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The ram accelerator, a chemically driven ramjet-in-tube device is a new option for direct launch of accel- 
eration-insensitive payloads into Earth orbit. The projectile is the centerbody of a ramjet and travels through 
a tube filled with a premixed fuel-oxidizer mixture. The tube acts as the cowl of the ramjet. A number of new 
concepts for a ram accelerator space launch system are presented. The velocity and acceleration capabilities of 
a number of ram accelerator drive modes, including several new modes, are given. Passive (fin) stabilization 
during atmospheric transit is investigated and found to be promising. Gasdynamic heating in-tube and during 
atmospheric transit is studied; the former is found to be severe, but may be alleviated by the selection of the 
most suitable drive modes, transpiration cooling, or a hydrogen gas core in the launch tube. To place the 
payload in Earth orbit, scenarios using one impulse and three impulses (with an aeropass) and a new scenario 
involving an auxiliary vehicle are studied. The auxiliary vehicle scenario is found to be competitive regarding 
payload, and requires a much simpler projectile, but has the disadvantage of requiring the auxiliary vehicle. 

I. Introduction 
HE establishment of a large-scale space presence and, T in particular, substantial space manufacturing systems 

and the exploration and colonization of the solar system would 
benefit greatly from a more economical access to space. The 
current high cost of space access is a significant barrier to the 
realization of the above concepts. Much of the material to be 
transferred from Earth to space, such as rocket propellants, 
water, raw materials for space manufacture, and components 
of large space structures is insensitive to acceleration. A num- 
ber of high-acceleration schemes for direct launch into space 
from the Earth’s surface have been These in- 
clude hypervelocity guns,l-z various electromagnetic launch- 
ers;-’ and beamed energy  concept^.*^-^^ 

Hypervelocity guns have very uneven acceleration histories 
and low efficiencies. There are severe problems in handling 
the large instantaneous electrical powers required by the pro- 
posed electromagnetic launchers. Beamed energy concepts 
encounter severe problems in atmospheric transmission, 
maintaining the required beam focus and tracking the vehicle 
with the required accuracy. These concepts, in general, en- 
counter substantial problems in scaling up to sizes useful to 
direct launch. 

At the University of Washington, a chemical energy-based 
ramjet-in-tube (hereafter, “ram accelerator”) has been de- 
veloped for efficiently launching large payloads (up to several 
metric tons) directly into space from the Earth’s s u r f a ~ e . ~ ~ - ~ ~  
The projectile is the centerbody of a ramjet and travels through 
a tube filled with a premixed fuel-oxidizer mixture. The tube 
acts as the cowl of the ramjet. The composition, speed of 
sound, and pressure of the working gas can be controlled to 
produce a nearly constant projectile acceleration over the full 
operating velocity range. This concept can almost certainly 
be scaled from grams to thousands of kilograms and offers 
the potential for the direct launch into space of acceleration- 
insensitive  payload^.^^-'^ (As an example of scaling to large 
sizes, during World War I1 the German army used two artil- 
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lery piecesZ5 with 0.80-m bore capable of launching 7000-kg 
projectiles to muzzle velocities of 0.7 km/s. 

11. Ram Accelerator Drive Modes 
A number of drive modes for the ram accelerator have been 

investigated. Five modes have been described in Refs. 15 and 
17. Here, we briefly review the modes most applicable to a 
space launch system and describe three new modes. Five modes 
are shown in Fig. 1, where CL denotes centerline, S shock 
wave, C combustion zone, CP choke point, D detonation 
wave, and M Mach number. Wiggly lines denote the beginning 
of the combustion zone. Figure l a  shows the thermally choked 
subsonic combustion (TC) mode. The forward part of the 
projectile is a supersonic diffuser. The flat base of the pro- 
jectile serves as a flame-holding dump combustor, acting in 
a very similar way to the v-gutter flameholders discussed in 
Ref. 26. The heat release chokes the flow behind the projectile 
and maintains the normal shock wave on the tapering rear 
part of the projectile. Experimental data from Refs. 21 and 
22 suggest the existence of a new mode, the variant of the 
TC mode shown in Fig. l b  (TCV mode). In this mode, the 
projectile velocity is near to or above the detonation velocity 
of the working gas. Downstream of the projectile throat the 
flow is decelerated through a complex system of shocksz7 sim- 
ilar to those comprising a “normal shock” in a duct. Because 
of the velocity range, temperatures in the shock system cause 
ignition and there is substantial heat release on the projectile. 
The heat release continues past the projectile rear and ther- 
mally chokes the flow at CP. The flow which is thermally 
choked occupies significantly less than full-tube area and stands 
adjacent to a low-speed separated flow zone. (The above 
description is based, in part, on Refs. 21 and 22, where it is 
stated that, in this velocity range, 1) heat release is believed 
to occur at least partially on the projectile body, and 2) the 
propulsion mode may not require thermal choking at full-tube 
area to stabilize the driving pressure wave system on the pro- 
jectile.) A possible variant of this mode would be to have the 
choke point move forward and to reside on the tapering pro- 
jectile rear. 

An oblique detonation (OD1) mode is shown in Fig. IC. 
In this mode, the flow is supersonic throughout and the work- 
ing gas composition, the projectile velocity, and the projectile 
nose geometry are such that the bow shock does not initiate 
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Fig. 1 Some operating modes of the ram accelerator. S, shock wave; C, combustion zone; L,  low-velocity flow zone; CP, choke point; D ,  detonation 
wave; M ,  Mach number. Wiggly lines denote edge of combustion and/or low-velocity flow zones. Heavy crosses represent a complex shock system. 

combustion but its reflected shock does. In a second oblique 
detonation (OD2) mode (not shown), the initial compression 
is more gradual and does not initiate combustion. Combustion 
is initiated by a small, but steep ramp on the projectile. Both 
O D  modes likely have variants where combustion does not 
take place immediately behind the initiating shock (as in a 
detonation) but is instead delayed and takes place a significant 
distance behind the shock. For a limited range of working gas 
mixtures and projectile geometries, axisymmetric CFD 
calculations's+z0 show operating velocity ranges for the OD1 
and OD2 modes of 3.1-9.5 and 4.1-9.9 km/s, respectively. 

