again indirect, using subroutine CALCM. Knowing

M4, Equation (3.1.11) is used to compute M3. The solution is received

by iteration. As first approximation, ﬁ3 can be 50ived from the
following equation:
1 (1 + vaMf) = B (3.1.11a)
M; .
P wp e % 3
where: (1t vt (Tm) Yaha | (1 + f/2) (3.1.13)
4 Tro i
consequentTy: g
+B-‘JB~?“4}'3
Mgy = — 35— {3.1.12)

a

“The subscript N shows that the computation was made from the nozzle
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direction, Now, B is changed to be:

¥, -1 3
- 8‘11__\,?";.53) (3.1.15)
ll v Lt

This expression is consistent with equation (3.1.11). Substituting

back into {eq. 3.1.14) gives an improved value for M3. This procedure
can be repeated several times, but it was found that even after two

interations, the value received for MBN is accurate enough, due to the
small change in B resulting from (eq. 3.1.15).

A3.2. Total P(eSSure
By definition:

' ’l’f/ (Yf" )

Pri = vitl 2
O {‘ R (3.2.1)
Conseguently:
Yl g VAN ALY
Pr3 = 93 Y1+ =M (3.2.2)
6_ r Yl 2 Yf/(Yf‘q)
A [1 ey g }
Substituting for (p3/p4) from equation (3.1.7) resuits:
, [ y.-1 ZL]Ya/(Ya+])
Py = P “Yf”«xl B
1y M, § el , |10V (3.2.)
R
1

Where the subscript N was defined previously.

"’_‘.?'M P - e e o B -.. Rl Sy ‘ = IR s —riamye o, o
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Computation of Mach Number and of Total Pressure at the Varicus

Ad.
Stations of the Inlet

Ad.1 Initial Conditions
In the previous sections (Al - A3) the pressure conditions at
Here, the

the combustor and at the nozzie region were calculated.
pressure conditions at the inlet will be calculated independently.
Knowing the total pressure conditions at the various stations of the
inlet will allow the check of whether the inlet can supply the amount

of air needed by the combustor. As will be seen afterwards, this chack

will also allow to specify the Tocation of the normal shock wave at the

inlet.
Assuming that the static prassure (pc), the static temperature

(ro) and the flight Mach number (MO) are known from the trajectory pait

of the program, the total pressure and the total temperature can be

calculated:
Pro = Pg [1 + I%_‘- MUZ]YG/(Ya-T) (#.1.)
Tro = To 0+ 1%,1 Moz] (4.1.2)
The weight f\ow_through the inlet is given by:
(4.1.3)

W= oy U A P
a pooo(ﬂa)
Usually, when fiight Mach number is equal or greater than the inlet
design Mach number, the value for A./A5 is unity. But for flight Mach
number less than design Mach numben AC/AO becomes less than 1.0. A

value of 0.9 was selected as a constant value for AC/AG. The additive

drag due to AC/AO < 1 was ignored.

VTR TR e e e -
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Ad.2 Conical Shock Wave Loss

In this section, the conical shock wave loss will be computed;

the calculation results include the total pressure, Mach number and

S area behind the conical wave (Pryc Myes Aycs respectively).
A4.2.1 Pressure

The pressure coefficient can be defined as follows:

‘ Pyp=P
| cp=:{__‘.°_£___.z (4.2.1)
f a  py My

5&

For a cone, the pressure coefficient (Cp) can approximately be for-

mulated as:

; - 1.69
L 1.096 (q >
. = . + - 4.2,
4 Cp LO 083 . ] 10 (4.2.2)
L o}
4 ,
) 1
': ; where o is the cone half angle. The difference in pressure on surface i
P L
i : and behind shock wave is ignored in this model. ;
o Knowina Cp, the pressure ratio (p1c/p0) can be calculated (24.2.1) P
i ; !
R Pic Ya o2 S
o — =1+C M 4,21 : {
-, | Po pZ 0 ( a) ' iﬁ'
-% ' The same pressure ratio, is alsa related to the Mach number, normal to 5
i"' the conical siwck wave (M ). Using (eq. 2.48a) in ref. [16], one can !
L get:
I -
X AT W CICR (4.2.3) |
. Ic; Po Ya.i-.l . -
5 Knowing (p1c/p0) from equation (4.2.1a), Mn can be calculated from ; |
! i
; .

equation (4.2.3) : J 3 (4.2.3a)

{

i
\

o p Y.+l
I Moo= D+(J£ _1)£L_
; n p0 L{a
)

l
|
i
|
!
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After computing the pressure ratio due to conical shock wave {equation
4,2.1a) and the Mach number normal to the cone (equation 4.2.32), one
can use equation (2.54) in veference [16] to compute the total pressure

ratio at the conical shock wave:

