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Performance Modeling of the Baffled Tube Ram Accelerator

Cullen Yancey

Chair of the Supervisory Committee:
Chair Carl Knowlen

The baffled tube ram accelerator is a hypervelocity mass driver theoretically capable
of accelerating axisymmetric projectiles up to 3 km/s. Researchers at the UW have
investigated the baffled tube ram accelerator since 2015 achieving projectile velocities
over 1.4 km/s. The device is based on the smooth bore ram accelerator developed
at the UW in the 1980s and consists of washer-like inserts normal to the flow that
are used to prevent unstart and enable the use of axisymmetric projectiles and more
energetic propellants. With baffled tubes, the ram accelerator is theoretically capable
of achieving 2-3 times more thrust than the smooth bore ram accelerator. Theoretical
performance models including three drag models with combustion effectiveness were
developed and compared with experiment. The results show that only 35-65% of the
theoretical thrust is observed in baffled tube ram accelerator experiments, although
thrust is still improved over the smooth bore ram accelerator. Performance losses
may be attributed to momentum lost to baffle drag, which hinders performance in

most experiments, but may provide a boost to performance at low Mach numbers.
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Chapter 1

INTRODUCTION

The ram accelerator is a hypervelocity launch concept with the capability to ac-
celerate projectiles to orbital velocities. Researchers at the University of Washington
(UW) developed the technology in the mid-1980s and have successfully achieved muz-
zle velocities > 2.6 km/s.[I] Ram accelerator operation differs from gun operation in
that the energy release process, and therefore the region of highest pressure, trav-
els with the projectile. Through staging and scaling, the ram accelerator has the
potential to accelerate projectiles greater than 1000 kg to velocities greater than 6
km/s.[2, 3] Staging enables control of the energy density of the propellant, the accel-
eration profile of the projectile, and the sound speed of the mixture.[4] Scalability has
been proven with successful operation of projectiles ranging from 0.1 — 4.3 kg in tube
bores ranging from 12.7-mm to 120-mm in diameter.[5, [6] The UW ram accelerator

facility will be discussed in Chapter [3]

1.1 Thermally Choked Ram Accelerator

Ram accelerators generate thrust via a propulsive cycle similar to that of a conven-
tional airbreathing ramjet engine.[7] With a conventional ramjet engine, shown in
Fig. [I.1, supersonic air is compressed and decelerated to subsonic velocity through
series of shock waves beginning at the engine inlet. Then, fuel is injected for com-
bustion in the subsonic region before the flow is accelerated out a nozzle to generate
thrust.

In the thermally choked ram accelerator (TCRA), shown in Fig. a subcaliber

projectile resembling a ramjet centerbody is fired down a stationary tube that acts
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Figure 1.1: A conventional ramjet engine’s propulsive cycle.

like a ramjet engine cowling. Ram accelerator operation necessitates having super-
sonic flow at the point of largest projectile cross-sectional area, or maximum area
constriction. The projectile travels through pre-mixed fuel and oxidizer such that no
propellant is carried on board the projectile. Subsonic combustion occurs at the base

of the projectile, which acts as a flameholder, resulting in thrust.

Thermally Choked Ram Accelerator
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Diffuser Throat Shock Subsonic Cimbustinn
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—
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Figure 1.2: The thermally choked ram accelerator propulsive cycle.



1.2 Baflled Tube Ram Accelerator

In 2005, a new concept called the baffled tube ram accelerator (BTRA) was con-
ceived to alleviate some of the obstacles encountered during the first two decades of
experiments.[§] The BTRA has been studied extensively at UW since 2015 and has
the theoretical capability to accelerate axisymmetric projectiles to muzzle velocities
of 3 km/s. Figure shows a section view of a baffled tube containing washer-like
inserts that serve to keep combustion waves from overtaking the projectile and caus-
ing a total loss of thrust. The BTRA enables the use of axisymmetric projectiles and
expansion of the ram accelerator’s operational envelope by utilizing more energetic
propellants. More energy dense propellants serve to improve thrust performance at a

given fill pressure and reduces minimum starting velocity.[9]

Figure 1.3: Section view of a projectile traveling through a baffled tube.

Ram accelerators can operate via thermal choking or mechanical choking as a



conventional ramjet engine does. Operation can occur in three velocity regimes: sub-
detonative, trans-detonative, and super-detonative referring to the projectile velocity
relative to the Chapman-Jouguet (CJ) detonation velocity.[I0] The focus of this paper
is on the TCRA, which necessarily operates in the sub-detonative velocity regime.
TCRA operation in both smooth bore and baffled tube will be explained further in
Chapter

Modeling of the BTRA has proven challenging from a computational fluids stand-
point and the one-dimensional model has been known to be lacking. The intent of
this thesis is to examine options for incorporating baffle drag and addressing heat
release issues related to performance and other factors into BTRA models. This is
done with the hope of creating a model that, ultimately, will better represent experi-
ment and enable rapid parameterization for BTRA designs to be used for a number of
applications including direct space launch, drilling, and more. In this thesis, theoret-
ical performance models will be described including three drag models and a model
for combustion effectiveness for BTRA operation. Finally, these performance mod-
els will be adjusted to fit experimental data from recent 8-m BTRA experiments for

comparison of the theoretical models with experimental results in Chapter [4]



Chapter 2
THEORETICAL MODELS

This chapter discusses the propulsive modes that define ram accelerator operation
in the sub-detonative velocity regime along with three drag models and a combustion
effectiveness adjustment that modify ram accelerator theoretical performance. The
thermodynamics involved in the thermally choked propulsive mode will be applied to

both smooth bore ram accelerator and baffled tube ram accelerator.

2.1 Thermally Choked Ram Accelerator

The thermally choked ram accelerator (TCRA) was the only propulsive mode investi-
gated during the ram accelerator experiments analyzed in this thesis. When modeling
the TCRA propulsive mode in the projectile frame of reference, propellants are in-
gested at the inlet of the TCRA control volume and are then compressed through a
series of shocks along the projectile. Heat (energy) is added to the constant area tube
via combustion near the base of the projectile causing an increase in pressure and the
velocity of the combusted propellants to increase toward the local speed of sound at
the exit plane of the control volume; i.e., us — as such that My = 1 with respect to
the projectile.

The control volume used in this one-dimensional, quasi-steady analysis is bounded
by Stations 1 and 2, the tube wall, and the projectile as shown in Fig. [2.1]

The exit of the control volume is marked by the thermally choked plane. For
a given mass flux, entropy is a maximum at thermal choking. Furthermore, when
chemical equilibrium of the combustion products is reached, entropy is also at a

maximum. Thus, the thermally choked reactive flow is at an entropy maximum.[11]



Tube Wall Propellant Combustion
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Figure 2.1: The TCRA Control Volume.