Two new modes are shown in Fig. 1,  d and e. Figure Id 
shows the base burning supersonic combustion (BSC) mode. 
This mode was first described by Kepler.zs This mode resem- 
bles the TC mode, except that there is no normal shock on 
the projectile and the outer flow is supersonic throughout. 
For this mode to generate thrust, the high pressures generated 
aft of the projectile by combustion must propagate forward 
through the subsonic wake region and bear on the base of 
the projectile. Finally, Fig. le  shows the diffuse supersonic 
combustion (DSC) mode. In this mode, combustion takes 
place in the nozzle expansion region and a small reanvard- 
facing step is shown as one way to anchor the combustion 
front. One-dimensional theoretical analyses, outlined in Ap- 
pendix A, give operating velocity ranges for these modes of 
1.5- 11 km/s. 

The TC mode has been demonstrated experimentally at the 
University of Washington over a velocity range of 0.7-2.4 

Projectiles with a diameter of 3.8 cm and masses 
of 45-75 g were used. With initial tube gas fill pressures of 
-20 atm, accelerations of 15,000-30,000 g were obtained. 
Theoretical a n a l y ~ e s ' ~ . ' ~ J ~  show that the TC mode can operate 
up to the detonation velocity of the working gas. Operation 
of the ram accelerator at velocities bracketing and above the 
working gas detonation velocity is reported in Refs. 22 and 
21, respectively. The data of these references suggest oper- 
ation in the TCV mode in the lower velocity ranges and the 
TCV mode in combination with the OD1 (or possibly OD2) 
modes in the higher velocity ranges. However, it is clear that 
much work remains to be done before it can be said that 
experimental ram accelerator operation near and above the 
working gas detonation velocity is well understood. One-di- 
mensional analyses, similar to those described in Appendix 
A,  indicate that the TCV mode can operate up to two or more 
times the working gas detonation velocity. 

In comparing among the various modes, an important pa- 
rameter is the thrust pressure ratio, R,. R, is equal to P d r /  

P,,, where p d r  is defined by p d r  = (am)/A,, where a is the 
projectile acceleration and m and A, are the mass and the 
maximum area of the projectile, respectively, and pmax is the 
maximum cycle pressure. For similar projectile materials and 
design, the projectile mass tends to be proportional to pmrx ,  
since the (generally hollow) projectile must withstand the 
maximum crushing pressures produced in the projectile drive 
mode. The projectile drive force is proportional to pd, .  We 

define Ck as the kinetic energy capability, (v: - v:)/2, of a 
length s of ram accelerator tube. (vl and v, are the projectile 
entrance and exit velocities, respectively, for the length of 
tube in question.) c k  is, then, proportional to R, (= Pdr/p.max) 
and s .  Higher R, values are desirable since they allow given 
velocities to be achieved in shorter tube lengths. 

There are important differences among the R, values of the 
various modes. Experimental v a l ~ e s ' ~ J ~  of R, for the TC mode 
range from 0.50 to 0.75. Theoretical v a l u e ~ ' ~ J ~ ~ ~ ~  of R ,  for 
the OD1 and OD2 modes are 0.12-0.15 and 0.17-0.20, re- 
spectively. Experimentally, R, = 0.22-0.38 and R, = 0.25 
for operation bracketingzz and abovez1 the detonation veloc- 
ity, respectively [exact mode(s) not yet clear]. From the simple 
analyses outlined in Appendix A,  R, for the BSC and DSC 
modes can be estimated to be 0.6-0.7 and -0.4, respectively. 
The higher R, values of the DSC and BSC modes are due 
primarily to reductions in the maximum cycle pressure which, 
in turn, follows from the absence of detonation waves and 
combustion in a flow area larger than those for the OD1 and 
OD2 modes. 

111. Launch Tube Concepts 

A. Preliminary Discussion 
References 23 and 24 discuss a ram accelerator space trans- 

portation system in some detail. The mission scenario therein 
is a 2000-kg projectile to be delivered to a 400-km space 
station orbit. Reference 24 estimates payload fractions of 19- 
43%. A muzzle velocity of 8-10 km/s is required and the 
projectile acceleration is limited to -1000 g; this results in a 
launch tube length of 3-5 km. The projectile length, diam- 
eter, and forward and rear cone angles are 7.5 m, 76 cm, and 
7 deg, respectively (from Ref. 24). The maximum cycle pres- 
sures are 2000-4000 atm. Our work here will be referenced 
to the same mission scenario and we will take this projectile 
to be our "standard" projectile. 

B. 
The projectile is very likely to be unstable in the launch 

tubez4 and, if so, must be stabilized by fins on the projectile 
or rails on the tube. For a small-scale research tool, the ad- 
vantages of tube simplicity and readily variable area ratio 
weigh heavily in favor of fins on the projectile. Another ad- 
vantage is that the forward part of the flow can be made 
perfectly axisymmetric. However, once the desired area ratios 
have been determined, for a large-scale launch system, the 
advantages of mass savings (no sabot or fins), absence of sabot 
stripper, and the possibility of variable area ratio along the 
tube are heavily in favor of rails on the tube. However, for 
this case, the forward part of the flow pattern cannot be made 
axisymmetric. It is possible that interactions of the projectile 
bow shock with the rails could interfere with the proper op- 
eration of the desired mode or cause localized projectile abla- 
tion. Also, the rails could cause wear grooves in the projectile. 

Fins on Projectile or Rails on Tube 
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Should these problems prove serious, fins on the projectile 
might be necessary for a large-scale launch system. 

C. Use of Thermally Choked Mode 
In Refs. 23 and 24, the launch scenario involves acceleration 

in a gun from 0 to 0.7 kmls, followed by acceleration using 
the TC mode up to 2.5-3.0 k d s  and, finally, acceleration 
using the OD1 or OD2 modes up to 8-10 kmls. A new, 
alternative scenario is to use the gun to accelerate up to -2.0 
km/s and then go directly to above detonation velocity op- 
eration. The initial accelerator could be a combustion-pow- 
ered gun. Reference 29 reports the acceleration of projectiles 
to 2.3-3.8 kmls in a 4-cm gun driven by a 3H2 + 0, + 8He 
combustion mixture. Reference 30 reports the acceleration of 
a relatively light projectile to -2.1 km/s in a 36-cm gun driven 
by a 7H, + 0, mixture. The new scenario has the advantages 
that: 1) the projectile geometry can be optimized for operation 
above the detonation velocity, 2) no diaphragm is needed 
between TC and above detonation velocity sections of the 
launch tube, and 3) no ignition system is required for the TC 
mode. [We note that many above detonation velocity modes 
(particularly the OD1 and OD2 modes) should not require 
ignition systems.] A disadvantage of the new scenario is that 
the required accelerations in the initial accelerator are higher 
and this will tend to make the projectile somewhat more 
massive. 

