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The authors have collaborated to conduct rocket C)/F

engine firin_t of a newly disc0vered non-toxic._ TBIV_

homogeneous miscible fuel (NHMF) with 91%

hydrogen l_roxide. The synthesis of the N'HMF and

purification of the high test peroxide, &_ well as the

preliminary spot-plate testing, were accomplished atthe

Na_'al Air Warfare Center Weapons Division, China

Lak=, California. The rocket engine firings Were

conducted at the Mojave Test Facility Of HMX

Incorporated located at the Mojave airport, Those _
¢mgine tcst_ represent a continuation and enhancement

Of tese.arch started under a tt_hn01og_ f.-asibility study.

The synthesized fuels were found to be true polar
Solutions. were nun-tOxic, economical, and. most

importantly, h:.KIactual h)l_'rgoli_ ignition dcl_y_ in the
milli_t:nnd region. The,,_ _andidate fuels are applicable

_6r use in diven/a_titude control system, orbit transfer.

and large Inuneh veh;cle npplic_t ions.
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In 1993, the Naval Air Warfare Center Weapons

Division (NAWCWPNS), China Lake, California,_

began evaluating diverVattim&: control system (DACS)
approaches that were shipboard compatible and provided

enerly on demand to support future Navy Theater.
Ballistic Missile L_fensc (TBMD) intercepts. As a

result of these studies, NAWCWPNS' researchers

identified a combination o," concentrated hydrogen

peroxide and JP-10 derivativ, fuels as a potential DACS
cardidalc, t

in 1994, NAWCWPNS' i,nvesti8ators demonstrated

the feasibility of combusfing 70K hydrogen peroxide
and JP-10 in a 400-1bf thAIster. The engine used a

heteroseneouacatalyst to decomposethe 70% hydrogen

pro'oXide into superh_tcd steam and oxygen which then
axially entered the combustion Chamber and mixed with
the radially injected JP-IO fuel, The mixture was then

ignited downstream by an 0xyllen/hydrogen torch, The
ignition _ource ¢;as necessary because the actual

decomposition temperature, with flow cooling, proved
to_U¢ less than the ignili0n temperature Of the JP-10,

In 1995, NAWt_WPNS conducted a series of

_tudies that incorporated the chemical Catalyst into the

fuel (h6mogencousJ, along with ignition bOOsters,

This change allowed C_itcct single-phase InjeCtion Of the
fuel and oxidiiter into the ¢ombusti0n chamber, which,

in turn, allowed the hydrogen peroxidetfuel streams tOAppro_-eil Cut p.hlit? tcl/:a_c: di_:rihmlnn l'_unlii_ltcd.
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mix and react. During these demonstrations, 70%
hydrogen peroxide and 85% high test peroxide (wrP)
were used; this combination helped the ignition
problems experienced earlier, The ignition delays were
still pronounced, and backup igniter_ had to be used.2

The 1996 demonstrations provided definitive
confirmation that the hydrocarbon fuels selected could
yield stable and good performance in a closed
combustion chamber with 90_ HTP. Total propellant
flows were in the 0.079 Ihm/s range, and chamber
pressure was varied from 64 to 220 psia. Some tests
exhibited true hypergolicity, but ignition usually
o_'urred past the combustion chamber, which implied a
long ignhiOn delay. ,Sparkignition was again required
to ignite the mixtures to ensure ignition within the
combustion chamber. With the spark ignition,
combu._fion was always instantaneous, repeatable, and
stable)

It w&s ppstalpted that the ignition problems could
he traced to the immiscibility of the fuel and oxidizer
streams and to the high (6.5) oxidizer-to-fuel (OFF)ratio
needed, Both of the_ factors generally give poor
mixing, hence poor ignition._ The next phase of the
reseaxch concerned ti_.. use of a new class of fuels, the..

non-toxic homogeneous miscible fuel (N'H]v_) species,
which, in principle, would minimize ignidon delays to
the region of true hypergolicit£ within the combusion
¢luunbcr of s rocket engine.