. . 2 Y,/ (v, -1)
- p'nc _ r ZYa 2 '| 1/(Ya 1) Yaﬂ) Mn a a
Te E e T 1+ = (M =-1)
PTd l_ Ya n J Ya~ Mn +2

From equation (4.2.4) one obtains:

Fric = Pro ¢ (4.2.4a)

Ad.2.2 Machi Number Downstream of Conical Shock Wave

Using figures 4.1 and 4.2, the wave angle (8) can be defined
as: M
0 = arcgin (Fn-) (4.2.5)
U

On the other hand, the deflaction angle (8) is defined from eguation

(4.10) 1in 12ference [1€]:

(M 2.1)
a J (4.2.6)

8 = arctan [Zcot (8) Vi -
My {ya+cos(28)}+2

The Mach number behind the conical shock wave (Mlc) may, therefore, be

-obtained using equation (4.7) in ~eference [16]:

v ~1
a 2 5
~ 1 1+ ——M, oy
Mlc = 2 2] e (‘1‘-2-/)
sin®(8-8) Yy M~ _Ya
L

The relation between the deflection angle (9) and the wave angle (B) for

various Mach numbers are shown in figure 4.3 (reproduced from figure 4.2

in veference {16]).

(4.2.4)
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A4.2.3 Area Ratio
Using figure 4.2, the area ratio behind the cunical shock

wave can be gbtained:

A
F%E = 1222"58 cos{8) {4.2.8)

Equation (4.2.8) gives the area normal to the flow at the inlet 1lip.

A4.3 Boundary Layer Loss
A4.3.1 Mach_ Number
The area ratio is related to the appraopriate Mach number by

by the formula:

1)/[2(¥ -1)1
A" (R +1)/2 ) 2
A:‘-;-ﬁ M]C " ( (4.3.1)
{i* T‘“lc )
Where A]* is the area at the throzt of the inlet. Similarly,
Yy +1)/12(y.-1
A® (v, 172 (v, *1)/12(v,-1))
Lo A T (4.3.2)
I+ =¥y
Where Ali and M,, relatas to the area and to the Mach number dhead

of the normal shock wave, Dividing.these two eguations gives:

sl s ) gt/ f2ty,-1)]

A . 2
11 1L 1 4+
W 2 s (4.3.3)
i ) TR,

1+ —5— “u:
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Knowing Myrs vas AlC’ All’ equation (4.3.3) can be used to calculate Miys

indirectly, by subroutine CALM, whicn was mentioned previously. Mll
should be supersonic (M11 > 1) to praevent unstarti conditions.

Ad 3.2 Pressure

The total pressure in front of the normal shock wave (pTll) is
received from the connection:

Pri1 = Pr1c "o (4.3.4)
Where "D" the boundary layer loss is assumed to be 0,93.

A4.4 Normal Shock Loss

The Mach number, behind the normal shock wave is defined as:

2 2 2
M +Y-I
M, =it 3 __ (4.4.1)
12 3%, ( T
———r M.." -1
Ly,~1 il /

The total pressure behind the nocrmal shock wave is defined as:

Ya+1 ) )Ya/(Ya'l) ‘ /('Ya'l)
M 2y v.-1
Prip = Pryp {_2._ 11 s / a 2 _Ta
LA ! .‘ l L P (4.4.2)
N Ul kSO
A4, % Subconic Biffuser Recovery
Similar to eguation {4.3.3) cne can obtain:
‘ P T }(Ya+1)/[2(Ya-1)l
Ay Mpylro—my
I S WYy Ty (4.5.1)
12 2 l LeYaly, 2
: i2

Knowing Mlz' Yo AIZ; and Az, the Mach number at the exit of the inlet
can be comnuted using subroutine CALCY. The total pressure at this station

is defined as:

Prz * Priz ™p (4.5.2)

e N R B, 3 et L e, Lot Sl b o s 8

e e . e i R s = o s AR r
!
l
]
I
i
|
]
3

|
!

i

1
{
i
i
)
{

1

[



T,

Where the subsonic diffuser recovery (wD") is assumed to he 0.93.