IV. Projectile Stability 
The basic projectile of Ref. 24 (shown in Fig. 2) is unstable 

in flight through the atmosphere. Spinning the projectile or 
the use of active stability augmentation devices are possible 
ways to deal with this problem. Spinning may well not be 
effective for such a long, slender projectile because of the 
very high spin rates necessary to overcome the aerodynamic 
pitching moments and the consequent destabilizing Magnus 
forces and moments. Spinning would leave the projectile in 
space with a very high spin rate, making contact and cargo 
transfer extremely awkward, to say the least, unless an active 
despin system was included aboard the projectile. Active sta- 
bilization has the disadvantages of high cost (on projectiles 
that are likely to be expendable), complexity and consequent 
reliability concerns (especially given the initial high g envi- 
ronment) and added projectile mass. 

A new concept is the possible passive stabilization using 
cruciform fins. Several possible geometries are shown con- 
ceptually in Fig. 3. We do not attempt to estimate the stability 
parameters of these projectiles; rather we will assume that 
they can be made at least as stable as certain projectiles for 
which experimental hypersonic stability data are available. 
Stability data on small 10-deg half-angle tantalum-aluminum 
cones at Mach 15 in air are presented in Ref. 31. Equations 
relating such stability data to the wavelength (A) and the 
envelope of the amplitude (a,) of the pitch oscillations are 
given in Ref. 32. The envelope of the maximum angular ve- 
locity or rate of change of pitch angle (ai,) follows directly 
from A ,  a<, and the projectile velocity. The equations and 
analyses used are reviewed briefly in Appendix B. 

The dynamics of these small projectiles can readily be scaled 
to a 2000-kg ram accelerator projectile and the proper velocity 
and atmospheric density profile. A representative ram accel- 
erator mission, launch at 7 km/s and 20-deg angle from a 4- 
km altitude, is chosen for stability analysis. The following 

Fig. 2 Basic ram accelerator space launch projectile of Ref. 24. Total 
projectile mass = 2000 kg. 

4-13 @) 
Fig. 3 Side and rear views of projectiles with stabilizing fins: a) for 
OD1 or OSICl mode; b) for DSC mode; c) for BSC mode. 

103, I I I I 

I \  

h (km) 
Fig. 4 Stability parameters for 2000-kg 10-deg half-angle conical 
projectile launched from 4-km altitude at 20 deg from horizontal and 
7 km/s. p/po is (air density)/(launch air density) ratio, A is pitch os- 
cillation wavelength (km), a is envelope of maximum pitch angle (deg), 
a is the envelope of maximum pitch rate (deg/s). Also, see text. 

simplifying assumptions are made: flat, nonrotating Earth; 
exponential density decrease with altitude; no gravity; and 
projectile velocity constant at 7 k d s .  These assumptions should 
have only minor effects on the projectile stability character- 
istics. 

Figure 4 shows the resulting plots of A, a,, &,, and p/po 
versus altitude h. ( p  is the air density and po is p at the launch 
elevation, 4 km.) A and p/po vary exponentially with altitude. 
For h from 4 to 45 km, the a, and ai, curves are drawn assuming 
that the projectile was disturbed to produce a, = 5 deg at h 
= 5 km. The pitch oscillations are seen to be rapidly damped 
out. Above 45 km, the projectile is unstable in pitch, but with 
a very slowly increasing pitch amplitude. For h from 45 to 96 
km, the a, and aie curves are drawn assuming that the pro- 
jectile was disturbed to produce a, = 5 deg at h = 45 km. 
a, increases very slowly from 45 to 96 km altitude and aie 
continues to decrease with increasing altitude. At h = 96 km, 
the atmosphere is very thin and A is of the same magnitude 
as the length, along the projectile path, over which the at- 
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mospheric density decreases by a factor of e .  An estimate of 
the final free tumbling rate of the projectile in space is cie at 
h = 96 km, which is -20 deg/s or -3.2 rpm. If a, at 45 km 
was less, say, 2 deg, the final tumbling rate would be -1.3 
rpm. At these low tumbling rates, there should be little dif- 
ficulty in making contact with and transferring cargo from the 
projectile. 

Fin stabilization also offers the possibility that the projectile 
might be stable in the tube without being in contact with the 
wall. 

V. Gasdynamic Heating 

A. 
Heating rates and ablation or transpiration cooling require- 

ments were investigated for three critical regions of the pro- 
jectile: the nose, both in-tube and during atmospheric transit; 
the forward cone during atmospheric transit; and the maxi- 
mum pressure region of the projectile in-tube. This problem 
has been discussed earlier,23.24 but the present analyses are 
more detailed and reveal a problem not explicitly dealt with 
therein. The methods used to estimate the gasdynamic heating 
are outlined in Appendix C. Our standard projectile is used 
here and we have assumed an initial nose radius of 3.8 cm. 

Two mission profiles were investigated. The parameters for 
each are given in Table 1. For each critical area of both 
missions, the mass consumed due to heat loading was cal- 
culated for carbon ablation and NE, and H, transpiration 
cooling. The ablatant would most likely be a carbon-carbon 
composite. Using hydrogen as the transpirant compared with 
ammonia requires 3-3.5 times less mass of transpirant but 
2.6-3.1 times more volume of transpirant on account of the 
low density of liquid H,. For this reason and the very low 
temperature required to store liquid H,, hereafter we will 
consider carbon ablation and NH, transpiration cooling only. 

For a noncryogenic, high-density transpirant, NH, was se- 
lected over water or hydrocarbons for the following reasons. 
As the transpirants flow through fine passages approaching 
the projectile surface, the temperature rises steeply. Equilib- 
rium calculations were made for CH,, H,O, and NH, tran- 
spirants at a representative pressure of 3000 atm. CH, was 
considered as representative for hydrocarbon transpirants. 
For CH,, a mole fraction of -0.0085 of graphite was found 
in the 1100-1500 K range. The graphite could plug fine tran- 
spiration passages. For water transpirant in the 3000-4000 K 
range, the mole fractions of 0, and 0 range from 0.004- 
0.018 and 0.0001-0.0036, respectively. The presence of these 
species is likely to cause oxidation damage to the porous 
media. For NH, transpirant, the very chemically active species 
N is present in mole fractions of only 
over the 3000-4000 K temperature range. Hence ammonia 
is preferred over hydrocarbons or water. 