Intr.v.d_,tte.u

Navy TBMD missions place great demands on kill
vehicle divert and attitude control propulsion systems.
Success of these missions mandate that the DACS

provide fast, reliable, and eomrolled l_opulsion to
accommodate location errors and guide the interceptor to
a ._ucccssful direct hit at the appropriate incoming
warhead location. Trade,off studies t show that liquid
propulsion systems provide many of the Operating
characteristicsneededtoaccomplishthismissionforthe

Navy--_mainly good performance, energy On demand
(minimum energy wasted during null or low thrust
cycles), fast response, and good insensitive munitions
characteristics. Traditionally, conventional hyperbolic
bipropellants with all of those attributes would have.
10senselected: however, Navy TBMD requirements also
include the necessity, to meet shipboard safety end_
¢nvimnmeqtal rcgulati0n_. Because existing hypergolic
prol.mllantsam either extremely toxic or carcinogenic,
the 10gktlc and opePatk_nal impact of using them is
prohibitive,

The results of the 1993 through 1996 studies
conducted at China Lake I"._ stimulated a significant
number of inquiries from government a_,;i commercial
activities for a diverse number of applications. This
interest led to a reaLignment of the research to stud),
both heterogeneous catalyst power generation devices
such as monopmpellant thrusters, turbines, and biphasic
bipropeilants, and homogeneous catalyst btpropellant

_ rocket engines. In order to effectively evaluate the new
concepts, a Cooperative R.-seaxch and Development
Agreement (CRADA) was e_;tablishcd between HMX

Incorporated and the United States Navy. The CRADA
proved extremely beneficial to both parties, as data and
resources were shared to obtain a common goal. Thb
joint development allowed the verification of a new
fuel, which not only exhibited true hypergolicity and
low toxicity, bm was also cost effective. The developed
fuel promises to provide a clear advantage not only in
the DACS arena, but potentially in the launch vehicle
arena &_well.

The basis for the NHMF is a fuel that is miscible

in all proportions with hydrogen peroxide. This
attribute alone would lead to a stable, but detonable.

solution; thus, a soluble chemical catalyst and a
sensitizer were incorporated in the solution. Work
conducted during World Wax II always led to toxic
species for all three components. Researchersat
NAWCWPNS have come up with a wide series of
NHMF species that are environmentally safe, low in
toxicity,and low incost. For tho pu_osc of-this.
paper.COmposition17B willheexamlneclasacandidate
NHMF.

Candidate components were selected based on
kinetic and thermodynamic requirements; then, initial
spot-plate testing was accomplished. This wa_ a change
in philosophy as thermodynamic opflmi_,,ationwas
.ascertained after true hypergolicity was stained. The
spot.plate tests were conducted by loading a container.
with a minimal amount of candidate fuel, just enough
to cover the bottom surface of a IO-ml vial cap. One
drop of_0% HTP was added to tl_ fuel, and the effects
noted.

Figure I shows a four.frame _cqucnce derived from
video feotsge Of a _uct:essful hypergpltc spot,plate test.
The time betweenframes is 33 ms. Frame one shows

the HTP drop On its npp,'oach to the Cap; frame two.
shows the initial reactionwith gas generation; frame
three shows continuing evolution and heating; frame
four shows ignition. The total seqtmncctook 100 ms.
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Fame aM. Prime Two,

Fnmc l'hme. Fmrne Four.

FIOUl_ I. Video Frame Sequence of Mcxlerate Hyper$olic Action
Usinil Spot-Plate Method. Frame resolution is 33 ms.

Figure 2 shows a two-frame sequence for NHMP
17B. Frame one shows the 90% HTP drop On the
approach; frame two showsrapid burning. Again the
estimatedijnition time is well below 30 ms,From this
simple test, hypergoliclty Itself' can bc determined
well as some speed Of hypergolictty.

Since NHMF 17B was One Of the first

compoltttOns to pass the spot-plate test, theoretical
specific impulse ([sp) multiplied by specific 8r_avitywas
cateulated as _tfunction ofO/F ratto. The reader should
notethat conccntration_within the fuel arcfixed tn the

calculations,.or Opt|mined,a.,_normally done. While
the energy values arc not n_etsarily the hi_hest, tl'.-.y
are assured tO be hyp_rgolic due t,) the previousspot-
plate tests. Figures3 and 4 show density Impulseit, a
funCtiOnof O/F rttttofor _ cues of t chamber presstlre

of 500 psia expanded to vacuum conditions, and a
chamber pressureof 10(30psi-, expnnded to sea level
conditions, respectively. These cas_ were chosen to
compare DACS, space attitudecontrol ,qystem(ACS),
and large htuneh applications. In both cases, NHMF
17B with 90_ HTP is compared to hydrating with
nitrogentetroxide,and monomethylhydrazine (MMH)
With nitrogen tetroxide (NTO), It is icon that

-NHMFIHTP has the same relatively broad 0_.
acceptance as MMH/NTO. The peak O/P values are