Therefore, the control volume in Fig. 2.1] encapsulates the entire thrust generation
process and no details of the flow field within the control volume are necessary to

determine thrust on the projectile.[12]

2.1.1 Smooth Bore Ram Accelerator

In a smooth bore ram accelerator (SBRA), a sub-caliber projectile is accelerated
within a smooth tube. The entrance plane (I) and the exit plane (2) in Fig. P.1
provide the only conditions necessary to analyze TCRA performance because the
entrance and exit conditions represent the entropy minimum and maximum within
the control volume.[I2] Drag can be neglected in SBRA theory because of negligible
friction on the tube walls, but will play a significant role later for the baffled tube ram
accelerator.[13]. Non-dimensional thrust for the SBRA is derived as follows, beginning
with the conservation of momentum applied to the control volume in Fig. [2.1] where

F' is projectile thrust.

F = (p2As + pausAs) — (p1As + pruidy) (2.1)

Since area is constant at the entrance and exit planes of the control volume, thrust

can be normalized by the fill pressure, p; and bore area, Ay.
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Assuming the propellants act as ideal gases, such that p = pRT, enables the
substitution v = a2§ where the speed of sound is defined as a = /vYRT.

F
e p—"l’ (1472 M3) — (1 4+ 7 MP) (2.3)

The pressure ratio, ps/p1, can be expressed using a combination of the ideal gas

law, the equation for speed of sound, and the conservation of mass.

b1 M2 Varisval

Next, the conservation of energy applied to the TCRA control volume results in:

P2 Ml V71 R T (2.4)

2

2
plulAb (h1 + % + Aq) = pQUQAb (hg + %) (25)

where Aq = AH](Z, the change in enthalpy of formation between the reactants and
the products at T,.y = 0 K. By normalizing to the inlet conditions and using the ideal

gas law, the following equation is obtained.

hy 71 72 — LT
+ M7 L= + My ———-"
CplTl Q CplTl 2 Cp1T1

(2.6)

where () is a non-dimensional heat release parameter that is useful for predicting
performance of both the SBRA and BTRA and defined below.
Aq AhS
Q=—2 ="/ (2.7)

Cp1 T, Cp1 T

Solving Eq. for the temperature ratio at the inlet and exit leads to:

1, _<+M 1+Q>

2.8
Th  cp hy + MZ2—= ! (28)

cp2Tn

Combining Eq. 2.8 with Eq. and that result with Eq. [2.3]leads to:
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cp2Th
— (1+mM7) (29)

Finally, the TCRA operating mode inherently means that the exit Mach condition,

Mo, is unity resulting in:

h1 11—1 2
Toppa = _ M1(1+72)ﬂ (72 > ( T 5
p1Ab

_ ha y2—1
Y2\ \n—1 o 5

— (1+7mM7) (2.10)

Equation describes the non-dimensional thrust produced in a SBRA via the
thermally choked propulsive mode. Thus, non-dimensional thrust is a function of the
thermodynamic parameters, v and CPLT, and two independent parameters: projectile
Mach number and non-dimensional heat release of the propellant. The thermody-
namic parameters vary weakly with Mach number according to the chemical equilib-
rium code; their significance will be discussed later. Figure shows three theoretical
non-dimensional thrust curves for 1 CHy + 209 + 3Ny, 1 CHy 4+ 205 + 4.67 Ny, and
1 CHy +2 05+ 7.52 Ny using the thermodynamic parameters at the CJ Mach number.

The non-dimensional thrust-Mach profiles show that peak thrust, peak thrust
Mach number, M¢ s, and therefore zero thrust Mach number all increase as a mixture
becomes more energetic. Nearly all of the experiments reported here 30% oxygen-
enriched air (1 CHy + 205 + 4.67 Ny), which predicts I, = 8.3 near M; ~ 2.8 and
predicts zero thrust at Mo, = 5.65. Ram accelerator operation at speeds greater than
M requires transitioning to the super-detonative propulsive mode [2, [7], which does
not adhere to TCRA theory and is not covered in this thesis.

The non-dimensional heat release in Eq. is determined using the enthalpy

of formation of the products minus the reactants at a reference temperature. The
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Figure 2.2: Theoretical ram accelerator performance for methane-air propellant at
various Ny dilution levels. The mixture becomes hotter with less Ny, increasing heat

release and non-dimensional thrust.

chemical equilibrium code uses a reference temperature of 298 K, but a more accurate
@ would be determined with reference to 0 K because specific enthalpy is referenced
such that h = 0 J/kg when 7' = 0 K. Later @ will be determined as a function of M,
1, v, and CPLT This @ will be based on the enthalpy of formation at 0 K and will be

the @ used to calculate the drag and combustion effectiveness models.

2.1.2 Baffled Tube Ram Accelerator

The baffled tube ram accelerator (BTRA) is assumed to also operate with a thermally
choked propulsive cycle and can theoretically accelerate projectiles up to 3 km/s.[9]
The BTRA contains baffle inserts, which form a series of chambers separated by
annular rings with rails connecting them for structural support and to help guide
axisymmetric projectiles. Baflles are spaced such that a projectile blocks at least one

baffle at all times as it travels through the test section. Essentially, the baffles act
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as a one-way valve that allows propellant to be ingested into the control volume, but
prevents the combustion wave from overtaking the projectile and causing an unstart.
An unstart refers to the case when a ram projectile disgorges its normal shock wave
ahead of itself. The shock wave is pushed forward by the projectile or a combustion
wave, subjecting the projectile to subsonic flow, and therefore, ceasing ram operation.

Figure[2.3|gives insight into the flow field around the projectile as it travels through
the BTRA test section. Upon entering a baffle chamber, the projectile ingests the pre-
mixed propellant and compresses it until the projectile shoulder eventually reaches
the baffle, blocking it off. Each time the projectile passes through one of the annular
rings, it unstarts, generating a normal shock ahead of its shoulder. If the projectile
overtakes the normal shock before it reaches the next baffle chamber, the ram process
is restarted. Successful operation throughout the test section means that this unstart-

restart process occurs repeatedly.[14]

,,.‘“'l’
Combustion
N -

»w

Figure 2.3: Description of the flow field around a projectile as it travels through the
BTRA.