Table 2 gives our estimates of material loss (ablatant or 
transpirant) for the critical projectile regions for the moderate 
and severe missions. Three measures of material loss are used 
in Table 2. dMIM is the mass of the lost material divided by 
the initial projectile mass. For ablation, drlr is the projectile 
wall retreat divided by the maximum initial projectile radius, 
and rfh, is the final nose radius divided by the initial nose 
radius (3.8 cm). 

We first address nose carbon ablation mass loss. We go 
directly to the severe mission and make estimates of the total 
values of dMIM and rflr, - 1 by adding the individual values 
for in-tube flight and atmospheric transit. The final value of 
rflr, is 1.7 and of dMIM is 0.00104, corresponding to a loss of 
2.1 kg of ablatant. This amount of ablation should have very 
little effect on the ability of the projectile to perform the 
mission. We now turn to C ablation on the forward cone 
during atmospheric transit, again going directly to the severe 
mission. dMIM is 0.0265, corresponding to 53 kg of carbon 
lost and drlr is 0.0241, corresponding to a wall retreat of 0.92 

Ablation and Transpiration Cooling Requirements 

- 1.6 x 

Table 1 Missions for the assessment of gasdynamic heating 

Mission Moderate Severe 
Drive mode OD2 OD2 
Gas mixture at tube exit 8Hz + 0, 8Hz + 0, 
Velocity at tube exit, 7 10 

Tube fill pressure, atm 25 25 
Launch angle, deg 20 20 
Launch, altitude, km 4.5 0 

k d s  

Table 2 Estimates of material lost due to gasdynamic heating 

Measure 
Portion of Location of Moderate Severe 
total flight on Material material mission mission 

profile projectile lost lost (7 kmls) (10 k d s )  

In tube Nose C rfh, 1.016 1.300 
C dMIM 0.000019 0.00043 

NH, dMIM 0.000054 0.00086 
Sidewall C drlr 0.025 0.203 

(at max. p) C dMIM 0.050 0.407 
NH, dMIM 0.068 0.431 

Atmosphere Nose C r&r, 1.047 1.409 
C dMIM 0.000053 0.00061 

NH, dMIM 0.000150 0.00116 
Forward C drlr 0.0085 0.0241 

cone C dMIM 0.0094 0.0265 
NH, dMIM 0.0092 0.0222 

cm. If the ablation is axisymmetric, it seems likely that this 
amount of ablation is also acceptable, since maintaining the 
exact projectile shape is not critical during atmospheric transit. 

Finally, we turn to in-tube projectile sidewall heating in the 
region of maximum pressure. Even for the moderate mission, 
ablation here is a serious problem. A wall retreat of 0.95 cm 
is predicted. This retreat in the critical high-pressure region 
of the flow could cause the projectile shape to be altered so 
that the drive mode does not operate properly. Further, as- 
suming that rails or fins are required to stabilize the projectile, 
the projectile could lose contact with the tube, leading to 
violent oscillations and destruction of the projectile. For the 
severe mission, the wall retreat is predicted to be -8 times 
greater than for the moderate mission, almost certainly lead- 
ing to projectile destruction early in in-tube flight. 

Our calculations show that the BSC mode produces -10 
times less ablation than the OD2 mode. This is because (ide- 
ally) the maximum cycle pressure applied to the projectile 
sidewall is very much lower, relative to the effective projectile 
driving pressure, for the BSC mode (see Sec. 11). Even partial 
achievement of the BSC (or, somewhat less good, DSC) mode 
operation would greatly reduce the amount of ablation. (We 
note here that the OD1 and OD2 modes produce similar 
severe ablation.) Let us examine the use of transpiration cool- 
ing with NH,. For the severe mission, the NH, transpirant 
required is 0.41 and 0.04 of the projectile initial mass, for the 
OD2 and BSC drive modes, respectively. A good option might 
be to use BSC or DSC drive operation and NH, transpiration 
cooling together. 

B. Hydrogen Gas Core 
A third, new method for reducing in-tube ablation is to use 

tangential gas injection and a vortex-stabilized hydrogen gas 
core in the tube; this can easily be shown to greatly reduce 
the heat transfer to the projectile. Even if the projectile is 
stable in the tube without fins or rails, operation with a vortex- 
stabilized hydrogen core is very awkward. The tube must have 
tangential injection ports along its entire length. Injection 
must take place simultaneously over the full-tube length, many 
different propellant gas mixtures must be injected (immedi- 
ately following the injection of the hydrdogen core), and gas 
injection and launch must be accomplished in a few seconds. 
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If the projectile must be stabilized by riding on the tube 
using fins or rails, the situation is worse. Fins would be par- 
tially outside the hydrogen core and would likely suffer severe 
ablation damage. With longitudinal rails, the vortex concept 
could not be used. A series of annular rails along the tube 
rather than longitudinal rails could provide projectile stabi- 
lization and would also allow vortex flow. An obvious dis- 
advantage is the greatly increased complexity of the launch 
tube required. 

Assuming longitudinal tube rails to be used, a second option 
might be to use a long, very thin-walled, inflatable tube in 
the center of the launch tube to act as a hydrogen balloon. 
It would be centered in the tube by the rails. Emplacing the 
balloon tube and filling it with hydrogen would be difficult 
tasks to be accomplished without causing leaks. If this could 
be done, however, the propellant gas fill procedure would be 
nearly as simple as that without a hydrogen core. 

VI. Orbital Mechanics 

A. Basic 
Orbital mechanics for a ram accelerator space launch sys- 

tem has been discussed in Refs. 23 and 24. A number of points 
presented here, particularly the discussion of inclined orbits 
(see Sec. VI.C), were not treated in the earlier references. 
Also, a new concept, the ferry vehicle (Sec. V1.B) is presented 
herein. We consider as a representative ram accelerator mis- 
sion to resupply a space station in a 400-km equatorial orbit. 
The space station is traveling eastwards and the launch will 
be toward the east, to take advantage of the Earth’s rotation. 
In assessing the effects of atmospheric passage, we have used 
the standard atmosphere of Ref. 33, and fit it with three 
exponential expressions with break points at 9.6- and 47.5- 
km altitude. Reference 34 gives experimental drag coefficients 
(C,) for small 10 deg and 5 deg half-angle cones at Mach = 
15 as 0.102 and 0.071, respectively. We therefore assume C, 
= 0.10 for the ram accelerator projectile. 