A4.6 Expansion Loss

A4.6.1 Mach Number

On their way to the combustor, the gases coming from the jnlet
expand at station 3; a sudden change in area from A2 to A3 occurs. The
sudden change in area acts as a flameholder by creating a hot recirculation
region. In this section, the loss in total pressure due to this expansion
is calculated.
From the continuity equation:

0oUghy = pollahy (1.4.22)

From perfact cas equation of state:

o = ET {1.4.3)
and from the definition of Mach number and speed of sound:

M= U/a; a = /~RT (1.4.5)
Equation {1.4.2a) turns, therefore, intc the Form:

Pa -, . P
Wg“zﬁﬁﬁ Ay = m;% RT3 A3 (4.6.1)

For sudden expansion of an incompressible fluid, the change in static
pressure going from small area Az to large area A3 is given by (16, 25]:

93"92
%2
Where A?3 = A2/A3. Also, for the incompressible case, the stagnation

pressura vatio is given by [16, 25]:

P13 9/P 2
F'_I';: = ] - '1';6‘576—2— (1 - A23) (4.6.3)

fecordirg 10 equation (4.6.3) as M2 decreases Pr3 approaches Pro The

madel for sucden expansion with compressible flow is much more complicated.
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1t was assumed that static pressure is constant in the expansion. This

assumption, which is reasonable for low values of MZ’ is a conservative

one, i.e. pr3/Pra is Tower, VR Ya_] 2
]'[14-2 M?.]

Substituting: T,/T5 = [\ + —QQ—M3 a

and p, = py, turns equation (4.6.1) to:

Y. =1
a 2
f?.:M.ﬁ_ ’/_1_12 "3 (4.6.4)
A M ¥.-1 T
3 4 1+ 2N 2
? 2

solving equation (4.6.4) for M3:

o e i

M. = /\/ 14+duB-1
31 TN T e (4.6.5)
Where: i 2
v,.~1
R g = —%;3* (1+aM0)  (4.6.6)

The subscript 1 shows that the computation was made from the inlet

direction.

A4.6.2 Pressure

8y assuming again that p, = p3.

P13  PralPs (4.6.7)
bz Pra/Pp

and therefore:

pT?fI = P12 ‘{:"‘Y“;‘_'l‘-“'z (4.6.8)

Where subscript I is as defined previously.

48

-hj‘“ .
§ = - = e
I ¥ T
L 5 ZiacEE r

o — e e m—— e+

e e e




T

-

N

fem A

N LT

e o e st

A4.7 Location of Normal Shock Wave

The main problem in computing the Mach numbers and the total pres-
sures at the inlet arises from the fact that the exact Tocation of the
normal shock wave is not known, and must be found. The way of solving
this problem is as follows:

First, solve for two extreme conditions by assuming that the normal
shock wave is Tocated at the throat and at the exit of the inlet, respec-
tively. After khowing the lower and the upper values for MBI’ Prare
iteration can be made to find the exact location of the normal shock
wave, The criteria for this iteration is matching of values for M3,

P13 from both the inlet and the mozzle directions, i.e.:

4.7.1)
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Map = Mage Prar ™ Pran
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APPENDIX B: TRAJECTORY EQUATIONS

B1. Atmospheric Functions
Best fit curves were calculated for basic atmospheric functians,

pressure, density, temperature and viscosity of air as a function of

the flight altitude. The basic formula which was used for this process

is as follows:

F=Aexp(-B % 1078 nl) (a.1)

Where h is the altitude in meters, and A,8,C are numerical parameters.

The appropriate atmospheric functions are as follows:

Py = 1.03322 X 10% exp (-59.148 x 1070 n1-%%)  (1.2)
po = 1.224835 exp(-23.0134 X 10°% n 118 (1.2}
Ty = 288.16 exn(-13.232 X 1676 n 19709

(1.4)

When: h = 0 - 11,000m
TO = 217.24°, when h = 11,000-32,000m {1.42)

1y = 1.793 X 1075 exp(-45.1374 ¥ 1676 #0.892%y

ihen: h « 0-11,000m (7.5}

.'r -
Hg * 1.41724 X 1077, wheu ho> 11,000 & {7.5a)

In these forimlze, the presuurs (puﬁ has dimensions ¢f kg/mz, the
the tempsrature (TU} is given in OK,

density {p,) 15 given in kg/mg,
in kg/ (m-sec) (on: N-sec/ma).

and the viscosity {ug) is given

B2. Drag
BZz.1 Cowl Drao Coeftiicient

2.1.1 It was found thet the cowi drag coefficient has a strong
infltuence on the resuits. Therefore, a new model for this cow) drag
The modet was based on a theoretical

coefficient was developed.
H. Gawain [9]. The main

development done wieviousiy by Prof. T.
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difference between this development and the classical theory, is that
the boundary conditions are appiied at the body surface rather than
along the axis.

2.1.2 The model, which originally was developed for simple cases
(cones, etc.,) was modified to fit the shape of the projectile, i1lustrated
in Figure 1.1.

2.1.3 The modified program is 1isted in Appendix G. 1in the combined
program (TRAJET) an interpulation procedure was used as a subroutine in
order to simplify the calculation process.