The BTRA was devised to overcome three obstacles observed during SBRA ex-
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periments. First, the BTRA can utilize propellants that are 2-3 times more energetic
than in SBRA by preventing the combustion wave behind the projectile from overtak-
ing the projectile and causing an unstart. Second, the BTRA enables greater muzzle
velocities without increasing fill pressure, ensuring propellant densities are reason-
able. Third, the BTRA allows for the use of axisymmetric projectiles enabling better
operation in the super-detonative velocity regime, which is necessary for applications
including direct space launch.[2], 3], 8, [15]

In the BTRA, drag can no longer be neglected on the tube walls and thus must
be considered in the thrust equation. BTRA thrust is derived in the same manner
as SBRA thrust except for an extra drag term in both the momentum and energy
equations, as shown in Eq. and Eq. Many of the steps involved in the BTRA
thrust derivation are identical to the SBRA derivation and will therefore be skipped.
Equation [2.13] describes the non-dimensional thrust in a BTRA when baffle drag
is considered. Equation describes the non-dimensional thrust on the projectile
alone. The theoretical models developed later will be compared with non-dimensional

projectile thrust.

F+ D = (psAs + pouzAz) — (pr AL + pruiAs) (2.11)
2 2
Uy uj
prus Ay (hl + 5 + Aq) + Duy = paus 4y <h2 + E) (2.12)
7 _F+D
BTRA oA,
h 1 1—1)
= M (1 ‘|’ )ﬁ 72 — 1 cpllTl + ’Yl M2 + Q + pl’xy‘lb’h

— (1+mM7) (2.13)
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D
P1Ayp

The energy balance in Eq. accounts for work done by baffle drag by adding

[Proj = IBTRA - (214)

energy to the control volume just like heat addition. The momentum balance in
Eq. is written such that thrust and drag are resultant forces acting in the same
direction as shown in Fig. 2.4 Here, thrust is the force the projectile exerts on the
control volume, and thus the propellants in the tube exert an equal and opposite force
on the projectile causing acceleration. This thrust does not produce work in the energy
equation because the projectile is stationary in the control volume reference frame,
and therefore, thrust does no work to the propellants.[I3] The drag, however, is due
to pressure forces acting on the baffles that arise from the motion of the combustion

products in the laboratory reference frame.

T m————— i —
1 i
1 ]
] 1
*I‘—*: —
1 ]
M2=1 | r Ma
: 1
]
: Dus I
e e e e ! f—

Figure 2.4: Ram accelerator control volume with thrust and drag forces applied.[13]

BTRA thrust can be related to SBRA thrust by equating a baffled tube to a
smooth bore tube with an equivalent amount of propellant per unit length, as shown
in Fig.[2.5|[I4] The equivalent smooth bore tube has an effective area, A.f¢, which will

be larger than the baffle bore area, A, because of the chamber volumes containing
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propellant in the BTRA. The effective area ratio, 3, is defined as the ratio of the
effective area to the bore area and is calculated in Eq. 2.15 where V. is the volume
of the chamber between baffles, Vj, is the volume in the baffle bore, and V,,;q is the
volume of the rails connecting baffles. Other terms include the length of a baffle

chamber, L., and baffle bore, L;, as well as the area of the the baffle bore, Aj.

7777777
7
g v é | 7777772
Vi - |
dt dt :> L"'.,- +- Vﬁ, deﬂ'
7
,4, 7, (7777777
LTSS, s &
= L. — p— L

Figure 2.5: The lengths and volumes used to determine [, which relates a baffled
tube (left) to a smooth bore tube with an equivalent amount of propellant mass flow

over the projectile (right).

Ay Vet Vi — Vioiia
Ay Ay (L + Ly)

B = (2.15)

The effective area ratio stems from the principle of mass conservation and relates
BTRA thrust to SBRA thrust as shown in Eq. [2.16] Essentially, 3 relates the amount
of propellant mass flow around a projectile as it passes a baffle insert to the equivalent
smooth bore tube that would have the same amount of propellant mass flow around
the projectile. A larger  indicates that more propellant is available to accelerate the

projectile.[16]
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Ispra F A )a
I = = = 2.16
BIRA = T  plAy Ay prAegs (2.16)

By solving Eq. for the theoretical dimensional thrust, F' = p; A,/f3, it is clear
that more thrust is possible at a given fill pressure for the BTRA than in the SBRA,
where § = 1. Baffled tube experiments in this paper consider an effective area ratio

range of 2.217 < 5 < 2.928.

2.2 Thermodynamic Parameter Variation

Common simplifying assumptions for control volume analysis are that a gas is calor-

ically perfect, i.e. chT = 1, and that v has the same value at the inlet and exit state.

However, the analysis presented here argues that a calorically perfect assumption
does not adequately represent the influence of propellant heat release on the non-
dimensional heat release. Further, v should not be considered constant across the
control volume. This analysis utilized a chemical equilibrium code [4] to determine ~y
and chT as a function of in-tube Mach number at the control volume inlet and exit

planes for a propellant mixture of 1C'Hy + 205 + 4.67N5 at 298 K and 20 bar.

Figure shows how the caloric imperfection term, -2, and specific heat ratio,

cpT?
v, change at the control volume exit plane as a function of inlet Mach number. The

ha
cpaTh

theoretical performance models in this thesis use and v, at M¢; to be consistent

with using Q¢.

Equation [2.17] is used to find the non-dimensional heat release at the CJ Mach
number as determined by the chemical equilibrum code. This equation is obtained
by solving Eq. for @ and plugging in the Mach number, ~, and CPLT at the CJ
speed for a given propellant mixture. Equation [2.17]is solved using the fact that the
TCRA produces zero thrust at the CJ speed (I¢; = 0), as shown in Fig. [2.2]



15

0.885 . 1.2325
— = = Mach Number \
— — = Peak Thrust Mach Number I
h2/cp2T2 |
l_(\l X |
& 0.875 C 12315
\N |
£ 1
|
|
|
|
|
0.865 ! 1.2305
1 2 3 4 5 §)

Mach

Figure 2.6: Caloric imperfection and specific heat ratio variation with Mach number

for a mixture of 1 CHy + 20Oy + 4.67 Ns.

Oc) = [72(1+71M3J):|2(71—1> < ho +72_1)

M (14 v2) Mcy Y2 —1 cpls 2

hy n—1 5
— M, 2.1
<CPT1 T CJ) (2.17)

Tablebelow shows the effects of v and CPLT on ¢y, which is the non-dimensional
heat release at the Chapman-Jouguet detonation velocity. The Chapman-Jouguet
Mach number represents an upper bound on sub-detonative (M < M¢;) ram accel-
erator operation and is a convenient Mach number to use as a reference for non-
dimensional heat release for the TCRA. In Table 2.1 Case 1 shows the ”true” non-
dimensional heat release at CJ speed when both v and chT vary at the control volume
inlet and exit as determined by the chemical equilibrium code. In Case 2, neither

h

nor -z vary from inlet to exit, resulting in under-prediction of the "true” Q¢; by

nearly 35% from the value in Case 1 (9.6—6.2). In Case 3, only 7 varies at inlet and

_h

exit while
cpT

is held constant. Comparing Case 1 to Case 3, there is almost 20%
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increase in Q¢y (9.6 — 11.4); i.e., an over-prediction of heat release. Finally, in Case
4, only CPLT varies at inlet and exit while ~ is held constant. Comparing Case 1 to
Case 4, Q¢y decreases almost 50% (9.6 — 5.0), resulting in an under-prediction of

heat release.