We now examine the atmospheric passage and orbital re- 
quirements for the ram accelerator projectile. We integrate 
the equations of motion through the atmosphere and into 
space. From 2 x lo4 to 2.6 x lo6 timesteps are used to ensure 
good accuracy. A rotating Earth and an equatorial launch 
eastwards is assumed. Initially, following Refs. 23 and 24, we 
will consider one-impulse (11) and three-impulse (31) methods 
of reaching the space station (SS) orbit. We will use the fol- 
lowing definitions. Av is a single velocity increment provided 
by a rocket engine or an atmospheric passage. “Rocket Av” 
is a single Av provided by a rocket engine and Av, is the sum 
of all rocket Avs required to rendezvous at the space station. 
For the 11 method, when the projectile first reaches the SS 
orbit, a single rocket Av is applied to place the projectile in 
the SS orbit. In the 31 method, the projectile is allowed to 
pass the SS orbit and, at apogee, a rocket Av is applied such 
that the projectile will make the atmospheric passage at per- 
igee necessary to have the new apogee at the SS orbit. A 
second A v  occurs on the aeropass and a small rocket Av at 
the new apogee matches the projectile and SS orbits. 

Figure 5a shows curves of Av, required to rendezvous at 
the space station for 11 and 31 missions as a function of pro- 
jectile launch velocity (v,) and launch angle (0). The numbers 
on the curves are vl in km/s. The launch altitude is 4.5 km. 
The top branch of each curve (solid line) is for 11 missions 
and the lower branch (dashed line) is for 31 missions. The 
two branches meet when the projectile initial apogee is at the 
space station. Detailed atmospheric heating calculations were 
not done for the cases of Fig. 5. However, 6, a rough measure 
of the total atmospheric heating load, was calculated as fol- 
lows. 6 is equal to the integral of the drag force over the 
distance of the atmospheric passage divided by the projectile 
mass and the effective latent heat of vaporization of carbon 
(see App. C). 6 is shown in Fig. 5b as a function of vl and 0. 
Heating in the 31 mission aeropass is neglected, because it is 

0.5 I I I 

a) x 4 

Launch angle (deg) 5 
Fig. 5 a) Shows the total rocket Av (Av,) required to rendezvous at 
the space station orbit as a function of the launch velocity (v,) and 
angle (e). Numbers on curves are v, in k d s .  Curves are shown for 
one-impulse and three-impulse missions. The launch altitude is 4.5 
km. b) Shows the dependence of total atmospheric passage heat load 
parameter 6 on v, and 0. c) Shows the dependence of I ,  the ratio (net 
cargo gain at the space station)/(initial projectile mass), on Av,. Curves 
for three different sets of assumptions are shown. See text for details. 

assumed to take place at a sufficiently slow rate that projectile 
material loss by ablation will be very low compared to that 
in the initial atmospheric passage. 

We introduce a parameter, 5, defined as (net cargo increase 
at the space station)/(initial ram accelerator projectile mass). 
Figure 5c presents three different curves for 5 as a function 
of Av,. Following Refs. 23 and 24, we have assumed a rocket 
exhaust velocity of 3.0 kmls. Following Ref. 24, we have 
assumed a ram accelerator structure mass fraction (p)  of 0.3 
and a ram accelerator propulsion system mass fraction (p,) 
of 0.1. Curve 4 assumes the on-board propulsion system brings 
the entire ram accelerator projectile to rendezvous at the 
space station. Another possibility is that the heavy acceler- 
ation-resisting and heat-shielding components of the ram ac- 
celerator projectile could be left behind and a much lighter 
system comprising the flropnlsion system, propellants, and 
the cargo would rendezvous with the space station. We assume 
that the mass fraction of light tanks necessary to carry the 
propellant (and cargo, if required) (p,) is 0.05. With these 
assumptions, we obtain curve 5 of Fig. 5 for 5 = ~ ( A v , ) .  Curve 
3 will be discussed at a later point. 

Let us consider a ram accelerator launch system with a given 
maximum v, capability, denoted by vl,,,. Further assume that 
atmospheric ablation limits the maximum tolerable value of 
5 to &. Let us then refer again to Fig. 5.  If one chooses a 11 
mission, only one rocket burn is required and there is no 
aeropass. The projectile propulsion and guidance systems will 
be relatively simple. The disadvantage is a high Av, and a 
correspondingly low cargo mass gain (low 5) .  If a 31 mission 
is chosen, two (or more) rocket burns and a precision aeropass 
(requiring accuracy within a few kilometers) are necessary. 
The projectile propulsion and guidance systems must be quite 
sophisticated. The advantage is the lower Av, and higher cargo 
mass gained (higher 5 ) .  

Let us consdier 11 missions with a given v , , ~ .  If there is no 
limit on 6 it is always best to operate the launcher at v , , ~  to 
minimize Av,. However, with the addition of a limit on 6, 
lower Av,s can sometimes be found for operation with v, < 
v!,,,,. For example, with v,+ = 10 km/s and 6, = 0.3, if v, = 
10 km/s, the lowest Avr reachable is at point A. If vI = 9 km/ 
s, however, a significantly lower Avr can be found at point B. 
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Table 3 Net cargo increase fractions (11 and 13) and optimum 
launch angles (elo and 0,) for various vl,,, 

Case v ~ , ~ ,  kmk 5; Ole, deg i; e3,, deg 

The Avr - 5 curve for this scenario is plotted as curve 3 in 
Fig. 5c and is seen to be very competitive with the nonferry 
ram accelerator scenarios. 

a 
a 
a 
a 
a 
b 
b 
b 
b 
b 

7 
8 
9 

10 
11 
7 
8 
9 

10 
11 

0.00 23.5 0.04 
0.12 18.6 0.15 
0.21 14.4 0.27 
0.28 11.7 0.38 
0.34 9.8 0.46 
0.00 23.5 0.04 
0.12 18.6 0.15 
0.17 15.0 0.27 
0.00 19.6 0.38 
0.00 25.0 0.45 

24 
24 
23 
20 
18 
24 
24 
23 
20 
25 

Curve 4 of Fig. 5c used for 5 values. Cases a with no 5 limit; cases b with 5, 
= 0.3. 

(Both points A and B are at 6 = 0.3). However, if 31 missions 
are considered with given v ~ , ~  and &, it is always best to 
operate at v ~ , ~ .  