82.2 Base Drag

After checking the influence of the nozzle exit area (As) on the
perfennancé, it was decided to aiiow AG 10 reach the maximum value
possible (Ar)’ in order to reduce base drag. In this case, the base dray
is negligible,

B2.3 Skin Drag Coefficient

_ The Reynolds number is well known to be:

PaUnt
Re, = m (2.3.1)
The transition Reyiolds numoer of
Rex = 2#105

is usually taken as criterion for transition between laminar flow
(1ower values) and turbuient flow (1. , .. values). The incompressible
laminar skin friction coefficient is related to the Reynolds number

as follows:

C = ].328/'“81_ (2_3.2)

Ds,L

Where the subscripts DS,L stand for skin drag coefficient, and Taminar
flow, respectively., On the other hand, the turbulent skin frictiun
coefficient (CDS,T) is calculated indirectly from the formula:
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Tos,7 1093p(Cpg 7 Re ) = 0.242 (2.3.3)

The computation is done in subroutine CALDC, which works in a similar
way to subroutine CALCM which has been described earlier concerning the
calculation of various Mach numbers.

B2.4 Wing and Fin Drag Coefficients

The wings and the fins of the projectile, also contribute to
drag. Basically, each of these drag coefficients contains two parts:
-Wing/fin wave drag.
~Hing/fin friction drag.
2.4.1 A psuedo 3-dimensional model was chosen to simulate the wave

coefficient, The basic formulae used in this calculation are:

-1
a -1 / Ya 2 /e 2
\)(Mo) tan J Y—a"'T (Mo -1) - tan J MO -1 (2.4.1)

Po/Prg = (1 + 2 Mg (2.4.2)
The effective span could be taken as (see fig. B2.1):
b' = b - % (2.4.3)

Substituting: tamu = 2/c , sinu = 1/M gives:

bab - 2.4.4
2 Vi ( )
X2
The drag coefficient would, therefore, be:
2 (Po/Pro - Po2/Pr0 \ b (2.4.5)

C ES
DWW YM02 Po/Pro Pe/Prg | A

The way th's simulation uses the above equations could easily be
understood when looking at the formulae together with the flow chart of

the appropriate subroutine (Appendix C). Interference drag is ignored.
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2.4.2 The friction drag coefficient was calculated using the

existing model for skin drag coefficient. (See Section B2.3)

B2.5 Calculation of Drag

Define the dynamic pressure {9) as follows:
g = % ogly’ (2.5.1)
When g 15 in units of kg/(m.secz), (or: N/mz). Also, define the following

geometrical units:
2
A_ = 7R%;
P “3 ’ 5
Where R,L are the radius and the length of the projectile, respectively.

= 2wRL (2.5.2)

Similiarly, for the wings or the fins:
S,y = nbc (2.5.3)

nn

Where n ts the total number of wings/fins (3 value of 8 was taken fur &),

and b,c are the span and the chord uf the wing/fin (see fig. B2.1)
Consequently, the drag (D) is given by:
D=g Ap CBN + Sp CDS + SHN (CDNN + COHF)E (2.5.4)

B2.6 Drag Coefficient of a Conventional Projectile Without

Propulsian

The program has an option to calcuylate also the trajectory of a

projectile without a propulsion,
The formulae used to clacuiate the drag coefficients in this case are:

2.6.1 Nose Drag
Coy = (0.083 + 0.096/M,%) (2/10)* -5
is the cone half angle,

Where o
2.6.2 Base Drag
Cpp = (0.6837 - 0.3165 M + 0.0525 M2) (2/n)

e,

The projectile is a conventional round.
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2.6.3 Skin Drag

Skin drag is calculated as discussed in section B2.3,

¢.5.4 Drag

D = Drag = q Ap (CDN + CDB) + Sp D5

B3. Boosier

The projectile has an initial muzzle velocity of 2500 ft/sec. Part
of the combustor vdIume can be used as a booster to accelerate the
projectile even more so that starting the ramjet will be easier.

Define exhaust velocity (Ue) as:

2 3.1)
Ve ® 15p,8 9 (

Where 1 is the specific impulse of the booster's fuel (in sec) and g

$p,B8
is the acceleration of gravity (in m/sec).
from Mewton's law [6, p. 323]
= = - au ;
Fosmg Uy = (m) - met) S5 (3.2)
Where m_ and mB are the mass of the projecfi]e and the mass flow of

P
the booster respectively.

it
dU =ty U, e (3.3)
-Consequurntiy: "
M - T
aU = U{t) - u(0) = -U,2n -L,-,,——E-’-— (3.4)
P
Where 1t is the booster burn time. Hence,
m
A = Y ——-—.«E,—_ 3.5
e mp - mB ( . )

AU is the change in initial velocity due to tie booster, wheire g is the

mass of the hooster.
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BA. Dynamics

The flat earth trajectory with drag and thrust is well known.