Case " V2 c,ﬁlTl C,ZQTQ Qcy

1 1.3826 | 1.2329 | 0.988 | 0.882 | 9.6
2 1.3826 | 1.3826 | 0.988 | 0.988 | 6.2
3 1.3826 | 1.2329 | 0.988 | 0.988 | 11.4
4 1.3826 | 1.3826 | 0.988 | 0.882 | 5.0

Table 2.1: The effect of v and chT variation on the prediction of Q¢ for a CJ
detonation Mach number of Mqs; = 5.65 calculated for 1 CHy 4+ 2 Oy + 4.67 Ns.

The results from Table show that in order to properly estimate heat release
for a given propellant, it is necessary to consider that the thermodynamic parameters
~ and CPLT will vary at the control volume inlet plane and exit plane. The decrease in
v leads to an increase in Q¢ s, while the decrease in CPLT leads to a decrease in Q)¢y,
albeit less drastic. The caloric imperfection term, (:,,LT’ effectively acts as a limiter to
heat release.

Further, it is clear that assuming propellants behave as calorically perfect gases
(C,,LT = 1) within the ram accelerator is a flawed assumption that will lead to misrep-
resentation of heat release.

Figure shows how () tends to decrease with increasing Mach number when
the TCRA thrust is non-zero. This variation is captured by solving Eq. for any
Mach number using the corresponding zero drag non-dimensional thrust shown in
Fig and the Mach number dependent thermodynamic parameters. This enables

determination of () using chemical equilibrium codes that do not provide heat release
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values based on the difference of enthalpies of formation at 0 K.

2
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Figure 2.7: Variation of () with Mach number for the TCRA with a mixture of 1 CH,+
209 + 4.67 N,. The specific parameters of each case are listed in Table

2.3 Combustion Effectiveness

Combustion effectiveness is a concept used to relate the theoretical TCRA heat release
to the effective heat release determined empirically. It can be thought of as the
ratio of useful heat release to total heat release of a propellant contained in the
BTRA. Figure shows the control volume used for the derivation of the combustion

effectiveness factor, n.. Baffles are not shown in this control volume for illustration
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clarity, but they are considered within the control volume. In Fig. the baffle bore,
or inner stream tube, is marked in red, while the outer baffle chamber volumes are
marked in blue. When combustion occurs in the inner stream tube, the outer chamber
volume must be in pressure balance and assumed to absorb heat from combustion,
but not contribute to heat release. The result is the net heat release per mass of
propellant is reduced by the extra mass of control volume acting as a diluent, which
is only a portion of the control volume behind the projectile. The fraction of the
control volume length affected can be determined from computational fluid dynamics

(CFD) or experimental pressure data and is represented by W.

7
r

0 = heat loss to unreacted propellant

1”2 o l pgemrresssssamesas=s ""'-...__‘“h ‘ul 2 l
4— ! O=combustion zone heat release :E: projectile thrust  ——pSsl e

-

T T T T I L I

Figure 2.8: The BTRA control volume for combustion effectiveness.

First, it is assumed that the minimum mass flow rate that combusts is the mass
flow rate of propellant ingested through the baffle bore; i.e., propellant in the outer
chamber volumes does not ignite in time to interact with the projectile. The bore

stream tube in Fig. 2.8 has the propellant mass flow rate given below.

N 2
= Ay = p Ay M 2.19
R.T, P2uUs Ay = PaApiVly R, T, ( )

my = P1U1Ab = plAle

Next, the rate of non-dimensional heat release, @, is found by combining Eq.
with Eq. [2.19, The rate of non-dimensional heat release has the units kg/s, but
can be thought of as the chemical power of the propellants in the bore stream tube

normalized by reactant properties.
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O = mpyQ = 1 ( Ad ) (2.20)

Cp1T1
The mass flow rate in the annulus (blue area in Fig. [2.8) is determined using
Eq. 2.21], where . represents the mass flow rate in the entire chamber.

Mg = M — My (2.21)

The corrected heat release, Agesy, is a fraction of the SBRA heat release based on
the portion of the control volume that is unreacted propellant, which can be quantified
as the fraction of unreacted propellant in the annular volume of the chamber, ¥, as
shown below.

LAY Aq Aq

Aoy = — _ - — = 2.22
oy + Um, — 14w 1+\I/(%_1> (2.22)

Next, the effective non-dimensional heat release is found using Eq. where

is substituted for %Z As previously mentioned, 3 relates the mass flow of propellant

around a projectile in the baffled tube to the mass flow in a smooth bore tube having

the diameter of the baffle bore.

Qeff - = Q (m) = an (223)

Finally, the combustion effectiveness is defined in Eq. [2.24] It was shown earlier
that non-dimensional heat release varies with Mach number and mentioned that Q)¢
is used as the reference non-dimensional heat release throughout this paper, so that

has been denoted.

1 Qesy
Ne = = 2.24
<1+‘I’(5—1)) Qcu (2:24)
Equation [2.13] can now be rewritten using Eq. to Iprra with combustion

effectiveness, where @ is now modified by 7. in Eq. 2.14]
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7 F+D
A p—
BTR P
" Yo —1 c1T1 + M2+770*Q+ L;E’vai)
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72 N cp2Ta 2
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Figures and can be characterized by a non-dimensional heat release value
of Qcy = 9.59, which was determined by solving Eq.[2. 17 with M¢; = 5.65 for 1 CHy+
209 +4.67 Ny and the combustion product properties at the CJ speed. The unreacted
mass fraction, ¥ can be considered the fraction of control volume length affected by
propellant not contributing to heat release, so 0 < W < 1. The non-dimensional thrust
curves from Eq. with D = 0 plotted in Fig. (8 = 2.217) had VU varying as a
parameter with the corresponding combustion effectiveness indicated in the legend.
The theoretical TCRA peak thrust decreases and shifts to lower Mach number while
the zero thrust Mach number also decreases with increasing W. Figure [2.10| shows
the same trends, but when g = 2.928. The outer chamber volume grows with [,
meaning that the total mass of propellant in the control volume increases while the
inner stream tube stays constant. This explains why the thrust curves in Fig. [2.10)
are reduced from Fig. A tube full of 111 baffles has 3 = 2.928 while a tube full
of 501 baffles has 8 = 2.217. Both baffle types will be discussed in Chapter [3]

Figure [2.11] depicts the effects of ¥ and # on combustion effectiveness, n.. The
combustion effectiveness decreases with increasing W. At a fixed ¥, the combustion

effectiveness decreases with increasing . For all experiments analyzed in this paper,

2217 < B < 2.928.
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Figure 2.9: Impact of ¥ on theoretical non-dimensional thrust vs. Mach at g = 2.217.