For a given set of restrictions the optimum mission is de- 
fined as that with the minimum Av, and the consequent max- 
imum f .  For 11 and 31 missions, we denote the optimum 
launch angles by e,, and 03,,, respectively, and the 5 values 
achieved by f l  and l,, respectively. For the case with vl,, 
given and no restriction on 6, Table 3, cases a give Ol0 and 
0," and f1  and f3  for the 11 and 31 missions, respectively. With 
no restrictions on 6 (or, equivalently, if = 0.4-0.5 is tol- 
erable), the 11 missions are quite competitive. If, on the other 
hand, 6 must be limited to, as an example, 4 = 0.3, we have 
cases b in Table 3. For vl, ,  of 9 km/s or above 5, is severely 
reduced from those of cases a ,  while 5, is only slightly affected. 
With the addition of a limit on 6, the optimum launch angles 
increase as expected. 

B. Ferry Concept 
In this new concept, there is an additional vehicle, the 

(unmanned) ferry, which leaves the space station orbit, meets 
the projectile, takes on board the cargo (or takes the entire 
projectile), and returns to the space station. The projectile 
alone has no maneuvering ability. This concept separates the 
acceleration and heat-resisting and maneuvering capabilities 
between the projectile and the ferry. The ferry propellant 
required is brought up aboard the ram accelerator projectile, 
in addition to the cargo to be transferred to the space station. 

The main reason for considering this concept is the possi- 
bility of using totally dumb projectiles without attitude or 
propulsion systems. The disadvantages of the ferry concept 
are: first, the very existence of the ferry vehicle, which is, of 
course, unnecessary in nonferry ram accelerator supply mis- 
sions. Second, an extremely precise matching of the ram ac- 
celerator projectile and ferry orbits is required. Third, in rep- 
resentative scenarios, only about 10-20 min are available for 
transfer of cargo from the projectile to the ferry. 

To make some assessments of the 5 values achievable using 
the ferry concept, it is necessary to define some mass fractions 
for the ferry analogous to the ps for the projectile. We assume: 
1) that a = (mass of ferry empty of propellant)/(mass of ferry 
with full propellant load) cannot be less than 0.1, and 2) that 
af = (mass of ferry empty of propellant)/(initial mass of pro- 
jectile to be moved by ferry + mass of ferry propellant) 
cannot be less than 0.1. These mass fractions are reasonable 
for a low acceleration (2-3 g at most) vehicle. For example, 
Ref. 35 gives a dry-to-gross-mass ratio of 0.076 for a proposed 
single-stage-to-orbit rocket vehicle. 

Scenarios where all the propellant used is initially aboard 
the ferry compete quite poorly with the nonferry ram accel- 
erator scenarios. Let us consider a scenario where the pro- 
pellant for the second ferry rocket burn is brought up by the 
projectile and the acceleration-resisting and heat-shielding 
components of the projectile are left behind and only the 
cargo and the cargo tanks are returned to the space station. 

C. Inclined Orbits 
The previous discussion of orbital mechanics has assumed 

an equatorial space station orbit and an equatorial ram ac- 
celerator launch. As a benchmark with equatorial orbits and 
launches, we compare the cargo-carrying capacity of the ram 
accelerator with that of the Space Shuttle. We assume 12 
shuttle launches yearly with payloads of 24,900 kg. We con- 
sider a 31 ram accelerator mission with vl = 10 kmls, O = 20 
deg, h, = 4.5 km, and a projectile mass of 2000 kg. Using 
Fig. 5a, we find a Avr of 0.72 km/s and, using the nonferry 
ram accelerator scenario of curve 4 in Fig. 5c, we find a net 
cargo increase fraction of 0.385. We define R, as the ratio of 
the net cargo increase rate using the ram accelerator to that 
using the shuttle. With the preceding scenario, if there is one 
launch per sidereal day, R, = 0.946. If we assume 15 launches 
per day, the time between launches is roughly equal to the 
space station period and R, = 14.2, which is very favorable. 

Now, let the space station and ram accelerator launch tube 
orbits be inclined at 28.5 deg, the latitude of Cape Kennedy. 
We assume the above ram accelerator mission and assume 
that one launch will take place when the node lines of the 
ram accelerator and space station orbits coincide. Except for 
this launch, plane change maneuvers will be required to place 
the projectile in the space station orbit. The velocity require- 
ments for these maneuvers and the consequent reduction in 
R, can easily be calculated. We omit further details of the 
calculations, but give key results here. If there are 15 launch 
times per day (as in the previous example with equatorial 
orbits), only three of these yield any net cargo increase at the 
space station and R,  falls to 1.3. If the launch tube turnaround 
time can be reduced from 95.7 min (for 15 launches per day) 
to 11.3 min, 23 (of 127) launch times per day yield net cargo 
increases and R, can be raised to 9.5. It may be difficult to 
achieve such fast launch tube turnaround times. 

VII. Conclusions 
The ram accelerator, a chemically driven ramjet-in-tube 

devide is a new option for direct launch of acceleration-in- 
sensitive payloads into Earth orbit. Projectiles of masses up 
to several metric tons can be launched at velocities up to 10- 
12 k d s  at nearly constant acceleration. A benchmark mission 
was selected: the resupply of a space station in a 400-km orbit. 
A number of ram accelerator drive modes were described and 
the above detonation velocity modes yielding the greatest 
theoretical acceleration capability were identified. For a space 
launch system, it was found that, for a number of reasons, it 
should be superior to stabilize the projectile in the tube by 
using rails on the tube rather than by fins on the projectile. 
However, in the former case, the flow over the forward part 
of the projectile is significantly affected by the rails; should 
this interfere with proper operation of the drive mode or cause 
ablation problems, fins on the projectile might be required 
for space launch systems. 

The use of the thermally choked and above detonation 
velocity modes in the launch tube was compared with the use 
of above detonation velocity modes only; each scenario was 
found to have advantages and disadvantages. A preliminary 
study of passive stabilization using fins during atmospheric 
transit has indicated that this may be a viable option. Gas- 
dynamic heating in-tube and during atmospheric transit was 
investigated. Heating during atmospheric transit and nose 
heating in-tube do not appear to cause serious mass loss prob- 
lems. However, mass loss due to in-tube heating in the region 
of maximum pressure was found to be severe. This problem 
could be alleviated, however, by the use of the most suitable 
drive mode, transpiration cooling with NH,, or a hydrogen 
gas core in the launch tube. 



The payload could be circularized in the desired orbit using 
one-impulse or three-impulse (with an aeropass) scenarios. 
The three-impulse scenarios allowed greater payload mass 
fractions to be placed in the final orbit, but require much 
more sophisticated projectile guidance and propulsion sys- 
tems. A new scenario, using an auxiliary (ferry) vehicle to 
transport the cargo from the projectile to the space station 
was presented. The payload mass fraction delivered to the 
space station using the ferry scenario is very competitive. The 
ferry scenario offers the possibility of using a totally dumb 
projectile (without guidance, active stabilization, or propul- 
sion systems). The ferry scenario has the disadvantages of 
requiring the management of second vehicle (the ferry) and 
requiring precision orbit matching between the projectile and 
the ferry. 