The differential equations of motion are:

[«

;2
.-..-l = - - i
: a + (F-D) sind/m, (4.1)

o

2
d'x
Mol - (F-D) cose (4.2)

where y 1is the altitude, t 1is the ¢ime. g 1is the acceleration of

8 1is the elevation angle,

gravity, F is the thrust, 0 is the drag,

m. is the projectile mass.

Y
For numerical solution of equations {4.1) and (4.2) a finite difterence

form can be used as follows:

Xig ® (F-D) coss Atzfmp + 2x3+i - X (4.3)
Yiep ® [~g + (F-D) sine/mp] Atz + ZyJ*] -¥y (4.8)
The values for j = 1 are from initial conditicns, i.e.
Xp =0, ¥ =0 . (4.5)
(4.6}

Xy = Us't CoSE » Af. ¥p * UO * 51“gjf‘5t
2 = Y
o < arctan] f12 001 . (e.7)
SACIEE A
Having calculated x;,, and v;,, from {eq. 4.3, and 4.4}, one obtained new

values for trajectory parameters using (eq. 4.7). Also thrust, drag

and projectile mass are updated for j+2.
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1. XN’AM = area at known and at unknown mach number, respectivesy.
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APPENDIX E: COMPUTER PROGRAM LIST OF SYMBOLS

EQUATIONS UNITS
SYMBOL

MEANING

GEOMETRICAL SYMBOLS

2
Ar m
A. m 2
’ 2
Alc m
2
ij m
2
Aj2 m
2
ASO m
L3 m
Lp m
R 1
v
& deg.

*ihen:

J=1,2.5, the shock wave is at stati

Reference area

Area at station j

Area behind a conical shock wave
Area ahead of a normal shock wave
Area behind a normal shock wave
Initial area at station 3

Area ratios

Length of combustion chamber
Length of projectile

Dagiue of pr@jectiwe_

N

Iniet cone half angle
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1 " PROGRAM EQUATIONS UNITS MEANING
: SYMBOL SYMBOL
| ATMOSPHERIC SYMBOLS
l ‘ ' T0 Ty % Static temperature at altitude y,
} ; i PO Py kg/m2 Static pressure at altitude Y3
| ‘ RHOA fQ kg/m3 Air density at altitude Y3
B
\ MUA bg N.ser:/m2 Air viscosity at altitude y,
\ ' uo UO m/sec Projectile muzzle velocity
r b MO Mg - Projectile initial mach number
y ‘ _ GRAV g w/secc  Gravity (9.807)
S .
S GA Y, - Air heat capacities ratio (Cp/cv)
; ;]1' GAl - - (v,*1)/2
B GAZ - - (Ya-'l )2
o .
1 612 - - (/207,10 ,
o GA2 - - Ta/ (1~ ;
i L ‘
. i . i
4 |
D i
! i
P “ .' ’ ;
. :
o ]
’ ;
S 2
A !
i 1 ;
N :
P :
> :
b ;
%
1!
i
N
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PROGRAM EQUATIONS UNITS MEANING .
SYMBOL SYMBOL ;
COMBUSTION CHAMBER'S SYMBOLS }
RHOF o kg/m° Fuel density
ETAT nr - Burning efficiency ‘
A,N AN - Burning rate parameters '
WA W, kg/sec Air mass flow 1
WF v‘vf kg/sec Fuel mass flow l
WT Wip kg/sec Total mass flow ,
F F - Wl Wy 7 -
RDOT * m/sec Burning rate ; ;
CSTAR c* m/sec v'g*Rf*'m / T'(when:T = T(vel). :{
RF Rf m/°K Hot gas constant[= R(J/mo1 E/OK) 2{, ' ‘,‘
Md{kg/mole)g(m/sec”) J- .
GF e - Hot gas heat capacities ratio (cp/c.v_) P
GF1 - - (vg+1)/2 . }
6F2 - - (¢-1)/2 o
b
GF12 - - (1) L2(v-1)1 L ‘]
GF3 - - Ye/ (vg-1) .
N
I
S
Co
e
ol
; \
I
I
|
!
f
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PROGRAM EQUATIONS

SYMBOL SYMBOL

Td Tj

74 TTj

pJ pj

PTY ij

M Mj

PTJ1, PTI2 ij] ,Psz
MJT,MJ2 MJ]’Mj]
T3M TIM
M3N, M3I M3N’M3I

UNITS

MEANING

THERMODYNAMIC SYMROLS

kg/m

Static temperature at station j
Total temperature at station j
Static pressure at station j
Total pressure at station j