An increase in ¥ means a decrease in combustion effectiveness and a decrease in the

thrust.
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Figure 2.10: Impact of ¥ on theoretical non-dimensional thrust vs. Mach at g =

2.928. An increase in ¥ means a decrease in combustion effectiveness and a decrease

in the thrust.
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Figure 2.11: Impact of S on combustion effectiveness vs. control volume mass fraction.

Combustion effectiveness decreases for larger .

2.4 Drag Models

In a SBRA, the drag force from friction on the tube walls can be neglected, however,
in a BTRA, pressure forces acting on the annular baffle walls provides non-negligible
work to the system. The drag models presented here consider the drag experienced
by the baffles as propellant is pushed through them. Drag models have previously
been developed in [16], 17, 18] with different methods for including drag in the con-
servation equations as projectile drag and/or baffle drag. Here, the prior drag efforts
are reconciled into three drag models consider with the velocity flow in the lab frame

of reference.

The drag models differ from one another by the manner in which the lab frame
velocity of the propellant that impacts the baffles, u; — uj, is determined behind the
projectile. The drag on the baffles is assumed to be proportional to the square of the

velocity of the combustion reactants and products in the lab reference frame and the
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corresponding density, ph, as shown in Eq. [2.26] where, c¢p is the drag coefficient, and

A, — Ay is the area of the baffle annulus.

1 / ! !
D = Sepphlin — (w1 — uh) (Ac — Ay) (2.26)

By using one-dimensional mass conservation, the drag can be expressed in terms
of inlet propellant density, p;, as shown in Eq. This is the expression used to
determine drag as function of Mach number for various assumptions for the lab frame
velocity of the propellant impacting the baffes.

1 U

D = §ch1—/1|u1 — ug|(ug — uh) (A — Ap) (2.27)
Uy

This formulation of drag allows for negative lab frame velocity when u) > wuy,
which results in negative drag; i.e., drag acting in the opposite direction of projectile
motion. The combustion products move at the speed of sound of the thermal choke
point relative to the projectile. Therefore, negative lab frame velocity occurs when
the sound speed is greater than the projectile velocity, which occurs when operating
below the peak thrust Mach number, Mj,,... In the scenario of negative lab frame
velocity, baffle drag hinders the motion of the combustion products away from the
projectile, thereby increasing the pressure on the base of the projectile and acting in

the same manner as thrust. [1§]

2.4.1 Thermally Choked Plane Drag Model

The thermally choked plane (TCP) drag model is based on the velocity of the com-
busted propellants at the thermally choked plane, uj, in the lab frame of reference.
The velocity of the combustion products at the TCP are always sonic with respect to
the projectile. In the lab frame, however, the products can be subsonic or supersonic
in the direction of projectile motion or subsonic in the opposite direction.

The theoretical non-dimensional thrust on the projectile vs. Mach number is
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plotted in Fig. [2.12| with the drag coefficient ranging from 0 < ¢p < 1. The thrust is
augmented by drag at Mach numbers below M;,,... This is because the combustion
products move in the opposite direction of the projectile below Mj,,q., resulting in
negative drag. The products at the TCP have zero velocity at Mp;4., and then
move in the same direction as the projectile at higher Mach numbers. To the right
of M4, baffle drag has a more expected influence; i.e., decreasing projectile thrust
more extensively as Mach number increases. In the TCP drag model, all curves pass

through Mimaz|ep—0, but not all curves exhibit the same M.
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Figure 2.12: The thermally choked plane drag model for any 8 when ¥ = 0 and

OSCDSL

2.4.2  Normal Shock Drag Model

The normal shock (NS) drag model is based on the lab frame velocity of the un-
combusted propellants on the downstream side of the normal shock wave just behind
the projectile that travels at the speed of the projectile, u5. This assumes the flow is

supersonic over the projectile for the purposes of estimating the influence of in-tube
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Mach number of the drag force generated by shock compressed flow on the baffes.
The velocity downstream of the normal shock wave will always be u, < uy, meaning
that negative drag is not observed in the NS drag model.

The influence of the NS drag model on Ip,,; with 100% combustion effectiveness
is plotted with the ¢p ranging from 0 to 1 in Fig. 2.13] which shows the NS drag
model is much more sensitive to drag coefficient than the TCP drag model. Since
(u; — uh) > 0, drag always acts in the direction of projectile motion. It is evident
that both My, and I,,4., decrease as drag increases in the NS drag model. The

zero thrust Mach number also decreases with increasing drag.
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Figure 2.13: The normal shock drag model for any f when ¥ =0 and 0 < c¢p < 1.

2.4.8 TCP-NS Average Drag Model

The TCP-NS Average (AVG) drag model serves to capture the effects of both the
TCP and NS drag models. Negative drag is possible at low Mach numbers and so is a
reduction in My, due to drag. The AVG drag model is calculated by averaging the
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uh velocities from the TCP and NS drag at any given Mach number. The resulting
drag force is used in Eq. to find Iprgra, just as with the two previous models.

Figure [2.14] shows that a much smaller amount of thrust is produced from drag
below M. than the TCP model. This is because of negative lab frame velocity as
mentioned earlier. Similar to the TCP model, negative drag acts to increase thrust
below M. and then opposes thrust above Mj,,... In addition to this effect, the
NS drag model’s tendency to decrease My, also appears.

In the AVG drag model, Mj,,.. decreases with increasing drag and I,,,, ranges
from 2 < M < 2.8. With increasing cp, the zero thrust Mach number decreases more

than predicted from the TCP drag model and less than the NS drag model.
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Figure 2.14: The average drag model for any $ when ¥ =0 and 0 < ¢p < 1.