- roughly 3.0 and 2.5, respectively. The NIIMF is JtOt
mixed ht it fixed ratio, however, The fuel components.
can be permuted to deliver a small vnrianeo in O/F
while maintaining energy and hypergoliclty. This Is.
slgnifica.t because, according to the thermodynamic
data _d sp0t-plate Information. lTB can be used t. the
samehardwarecurrently u_ed for MMH/NTO systems,
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HTP was produced at NAWCWPNS by n double-
run technique using high surface vacuum distillation.
The _echnique uses n single plate still with a rotating
batch tank; vacuum is applied to the entire still,
including the prime condenser and extract re,.eiver. The
hydrogen peroxide charged was 70% wlw technical
grade" with a high inhibiter loading. Distillation
conditions were 30°C and 8.8 mm of Hg vacuum..
Typical extract volume was 95_ of the initial charge.
This first distillation gave uninhibited hydrogen
peroxide which was then rerun to yield IfrP of defined
concentrations. In all cases the hydrogen peroxide
concentration was ucorta/ned using a refractive index
technique; in_ibitor loading was obtained by inductively
coupled plasma teahniqu_. 4 The HTP used in these

experimenet we 91.795 w/w with less than 1.0 m_ of
phosphorus,tin, or m_Uumtens,

II!! -' :

Frame Two.

80UI_ 2. VideoFr4une S_luancaofFastHyperBolic
ActionUsing Spot-PlateMethod,Framercsolufi0nIs
33ms.

| H S at 4 4.! |

FIGURE 3. Specific Gravity by Specific Impulse as ,_
Function of O/F Mass Ratiofor Non-toxic Hypergo:tc
and Conventional Hypergolic Systems. Propella_Ls are
combusted at 500 psi and expanded to_va_ctlum
condidons.

p ,t IS . | ILE • |s d 4.| it

FIGURE 4. Specific Gravity by Specific Impulse as a -
Function of O/F Mass Ratio Comparing Non-toxic and
Conventional HypergoliC Systems, Propellants are
¢ombusted at 1000 psi and expanded to sea level
conditions.

Ro.r.k 

XttL..SUt

The HMX Incorporated test site located at the
Mojuve California airport was used to support the test
firings. The test stand Incorporated a vertical filing
geometry M dept,_tcd in Figures 5, 6, nnd 7. As Canbe
wen, a spark plug is aHached to the thrust chamber; this
was used only as a pluti and not energt_',ed durlnlt
t_tln 8. The Instrumentation consisted of MSP 300.
zeHe_strain gauge pressure l;att_ucers which wereu_d

to measure chamber pressure, fuel manifold pressure,
and oxidizer manifold pressure. Thcrmocouples
measured propellant feed temperature: all data were
acquired r_rn6fely at a 20-Hz snmpl|n8 rst_.
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MOURE 5..Vml_ Tat Stud.

FIGURE 7. CIo_-up ofT_t Stand.

The test hardware was euentlally that used in the
prevtou_ HTP/JP-10 experiment,q with two significant
modifications: it had no ignition point and a modified
injector, s Figure 8 5hows an axial drawinl_ of the
rocket cn81ne used in these tern. The spark plus.
ijnition circuit was not used; however, the access hole
was still plugged with the spark plug igniter. The Of/=
ratios were changed by ins_iin8 threaded inserts into.
the oxidizer orifices. Figure 9 ts a photograph of the
injector face plate showing the six oxidizer threaded
orifices. The fixed fucl orifice measures 0.028 inch and
each of the oxidizer in._.'rtorifices measures 0,013 inch,

The use of threaded inserts allowed a measure of
tailoring for various fuel and oxidizer combinations, but
it had a siitntficant drawback. [nLtial tests evidenced
some leakage around the insert/seat interface. Fiilure 10
is a photoip'aphof thehznlwarewith the threaded insert
modification; the oxidizer circuit ts active and no splash
plate was used for this photograph, Significant
collimation of the futd streams Is evident., The best
compromise Configuration used the inserts in
conjunction with the splash plate. All of the
expedmcnt_ described in thi_paper used_s gc_melry,

FIOURE 6. Perspective View of Vertical Test $_M.
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FIGURE S. Lino Drawing of Hyl_'i_olic Propellant
Evaluation_.

FrameOw.

FIGURE 9. PhOSOlFSlphof HYl_rgolic Thruster
rnJ_or F_e Showins'L'hm_ _ lnsm Orifice,.