Mach number at station j

As above with AJ1, AJ2

Ma ximum 3 available
M3 calculated from nozzle and inlet

direction, respeciively.
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| PROGRAM EQUATIONS UNITS MEANING [ !
SYMBOL. SYMBOL |
[ LOSSES SYMBOLS l'

! I' PIDY ' - Boundary layer 1csses -

: PID2 " - Subsonic diffuser recovery | ]
{ PIN Tn - Nozzle losses ‘
t ! - Te - Conical wave losses '
i - ™S - Normal shock losses , |
: - To L Expansion losses . : |
| - T - Heat losses . |

-
: |
Y
~ Ff
. i
P
)
| ) »
N
i
<
|
| |
| |
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FROGRAM
SYMBOL

CF
Thrust

ISP

EQUATIONS
SYMBOL

Ce
F

sp

SFC

BT L L., LISl L SR Mt pmperee Dm0 v W .
.
b
b
K
i |
UNITS MEANING i \
|
RAMJET PERFORMANCE SYMBOLS 1
- Thrust coefficient i ;
N Thrust E
{or kg) P .
|
N/kg.sec  Fuel specific impulse i
{or sec) -
P
kg/hour/N  Specific fuel consumption i ,
| .
1
| .
P
; *
)
~
L
|
!
0 i
!
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e W

~ Base drag coefficient

PROGRAM EQUATIONS UNITS MEANING ;
syMBOL  SYMBOL |
TRAJECTORY SYMBOLS |
Drag D N Orag s i
3 WPR Wy kg Mass of projectile ' %
i W8 Wg kg Mass of booster 2 :
i DELU AU m/sec Change in initial velocity due %o % [
| booster @ L
U U m/ sec Ug + AU j ; :
- DELT AT sec Change in time i i ;
% N T t sa¢ Time ' |
5/3 T0B tor se¢ Time of burning g
fE; TETA 8 deg. Gun elevation angle i’
i j TETP ep deg. Projectile second cowl angle 5'4;
1 GRAG_COEFFICIENT ' L
3 CDN Con - Nose drag coefficient ’ F;
;% COWM CDHN - Wing wave drag coefficient i.
! COWF CouF - Wing friction drag coefficient r~
ﬁ DS Coe - Skin drag coefficient (laminar/turbulent) . gl
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; 1
P
: PROGRAM EQUATIONS UNITS MEANING C
SYMBOL SYMBOL .
MA THEMATICAL _SYMBOLS i
o Pl " - 3.14159 |
[ :
1 IPR - - Printing parameter: > O combustion :
i results together with trajectory
i {on different files):
i : = O working results only; i
| I = 1 also reasons for not running §
!
L = 2 also full reasons for not running Lo
Vo P
[ = 3 also loop on mach number (CALCM) |
‘ i
i } _ = -1 trajectory prints only i
% |
'? { ITRA - - Loop pavamerer: L
'; i = +] single value for A /A, Ag/R..
B = -1 loop on Ag/A., Ag/A., and C
. I ,' ) .
" print summary, only. L
‘ | g
P 1L00 - - Check parameter: 1
.ot i
h! : < 1 regular run *' I
i . i
- E > 1 doesn't have a solution
‘ ?,i : IL, ILO - - Trajectory printing parameter {
]
% | ; : (prints every ILO pointj.
!.: IRAM - - Ramjet parameter:
) f;; = (0 ramjet in operation -
ij = ] projectile without propulsion o
; N
. xXMO X - Stopping mach number
-~ MO :
b :
[ H
1, ;
|
' l ‘
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; ; PROGRAM EQUATIONS MEANING !
| SMBOL  SwBOL B
SUBROUTINES . )
INIT - Computes initial conditions ’
i BURN - Computes combustion chamber's performance ) i !
; TERMO - Thermodynamic comand subroutine ; !
E INTER - Computes, by interpulation, thermodynaic % ] 1
| conditions, or cowl drag coefficients. ; -
; j NOZZ - Computes mozzle performance ; i g
g i . CALCHM - Computes mach number indirectly ’ :
513 RESUL - Computes ramjet performance i ;
¥ CHOKE - Checks if nozzle is choked |'
0o INLET - Command subroutine for inlet !’\
i 5 CONE - Computes conical wave loss 7 ? ‘%
‘g y THROAT - Computes boundary layer loss E ! ;
E E NSR - Computes normal shock 10ss i E>_3
;} i DIFFUS - Computes subsonic diffuser performance f - ;
j : MIN - Command subroutine to compute situation ; Lf ;
"i g, when normal shock is at point 2 o ;
!!5 .CORVAL - Command subroutine to compute situation when : ) j
Jifl normal shock is at the correct place ;
];? EXPAN - Computes Tosses due to expansion into the '; g‘
;j combustion chamber ;
HEAT - Computes heat losses at combustion chamber i
TRAJ - Command subroutine to compute trajectory
ATM - Computes atmospheric conditions as a function l