Finally, all three drag models are shown together in Fig.[2.15/at ¢p = 1. The drag
force grows significantly faster with NS drag than with TCP drag, so it dominates
the average curve, particularly at higher drag coefficients. The baffle drag influence
on thrust below Mj,,.. is exhibited but is not as significant for the AVG drag model
as it is with the TCP drag model.
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Figure 2.15: Comparison of all three drag models for any g with ¥ = 0 at Cy = 0
and Cy = 1.
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Chapter 3
EXPERIMENTAL FACILITY AND METHODS

Detailed in this chapter is the UW ram accelerator facility, including the 8-m
experimental setup used to collect the data analyzed in Chapter 4l All experiments
were performed with the BTRA, but they made use of several different baffle types
and configurations as well as multiple projectiles that varied in length, material, and

density.

3.1 Experimental Apparatus

The UW ram accelerator consists of three main sections: a single stage light gas gun,
the ram accelerator test section, and a decelerating section consisting of a dump tank
and catcher tube. A schematic of the ram accelerator experiment is shown in Fig.

The single stage helium light gas gun is used to accelerate projectiles up to the
speeds required to initiate the ram accelerator’s propulsive cycle. The light gas gun is
6-m in length with a 38-mm bore and can accelerate projectiles up to 1.2 km/s.[14] A
dump tank is used to vent helium from the launch tubes before the projectile enters
the ram accelerator test section.

The ram accelerator launcher consists of eight 2-m tubes connected in series to
form a 16-meter test section. Two test section configurations were used to collect
the data analyzed in this paper. The first included 4-m of baffled tube and 12-m of
smooth bore tube, while the second involved 8-m of baffle tube and 8m of smooth
bore tube. Two-meter-long shell tubes contain 56 baffle inserts with each having a
38-mm bore and 76-mm outer diameter. Mylar diaphragms are used to isolate the

test section and can be used to isolate each 2-m tube for staging of different propellant
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or fill pressures. Each 2-m tube has five instrument stations consisting of a pair of
instrument ports 180 degrees from each other. Instrumentation includes piezoelectric
pressure transducers (PCB119) and in-house built electromagnetic (EM) probes.[19]
Propellants are mixed by co-flowing into the test section using mass flow controllers
to regulate stoichiometry. A more detailed overview of the gas handling system is

presented in [20)].

The decelerator section begins with a dump tank that captures the combustion
products from the test section. The projectile flies freely through the dump tank until
reaching the catcher tube, which is filled with tightly packed carpet to halt projectile

motion.

Experimental data is sampled at 1.25 MHz over 32 analogue input channels with
a National Instruments PXIe-1071 chassis with two PXIe-6358 modules. Up to 40
EM signals are routed through multiplexers to 6 of the analogue channels, leaving
26 channels for pressure transducers and other instrumentation. The pressure trans-
ducers measure tube wall pressure, while the EM probes track a neodymium magnet
inside of projectiles to determine time-of-passage and projectile velocity with known
distances between instrument stations. The velocity-distance data is used to deter-

mine non-dimensional thrust-Mach data that will be analyzed in Chapter

Due to the relatively large distance from shell tube centerline to its inner wall
(38 mm) and the signal distortion that arises from the internal baffle geometry, it
is sometimes difficult to acquire time-of-passage data with low uncertainty from the
EM sensors in the BTRA. Thus, the experimental thrust measurements are based
on the entrance and exit velocities measured in each of the 2-m long tubes.|[18] The
uncertainty in average velocity and acceleration in each 2-m-long tube due to 1.25
MHz sampling rate, sensor position precision, and signal distortion is estimated to be

+/-15 m/s (1.5%) and +/-225 m/s2 (3%), respectively.
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3.2 Projectiles

Figure [3.2] shows the axisymmetric projectile design used for these experiments. Pro-
jectiles were one-piece construction made from either polycarbonate or aluminum
alloy. The projectile’s shoulder diameter was 35.1-mm while shoulder length varied
from 59.1-mm to 179-mm. The diametric clearance of the shoulder and baffle bore
was 3 mm, which has proven to be effective over a wide range of test conditions. A
threaded nylon plug retained a neodymium magnet inserted in the projectile base.
An obturator with diameter of 37.4-mm prevented blow-by during the light gas gun
launch and facilitated ignition of the propellant during the starting process. Projec-
tiles fabricated from polycarbonate ranged from 175-g to 260-g. Aluminum projectiles
were roughly 265-g and the obturators used were roughly 23-g.[14]

Advantages of axisymmetric projectiles, which the BTRA enables, is that they
are easier to machine and provide greater volume-to-surface ratio for more payload
capacity. All projectiles tested had a nose cone half-angle of 15°, a tail half-angle of
12°, cylindrical shoulder diameter of 35.1-mm (1.38-in), base diameter of 18-mm, and
total length dependent on the length the shoulder region. A machine drawing for the

single-piece projectile is shown in Fig. |3.2|[9)]

Figure 3.2: A P380 projectile of arbitrary shoulder length (dimensions in inches).

Three projectiles of different lengths were tested during experiments. A 1.7 baf-
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fle length (BL) projectile, a 3BL projectile, and a 5BL projectile, corresponding to
59.1-mm, 107-mm, and 179-mm, respectively. Figure [3.3| shows each of the different
projectiles. The 1.7BL projectile was made of aluminum alloy, while the 3BL and

5BL projectiles were polycarbonate.

P380-1.7BL.

59.1

P380-3BL

—

107

P380-5BL

179

Figure 3.3: A P380 projectile with 1.7, 3, and 5 baffle length shoulders. The nose

and tail-cone geometry is identical for each.

3.3 Baffle Inserts

The three different baffle inserts used during experiments are shown in Fig.[3.4 Each
2-m tube in the ram test section contains 56 baffle inserts, which all have the same

length (35.8-mm), but vary in geometry. A full 2-m baffled tube containing only 501,
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501s, or 111 baffles will have § = 2.217, f = 2.223, or § = 2.928, respectively.

Figure 3.4: The 501 (left), 501s (middle), and 111 (right) baffle designs.