If the orbits of the projectile and the space station are 
inclined at 28.5 deg (the latitude of Cape Kennedy), the cargo 
deliverable to the space station is reduced by a factor of -10 
below that for the equatorial orbits case. If a launch interval 
of -10 min can be achieved, the ram accelerator space launch 
system, with 28.5-deg orbits and 2000-kg projectiles, can de- 
liver about 10 times as much cargo to the space station as the 
Space Shuttle per year. 

Appendix A 
Simple methods for estimating the performance of the DSC 

and BSC modes of operation are presented here. The working 
gas is taken to be ideal with one set of values of molecular 
weight and specific heat ratio before combustion and a second 
set after combustion. The compression processes are approx- 
imated by two-dimensional wedge/flat-plate flows using two 
or four oblique shock waves. Expansions are treated isen- 
tropically. In the DSC mode, over the rear tapering part of 
the projectile, combustion is assumed to take place at constant 
pressure. If the combustion is completed before the rear tip 
of the projectile is reached, the flow remaining out to the rear 
projectile tip is taken to be an isentropic expansion. For the 
BSC mode, the continuity, momentum, and energy equations 
are solved between the flat projectile rear and an all-burnt 
plane aft of the projectile. The pressure at the projectile rear 
must be chosen to obtain a solution. The best performance 
is obtained when the pressure on the projectile rear is taken 
equal to that at the all-burnt plane. We have used these values 
in our comparisons in the main text. With all thermodynamic 
states of the cycle determined, the cycle performance param- 
eters follow directly. As a first approximation, viscous effects 
reduce the performance of all modes by 10-30% and, hence, 
are not included here. Similar methods of analysis, but in- 
cluding provisions for handling normal and oblique shock 
waves and detonations, were used to estimate the perfor- 
mances of the OD1 and OD2 modes.” 
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Appendix B 
Here, we consider the quasisinusoidal pitching motion of 

an axisymmetric projectile. The atmospheric density and the 
amplitude and the period of the pitching motion vary along 
the projectile path. For reasonably accurate use of the quasi- 
sinusoidal asymptotic solutions presented here, the variation 
of the atmospheric density and the amplitude and period of 
the pitching motion should not exceed roughly 10% over a 
period. Reference 32 (p. 322) gives the following equation 
for the envelope of the maximum pitch angles 

where 

B(x) = @ (6 - C”) 
2m 

and a,(x) is the envelope of the maximum pitch angles, Co is 
a constant, x is the distance along the projectile path, Cma(x) 
is the derivative of the projectile pitching moment with respect 
to pitch angle, p(x) is the atmospheric density, V(x) is the 
projectile velocity, A is the projectile reference area, C, is 
the projectile drag coefficient, and m is the projectile mass. 
6 is the projectile dynamic stability parameter, which is de- 
fined in Ref. 32, p. 289. 

For brevity, we replace p(x) by p, etc. We introduce 

L 

Combining Eqs. (Bl),  (B2), and (B3), we obtain 

We assume that p = A(6 - CD)/(4m) is constant and take 
the atmospheric density to vary as p = poe-x/La, where po is 
the atmospheric density at projectile launch and L, is the 
atmospheric scale length along the projectile path. Equation 
(B4) then becomes 

As a rough approximation for a viable ram accelerator launch 
profile, we take V = const. With this assumption, we can set 

L c -0- 
1 -  (yp0).25 - 

Combining Eqs. (B5) and (B6), we get 

The relation between the wavelength of the pitch oscilla- 
tions of the projectile and the physical and aerodynamic prop- 
erties of the projectile and the atmospheric density is given 
in Ref. 32, p. 295 as 

- 8a2Z cmm = - A 2pAI 

where I is the moment of inertia of the projectile for pitch 
oscillations, A is the wavelength of the oscillations, and I is 
the reference length of the projectile. Equation (B8) can be 
rewritten as 

Finally, for quasisinusoidal motion, it is easily shown that the 
maximum rate of change of pitch angle cie is given by 

2av 
ciC = a , A  

Reference 31 presents 6, C,, and C,,,, data for small 10 deg 
half-angle cones at Mach 15 in air. (I, A ,  and 1 data are also 
readily available from the reference.) We assume 6, C,, and 
Cm, to be the same for the models of Ref. 31 and a large 
space launch projectile and we also assume geometric simi- 
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larity between the projectiles. Scaling for the different veloc- 
ities and air densities between the model and full-scale pro- 
jectiles is accounted for in Eqs. (B4), (B9), and (B10). Hence, 
from the data of Ref. 31, using Eqs. (B4), (B9), and (BlO), 
and assuming an initial value of ae, the variation of ae, A, and 
&e of the space launch projectile along its flight path can be 
estimated. 

Appendix C 
We outline here briefly the methods used to estimate the 

projectile ablation sustained or the transpirant required to 
maintain projectile integrity during launch. The first two cases 
studied are nose heating in-tube and during atmospheric transit. 
The third case is in-tube projectile sidewall heating at the 
point of maximum static pressure. The last case is forward 
cone heating during atmospheric transit. Only convective 
heating is considered. The projectile wall is assumed to be at 
4000 K for all cases treated. 

All symbols used in this appendix are defined upon first 
use; symbol notations used in the references have been changed 
as required for consistency herein. The drive modes used in 
the study of in-tube heating are the OD2 and BSC modes 
with 8H, + 0, as the final mixture at the tube exit. Perfor- 
mance reduction due to friction was included. The standard 
projectile (see Secs. IIIA and Fig. 2) was used, with a nose 
radius of 3.8 cm. For the BSC mode studies, the rear cone is 
omitted. In tube, given the mode, the tube fill pressure (taken 
as constant), the mixture at the tube exit, and the tube exit 
velocity, the flight profile is generated by varying the mixture 
in the tube to keep the projectile Mach number constant. In 
atmospheric transit calculations, the atmospheric density pro- 
file of Sec. V1.A was used. The flight path was simplified by 
assuming a flat, nonrotating Earth and a constant flight ve- 
locity and angle. 