A 114

j of altitude (y) 1

i
|

Z

1 CHECK - Check for pressure capability
%

I

|

{

|

i

|
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Lt e

PROGRAM
SYMROL

B0OOS
DRAGG
CALCD
DRAGH
DRAGWW

FRANT

APRANT

PRES
DRAGPR

DYNA
DATTA
PRILOO
PRIN

EQUATIONS

MEANING

SYMBOL

-

Computes bnoster performance

Computes drag

Computes skin drag coefficient, indirectly
Cowl drag command subroutine

Computes wing/fin wave drag coefficient
(command subroutine)

Computes Prandtl-Meyer angle (v)

from a given mach number

Computes mach number from a given Prandtl-
Meyer angle (v)

Pressure ratios formula

Computes drag coefficients of a projectile
without combustion

Computes the dynamics of the projectile
Inftial data

Prints ramjet performance

Prints detailed values when does not fine

solution
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F1. Input Data

i
|
»
|
{
APPENDIX F: COMPUTER PROGRAM USERS GUIDE ;
! N
)
AOAR, ASAR, ATAO, A2R0, A3AR |
ALFA, TETA, TETP - !
IPR, ITRA, XMO, IRAM |

PID1, PID2, PIN

PRovs

Options
ALFA = Inlet cone half angle

|
|
|
?
|

TETA = Gun elevation angle

TETP = Second cowl angle
IRP = 0 clean print of RAM + TRAJ

=1, 2, 3 more details on RAM !
e

1]

= <] TRA only

ITRA = i works on one set of data
= -1 lcop on AORAS f

IRAM = 0 Ramjet E
= 1 Projectile without rropulsion L,
|
|
!

F2. Execution Commands (For use with IBM 370)

F2.1 Opening Commands

LAXKXXP
Password )

GLOBAL TXTLIB FORTMODZ MOD2EEH o

F2.2 Compilation
FORTGL TRAJET

£2.3 Run on Terminzl

FILEDEF 02 DISK TRJ D(RECFM F BLOCK 132 PERM

FTLEDEF 03 DISK DRG D(RECFM F BLOCK 132 PERM

116
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(or:

FILEDEF 05 OISK INP D
FILEDEF 06 DISK CMB D
EXEC RUN TRAJET

XEDIT CMB D

XEDIT TRJ D)

: XEDIT DRG D)

s p i e ik o A P T F LT

Note: CMB D will cuntain the combustion process results.

TRJ D will contain the trajectory part.

DRG D will contain drag coefficients.

F2.4 Hard Copy

FILE

PRINT CMB D
PRINT TRJ D
PRINT DRG ©
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H FILELD AERD. FORTRAN A NAVAL ONSTRRADUATE 3CHOIL
. 1
! TEACH NF THE AL NLFOaw ;NT“HLS. AND AT XeXL. INDEX Jwl,*/ AERQOT30
Jeuas (ML42) U»ESIRNUE THESE PRINTS. AT POINT J THE AX lL'IlElgngO :
! NRNINATE, "’f AR5 4L COPRDTSATFE AND YHE BGOY SLQPS ARES /T T afe} TS .
. tEWBGESCEN A5 X Jly R{J) NP RO{JI, PESPEETIVELY, THESFY/ nEuoou ¢
' varopys ACE CALCULATED AFTER Tnk INPUT PatavETERY ravE/ AFQQUTT :
' YYEEN FNTEREN.Y/ AFR0O0780 i
! THE “IIEMAL AND Ax}Ag FracE cnchlclrurs ARE OF THEC AE"OOTOg ' .
LAECLLEL NS FOTM, aMFA FNDF SENNTE SINETAND COSINE OF A, 17 AE3DJA0Y ;
ev r e E S E NE ATTACK, TRUS  CN=CMASCSS AND CAasCadeCA2¢5e42,4) AFR(QNI0 !
! wRITR b, 2001 ) AER0Q JA20 .
2081 FARNAT (#7014 1S PROGRAM CNKAUTES THE NUWEXICAL VALUFS NFv/ 4£293410 .
+0 S CAEEETSIIENTS Ny, CAC AMD GA2 AS wELL AS THE AOORMNATE XAC'/AF0))Ae0
et v tEFT THE AFEOCYVAMIC CANTEL , SAIAMETEIS CNA, 130 AND CA2 ARET/ AF235A%50 .
s ajvenyan Ay [NTE;0AVING CORP FSPNYD TAG N1STRIATIONS INA, NA0%/  8ET0U36Y
I M QA2 wWitH P‘RJ‘%T T x avre  Tue Lﬁ‘l:‘.l’b‘ NF THE INNY,*/ A“’%u‘urg H :
' FUSTo (2T IONS FAN & JATAINAD YN TAAULAR AND & APH=1/ AER Go8 : |
j ' FACw . ThE 32n0aM CAN 3€ ZCMIRNILEND BY FOLLUWING THE'/  AFRGU8YD !
TING INST2u0 TINNS uu‘[m A\PPraAq &Y TYE TEININAL, THE!,  AE20900 :
' A1 STEPG € TFR INOUT DATAMFTEAS® , #COINPYTE nFANSTAIC Y,  AEOY m;g ,
N <"."C:L§I[.’.Yﬁ MITPUT® ANY *3t0 T NUTPT® UyST AF pFQ=-e/ AERQ Y i
. 3 IN*a® nenze (ISTF) $INSE EACH STED GENFPATES OATAC/ AFRJGHYQ !
| N €Aa@ TuE NMEXT §TFD, 1) 42239940 ;
l 65 ) AFRA 3950 ;
' 1 CHANAFSIADDING SECIND CF\NISAL TAIL. Y/ AEQ ) 960
' o NC2 ARE TYTEGICS,SInLLTAR TO THE ABAYEINL2 NFANTES TrE'/ AFI)0970 !
: Cup NECIEASE T8 24T S QVFI TAF Tall i‘%TMNH‘I ORNEY T/ AFZ)093G i
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2 A€20105C )
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G4. Results from AER(/COML
G4.1 The symbols used in programs AERO and COWL are defined in AERO