Three baffle configurations (BC) were used in the 8-m experiments analyzed in
this paper. The first configuration’s baffled tube (BT) 1 consisted completely of 111
baffles, while the remaining three tubes, BT 2, BT 3, and BT 4, contained a mix of
501 and 501s baffles. The second configuration simply swaps BT 1 and BT 2 from
baffle configuration 1, while keeping BT 3 and BT 4 the same. The third configuration
focused on placing 111 baffles in BT 1 and at each instrument station within all four
baffled tubes. Table specifies which baffles were used in which baffled tube for
the range of hot shots analyzed in this paper. The corresponding /5 factor for each

baffled tube is shown in Table 3.2

BC No. HS No. BT 1 BT 2 BT 3 BT 4
1 2271 - 2272 111 501 501 501s
2 2273 - 2297 111 501 & 501s | 501 & 501s 501 & 501s
3 2298 - 2302 | 501 & 501s 111 501 & 501s 501 & 501s
4 2303 - 2312 | 111 & 501 | 501 & 111 | 501 & 111 | 501 & 501s & 111

Table 3.1: Four different baffle configurations were used during the 8-m experiments.
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BC No. HS No. gBT1|pBT2|3BT3|35BTA4
1 2271 - 2272 | 2.928 2.217 2.217 2.280

2273 - 2297 | 2.928 2.223 2.223 2.258

2298 - 2302 | 2.223 2.928 2.223 2.258

=~ W | N

2303 - 2312 | 2.889 2.371 2.370 2.418

Table 3.2: The S values for each of the four baffle configurations used during 8-m

experiments.
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Chapter 4
RESULTS AND DISCUSSION

This chapter focuses on applying the theoretical models to experimental data to
examine agreement. Three test series were analyzed for the comparison including
a variation of baffle configuration, projectile length, and equivalence ratio. When
comparing performance models with drag against experimental data, the average
drag model will be used because it captures the effects of both the TCP drag and the
NS drag.

4.1 BafHe Configuration

For this comparison, 8-m ram accelerator experiments using P380-3BL projectiles
and a mixture of 1 CH4 + 2 Oy 4 4.67 N, were sorted into two categories based on the
average effective area ratio, 3, of the test section configuration. Figure [4.1| compares
performance models and experimental data for § = 2.928 and § = 2.235.

The theoretical non-dimensional projectile thrust profiles plotted in Fig. with-
out drag were tuned to the experimental results by adjusting only the combustion
effectiveness, 7.. Assuming the combustion of only the propellant within the bore
stream tube was contributing to thrust such that n. = 34% (¥ = 1) resulted in
good agreement for the 111 baffle data (8 = 2.928). For the smaller chambers of the
501 baffles (5 = 2.235), . = 47% (¥ = 0.9) best matched the experimental data,
which implies more of the propellant was combusting in a manner that contributed
to projectile thrust. The 111 baffles trap more propellant in their outer chamber
volume than 500 series baffles, so it follows that 111 baffles exhibit less combustion

effectiveness.
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Figure 4.1: P380-3BL projectile with 1 CH4 +2 Oy 4 4.67 Ny mixture. The beta values
for the 111 and 500 series baffle inserts were § = 2.928 and § = 2.235, respectively.

4.2 Body Length

Figure compares performance models for P380 aluminum alloy and polycarbonate
projectiles with lengths: 1.7BL, 3BL, and 5BL. The aluminum alloy projectile was
1.7BL while the 3BL and 5BL projectiles were polycarbonate. Since all experiments
were performed in the same baffle configuration, the baffle drag coefficient for the
average drag model was kept constant and only combustion effectiveness was tuned.
The drag coefficient (¢p = 0.2) was decided by first tuning the performance model
to the 5BL experimental data, and then leaving cp unchanged for 1.7BL and 3BL
projectiles in an attempt to determine how baffle drag accounts for the differences in
thrust. The fractions of the annular volume of propellant not contributing to thrust
for the 5BL and 1.7BL projectiles were reduced from n, = 100% (¥ = 0) to n. = 59%
(¥ = 0.5) and 0. = 47% (¥ = 0.8), respectively, to have theory more closely agree

with the experimental results. All body length experiments shown used 500 series
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baffles (5 = 2.235).

To match the 3BL experimental thrust at M; = 3.4, the annular mass fraction
not contributing to thrust was reduced n. = 100% (¥ = 0) to 1. = 64% (¥ = 0.4).
The slope of this theoretical thrust-Mach curve, while assuming the same baffle drag
coefficient (cp = 0.2), was steeper than that of the 3BL experimental data. The
3BL thrust curve shown has higher combustion effectiveness than both the 1.7BL
and the 5BL, which might suggest that there is a middle "sweetspot” in terms of
projectile length. It is possible that projectile body length plays a role in combustion
effectiveness and maybe should be incorporated in the model. Longer projectiles may
give propellants more time to combust and still have an effect on projectile thrust.
When the combustion has more time to occur, more heat is released in the immediate

vicinity of the projectile, thereby raising pressure and providing more thrust.

9
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— 1.7BL Projectile Experiment
7 ¢ 3BLProjectile Experiment
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(5 y =0.8, n =0.47, (d =0.2 (AVG)
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Figure 4.2: P380 polycarbonate projectiles with 1 CHy + 205 + 4.67 Ny mixture.
The average drag model is plotted against experiments for three different lengths

of projectiles. ¢p = 0.2 for each curve, while ¥ was allowed to vary. The average

B =2.235.
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4.3 Equivalence ratio

Figure [4.3] compares theoretical models will experimental results for P380-1.7BL-Al
(aluminum alloy) projectiles in four different equivalence ratios for 500 series baffles
(8 = 2.235). The stoichiometric mixture ratio for 30% oxygen-enriched methane-air
is 1 CH4 + 2 O4 4+ 4.67 Ny. Increasing equivalence ratio increases the ratio of methane
to all other reactants, which then acts as diluent. Similar to the models in Fig. [4.2] it
was intended to set ¢p to the value that agreed best with ¢ = 1 and leave it constant
for all other ¢ while adjusting combustion effectiveness.

The fractions of the annular volume of propellant not contributing to thrust for
each equivalence ratio were reduced from 100% (¥ = 0) to 0% (¥ = 1) and left
constant for all cases to investigate how well combustion effectiveness might translate
between equivalence ratio variations. With a theory curve in Fig. for each equiv-
alence ratio, a constant ¥ and c¢p among 1.0 < ¢ < 1.6 would have supported the
fidelity of the model. The best agreement for ¢ = 1, 1.2 was with 1, = 45% (¥ = 1.0)
and cp = 0.15. At ¢ = 1.4,1.6, it became clear that ¢cp = 0.15 was not enough drag
to shift the theory curve in line with experimental results. Drag coefficient was then
set to best agree with the ¢ = 1.6 data at c¢p = 0.45 and kept at the same value for
¢ =14.