Our method of estimating nose heating starts with Eq. (1722) 
of Ref. 36 for the stagnation point, which is simplified by 
assuming a fully catalytic wall and a Lewis number of unity, 
yielding 

qw0 = O.66Pru3 (2)'5 (hse - h,) (Cl) 
s 

where qw0 is the heat flux, Pr is the gas Prandtl number, pe, 
pe, (du,ldx), and h,, are the density, viscosity, lateral velocity 
gradient, and stagnation point enthalpy, respectively, at the 
boundary-layer edge and h, is the enthalpy at the wall. (duel 
dx), is estimated from Eq. (39b) of Ref. 37 as 

where u, and p, are the freestream velocity and density, re- 
spectively, and r, is the nose radius. The Prandtl number is 
assumed to be unity and the freestream gas viscosity is as- 
sumed to vary as temperature to the 0.76 power, following 
van Driest.38 An estimate can now be made of stagnation 
point heating for a smooth surface without ablation or tran- 
spiration. Reference 39 (Fig. 16) indicates that for a rough 
spherical surface at angles of 30-40 deg from the stagnation 
point, the heat transfer can be -5 times the stagnation point 
value. Based on this, we multiply our initial stagnation point 
smooth surface nonmass addition heating rate by a factor of 
5. 

We now correct the heating rate for surface mass addition 
(ablation or transpiration cooling). Reference 40 [Eq. (69) 
therein] gives the following algebraic correlation of experi- 
mental data for the effect of surface mass addition on heat 
transfer for turbulent flow over a cone. 

t,b = 4w = 1 - 0.29 
q w o  

where q, and qwo are the heat fluxes with and without mass 
addition, respectively, me and m, are the molecular weights 
of the shock layer and injected gas, respectively, and B = 
m,/q,,(h,, - h,), where rn, is the wall mass flux. Equation 
(C3) predicts negative heat transfer rates for certain values 
of surface mass flux, so we have fit the data of Ref. 40 with 
the following exponential expression which avoids this diffi- - -  
culty: 

$ = exp [ -0.391 (?)'B,] m, (C4) 

Reference 40 has used the grouping (rf~~lfi,,,).~ B, in Eq. (C3) 
to account for the molecular weight effect in the foreign gas 
surface mass addition. Upon examination of Jeromin's data41 
on the effect of foreign gas injection on skin friction and wall 
heating rates, we found, instead, a dependence on molecular 
weight to the -0.67 power. Hence, we use 6 = 0.67 instead 
of 6 = 0.5 in Eq. (C4). Using the above procedurei to estimate 
the nose heat flux as a function of nose mass flux and the 
conservation of energy equation at the nose wall, the nose 
heat and mass fluxes can be calculated. To complete the tal- 
culation, one must have values for the molecular weight (M,) 
of the mass addition gases and the effective latent heat of 
vaporization (Ly) of the ablatant or transpirant. Here, L, is 
calculated as the energy per gram to raise the wall material 
or transpirant from 300 K as a solid or liquid to a gas at 4000 
K. Carbon was assumed to evaporate to C, and NH, and H, 
were assumed to evaporate to equilibrium mole fraction mix- 
tures at 4000 K and representative pressure levels. For NH, 
and H, transpirants, the nose radius was taken as 3.8 cm and 
was fixed. The total transpirant required was obtained by 
integrating the mass flux over the flight profile and multiplying 
by the nose area. For C ablation, the nose radius was allowed 
to increase progressively during ablation. 

For forward cone atmospheric transit heating, heating rates 
and wall mass fluxes are calculated at a number of points 
along the flight profile and integrated to give the total con- 
sumption of ablatant or transpirant. For in-tube sidwall heat- 
ing at the point of maximum pressure, the heating rate and 
wall mass flux are calculated at the tube exit condition and a 
simple scaling law, presented later, is used to account for the 
varying velocity and gas composition along the in-tube flight 
profile. For the condition in question, the skin friction coef- 
ficient without mass addition is calculated using Eq. (71) of 
Ref. 42, as follows: 

where Cf, is the mean skin friction coefficient, T,  and T, 
are the wall and freestream static temperatures, respectively, 
R, is the Reynolds number based on freestream conditions, 
and o is the viscosity-temperature exponent. We have used 
o = 0.76, following Ref. 38. In Eq. (C5) 

and 

Y - l M ?  1+-MMt Y - 1  

- 1  
2 

and B = 
2 
TJT,  TWIT, 

where y and M, are the freestream specific heat ratio and 
Mach number, respectively. 

A2 
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The effect of mass addition is calculated using the equation 
of Fig. 8 of Ref. 43, which can easily be transformed to yield 
the following equation: 

where Cf., and Cfe0. are the skin friction coefficients with and 
without mass addition, respectively, and p* is the density of 
the freestream gas at the reference temperature, T*. We eval- 
uate the reference temperature using Eq. (25) of Ref. 43 with 
the last term dropped, as follows: 

where T, is the recovery temperature. We have approximated 
T, = T, + O.Sut/C, where C, is the specific heat at constant 
pressure of the freestream gas. We have multiplied the m,/ 
(p,u.,) term of Eq. (C6) by (A,/A,)67 to account for the 
effect of foreign gas mass addition following Jeromin’s data,41 
as described above. Using Reynolds’ analogy44 and the con- 
servation of energy equation at the wall, we can calculate the 
skin friction coefficient, the heat transfer rate, and the wall 
mass flux. Again, carbon ablation and NH, and H, transpi- 
ration cooling were considered. 

For atmospheric heating on the forward cone, the forward 
cone “freestream” condition was approximated as that behind 
the oblique shock on a wedge with half-angle two-thirds that 
of the cone. The total mass losses were then calculated by 
integrating over the flight profile and multiplying by the for- 
ward cone area. The severity of carbon ablation was also 
assessed by calculating the wall retreat, dr, divided by the 
maximum projectile radius, r. The in-tube sidewall heat flux 
(4,) and the wall mass flux (m,) at the point of maximum 
pressure were calculated at the maximum in-tube velocity. To 
integrate over the in-tube flight profile, we use the approxi- 
mation that q, ~t m, plu:Cf, where p1 is the density just 
upstream of the projectile and u1 is the projectile velocity. 
For our in-tube flight profiles, plu: and Cfm are roughly con- 
stant. The integration of m, over the flight profile then be- 
comes very simple. The total mass loss per unit area follows 
directly. For NH, and H, transpirants, the total quantity of 
transpirant required follows by multiplication by the relevant 
surface area of the projectile. For C ablation, the final result 
will also be given as the wall retreat, dr, divided by the max- 
imum projectile radius, r .  
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