and are presented in Figure G4.1. The values of a, bir €10 by cy are
normalized with respect to rye NA, N8, NC, Msz, NC, are the appropria.c
numbers of points used in the program. The cowl angles ap » 4, were

selected as 20°, 9.50, respectively.

To create flow at the first cowl in Figure G4.1 which is the same as
for a ramjet inlet, an extension to the body was used. The extension con-
sizts of the cone of length a and cylinder of length b] in Figure 4.1,
The cone angle, B, is 3 degraes. The value of by was varied uncii the
pressure at the first cowl was equal o ambient; a value of b] equal to
7ry gives this condition,

G4.2 The rnormalized values of the various variables which were

selected are as follew:

a=731,bp =7, =0.2,by 22,13, ¢y = 1.06 untts

- DL = 0.0736, - DL2 = 0.177 units.

The appropriate numdbers of noints are: )

NA=203,|G=200,NC°6,P82=61.NC2°30 !

The dimensfonal values are:
¢y ® 6.40, bz = 4,22, c, = 2.1 inch
r- 1.98, r. = 2,13, g * 2.48 ‘inch
&

4.3 It waiy found that the cowl drag ccerficient is sensitive to the
magnitude of projected cowl area. For exampie, another combination of

these variables:
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a=7.1, b1 =7.,6* 0.38, b2 = 2,16, ¢, = 1.46

NA = 196, N8 = 193, KC = 11, N8y = 60, NGy = 40
-0 = 0.138(20°%), -DL, = 0.243 (9.5%)

Gives higher values of the cowl drag coefficient:

Mo \ 3.0 2.3
Gh.2 | 0.0732  0.0953
.3 | 0.1214 0.1562

Therefore, attention was made to select an inlet shape as smooth as

o

puIan hle.

G4.4 AERD can proeduce also graphical results. A typical example is

{1lustrated in Figure GA.2.
GA.5 Computer Program Users Guide

Use opening commends and compilation similar

+0 that defined in

F2.1, Fa2.2.

The routine to run AERC on the terminal is defined in progvem

itsel?.
The routine to run COML on the terminal is as folloms:
FILEDEF G2 DISK GUT D {RECFM F BLOCK 132 PERM
EXEC RUN CONL
PRINT OUT D i

optional .
XEDIT OUT O °
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APPENDIX H: RESULTS
HI. SUMMARY
Ag/An A/A. LW Ayifg Ag/A,. 8 0
0.25-0.40 0.25-0.40  0.47 0.887 0.426 9.5 15
25
35
4C
45
65
80
0.25-0.40 0.25-0.40  0.50 0.827 0.426 9.5 7
| 25
1‘ 45
» 65
B 80
[’ 0.25-0.40 0.25-0.40  0.42 0.827 0.426 9.5 45
{E ’ 0.58 '
.
1 0.25-0.40 0.25-0.40  0.47 0.75 0.426 9.5 45
L 0.827
'i' : 0.91
0.25-0.40 0.25-0.40  0.47 0.827 0.27 9.5 45
0.32
, 0.47
T 0.25-0.40 0.25-0.40 0,47 0.827 0.426 5.5 45
§ 11.5
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