Similarly, Fig. shows the P380-1.7BL-Al in the same four equivalence ratios
with 111 baffles (8 = 2.928). Combustion effectiveness was reduced from from 100%
(U =0) to 0% (¥ = 1), and then the drag coefficient was adjusted for agreement
between the model and the ¢ = 1 experiment (¢p = 0.65). This drag coefficient was
not sufficient to show agreement when ¢ = 1.4, 1.6, so drag coefficient was increased
to cp = 1 for better agreement with ¢ = 1.6. Similar to Fig. the best agreement
was for ¢ = 1,1.2 when 1. = 34% (¥ = 1.0) and ¢p = 0.65.
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Figure 4.3: P380-1.7BL AL projectile in 500 series baffles with varying equivalence
ratios for a mixture of 1 CHy + 20Oy + 4.67Ny. ¥ = 1.0. The average § = 2.235.
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Figure 4.4: P380-1.7BL. AL projectile in 111 baffles with varying equivalence ratios
for a mixture of 1CHy + 205 +4.67Ny. U =1. = 2.928.
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4.4 Combustion Effectiveness and Drag Models

In each of the theoretical performance models developed, the combustion effectiveness
tends to be between 0.35 < 7. < 0.65, meaning only 35-65% of the energy added from
combustion is contributing to thrust on the projectile. The baffles appear to trap
propellant in the outer chamber volumes, which does not combust in time to raise the
pressure on the base of the projectile. Tuning the fraction of the annular volume of
propellant not contributing to thrust, ¥, to adjust combustion effectiveness appeared
to be the best solution for tuning the performance models to agree with experimental
data. By altering W, the models showed the ability to predict similar peak thrust and
thrust vs. Mach as the experimental data showed.

The average drag model does well capturing the effects of both the TCP drag
model and the NS drag model. Figures - show that drag coefficient changes
significantly using the theoretical models developed. Sometimes, the model agrees

with experiment best when ¢p = 0 and other times when c¢p = 1.
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Chapter 5

CONCLUSIONS

5.1 Conclusion

The influences on the non-dimensional thrust predicted by the one-dimensional model
for the thermally choked ram accelerator propulsive mode due to three different drag
models and the use of a combustion effectiveness parameter were investigated. The
physical reasoning behind each of these models was discussed and their individual
impacts on the theoretical thrust were shown. A chemical equilibrium code was used
to calculate the Mach number dependent non-dimensional thrust and the thermody-

namic properties of the combustion products.

One of the key findings from this analysis is that propellants are calorically
imperfect in the ram accelerator. Also, the difference in caloric imperfection and
gamma for combustion products and reactants is crucial in accurately calculating
non-dimensional heat release of a propellant. Further, of the theoretical models pro-
posed, combustion effectiveness shows stronger agreement with experimental trends.
Combustion effectiveness does well to bring BTRA theory to similar thrust levels
as those shown experimentally, and can serve as the primary model tuning mecha-
nism. Finally, the average drag model was useful in modeling experiments because it
incorporates the effects of both the thermally choked plane (TCP) drag model and
the normal shock (NS) drag model; i.e., drag still contributes to thrust at low Mach
numbers (like TCP) while having less steep thrust curves and less influential drag at

higher Mach numbers (like NS).
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5.2 Prospectus

Directions for future work to support model development BTRA experimental oper-
ation over a wider range of Mach numbers. Low Mach number operation is limited
by the starting speeds required, but might show whether baffle drag contributes to
projectile thrust at low Mach numbers, like the TCP drag model suggest. High Mach
number operation will help discern whether the zero thrust Mach number predicted
by the models is accurate, or if it is under-predicted. Both outcomes would lead to
further development of the performance models.

Finally, an adjustment to the chemical equilibrium code so that it calculates non-
dimensional heat release with reference to 0 K and outputs the result as a function

of Mach number would be an improvement over the current calculation process.
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Appendix A
BAFFLED TUBE RAM ACCELERATOR SHOT LOG
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Baflled Tube 2

Shot # Projectile Projectile mass [g] Mixture o B Mavg | FIN] | Ly | Leap-B
HS2278 | P380-1.7BL-Al 264.71 1CH4 + 202 + 4.67TN2 | 1.6 | 2.223 | 2.39 | 9028 | 3.66 | 1.65
HS2279 | P380-1.7BL-Al 264.89 1CH4 + 202 + 4.67TN2 | 1.4 | 2.223 | 2.48 | 12239 | 4.95 | 2.23
HS2280 | P380-1.7BL-Al 264.97 1CH4 + 202 4+ 4.67N2 | 1.2 | 2.223 | 2.58 | 13042 | 5.31 | 2.39
HS2281 | P380-1.7BL-Al 264.50 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.223 | 2.61 | 13773 | 5.57 | 2.51
HS2292 P380-3BL 177.88 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.223 | 2.97 | 15188 | 6.10 | 2.75
HS2293 P380-5BL 259.68 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.223 | 2.75 | 20586 | 8.32 | 3.75
HS2294 P380-3BL. 177.90 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.223 | 3.07 | 17245 | 6.02 | 2.71
HS2299 P380-3BL. 178.12 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.928 | 3.11 | 10857 | 4.39 | 1.50
HS2300 P380-3BL. 178.15 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.928 | 3.18 | 9613 | 3.90 | 1.33
HS2302 P380-3BL. 177.50 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.928 | 3.20 | 7809 | 2.72 | 0.93
HS2303 P380-3BL 177.92 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.371 | 3.06 | 11915 | 4.82 | 2.03
HS2305 P380-3BL 178.02 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.371 | 3.28 | 16500 | 5.76 | 2.43
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Baffled Tube 4

Shot # Projectile Projectile mass [g] Mixture o B Mavg | FIN] | Ly | Leap-B
HS2278 | P380-1.7BL-Al 264.71 1CH4 + 202 + 4.67TN2 | 1.6 | 2.258 | 2.77 | 9147 | 3.71 | 1.64
HS2279 | P380-1.7BL-Al 264.89 1CH4 + 202 4+ 4.67N2 | 1.4 | 2.258 | 2.93 | 9217 | 3.73 | 1.65
HS2280 | P380-1.7BL-Al 264.97 1CH4 + 202 + 4.67N2 | 1.2 | 2.258 | 3.10 | 10595 | 4.31 | 1.91
HS2281 | P380-1.7BL-Al 264.50 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.13 | 10994 | 4.45 | 1.97
HS2292 P380-3BL 177.88 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.74 | 12186 | 4.90 | 2.17
HS2293 P380-5BL 259.68 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.36 | 10193 | 4.12 | 1.83
HS2294 P380-3BL. 177.90 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.85 | 12629 | 4.41 | 1.95
HS2299 P380-3BL. 178.12 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.71 | 11933 | 4.83 | 2.14
HS2300 P380-3BL. 178.15 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.74 | 11897 | 4.83 | 2.14
HS2302 P380-3BL. 177.50 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.258 | 3.82 | 14023 | 4.89 | 2.17
HS2303 P380-3BL 177.92 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.418 | 3.70 | 11162 | 4.51 | 1.87
HS2305 P380-3BL 178.02 1CH4 + 202 4+ 4.67N2 | 1.0 | 2.418 | 3.83 | 6509 | 2.27 | 0.94
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