HGURE 10. Photograph of Modified Injector with
Oxidizer Circuit/_iv©. Splash plate removed,

Figure 11 shows two frames from video footage of
a NFIMF/HTP bipropcllant firing. ']'he actual time.
dlfferen_e between the two frames shown is ab0u_

180 ms. Tht_ delay was due predominantly to the poor
control Of the OFF ratio with the original Injector
Configuration and a fuel injection tag_ Even with the
dclay, the combustion appeared _table once inItiated,

Frame Two..

FIGURE 1I. Video Frame Sequenco of High O/F
Injector Firing Using I?B_Fuel. ldinition delay is ca.
180 ms.

Figure 12 shows a frame from #id_ at the moment
of ignition for test M-! with the proper orifice
conflguratt.n l'or a nominal 2.4 O/F ratio and _ood
prnssure control. Thi_ test had an ignition delay of
23 ms and exhibited stable behavior during firing, as.
ase,_rtained from the video fomase. Two data runs m
dcpicled as Figur_ 13 and 14. Figure 13 shows a graph
of pr.sure as a t'.nctton of tim_ for the HTP/NHMF
17B propellants at an OFF ratio of 2.4, The Ignition
delay was meusured as 23 ms. The nominal total
propellant flow was O,0S |bm/s. Figure 14 shows an
identical run with a change of the O/F ratio to 3,0. The.
ignition delay is ais0 low, musurcd at ca, 24 ms, A
summary of the initial ex_rimental results is shown _s
Table I. Measured chamfer pressures, OFFratlos, and
ignition delays are tahulated_ It is clear that tinLtlon
delays In the tens of millisc¢0nds, and even fractionnl
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milliseconds, are in hnnd. It should be remembered that

dm warn obudned with a non-optimal iQj_tion
symm d_ to inun leakap.

TABLE I. Su,_mary or Exl_xJmcn:_! Thrusm Firings
Using Non-toxic Propellanu. (.All firings

T_,_

M.I

M.2

M-3

M4

M-5

M.6

M-?

listed©x_bi_d

l'm41re, llstlo, l_liy by
pJls w_ l'ra_,m,

rill

107 2.4 23

102 2.4 10

97 l.O 30

9, s.0 9'_
S7 2._ 67 .

- 2.4 I:_

- 2.4 -

olic _avior.) _
ls._on Convwnt_
D_Aq by

Vid:u.
191

12S noI,_I

66 I D..'. A f_l lead
I

130 I).I.I_I I_KI

2S)? mo lead

no _1_ Icld nl|JllnS
cup Io lead

I no _ add mlxlnll(up mR lead.,

FIGURE 12. Video Frame Sequence of Modified
Prot_'r O_ lnje_.or Rrln8 Using 17B Fuel. Ignition
delay is 23 ms.

/ I
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TVi.S -

FIGURE 13. Run PressurePlots Of Test FirinS M-l,
Nominal O_ ratio is 2.4.. _

,r_d(.l

FIOURE 14, Run PressurePl.tsof TCStLFJrinL_M_.M.4.
No_nal o/F _allais_,0,

A quick examination of the current market
production of the raw components was don_ to L,¢ert_in _
the ultimate costs associatedwith the HTP/_HMF
pro/_Jlant system. Uninhibited 90% w/w HTP has a
current ru_ket _aJuc of $0.62 per pound. Th_ NHMF
aglp'eSate propellant has a value of $0.32 per pound.
Using measured densities, these values translate to _
$7.14 per gallon for HTP and S2.72 per gallon for
NHMF 17B. Them is no a.ssoclated toxic handling
costs based on the non-carcinogenic nature of the
propellants; tl_se propellanls lU'etruly storable (with no
smell) at ambient conditions, hence t_ tolulcosts for
use will be remarkably low. A subde as,_ciated cost is
that of renewability. The more scarce tt chemical
commodity, the higher the-net cost. All of the
components used in th_ HTP/NHMF propellant system
are immediately renewable, and thus will ultimately
drive the cost downfunber.

Govcrnment and industry investigators joindy
conducted rocket engine firings to assess the feasibility 1
of • new NI_/IF/HTP propellant combination. The •
followln_ _nclusions wer_ obtsined.

1. A new non-toxic propellant system,
NHMF/]ITP has been discovered which has pcrfOr_cc
comparable to thatof u'adittonsltoxtc hyr,'crgoles.

2, The Optimal OIF ratio for maximum
thermodynamic performance of NHMF/HI"I' lies in the
same range _ that ofMMH/NTO, at abOut 2.4 to 3.0,

3, Thc NHMF/HTP system is economicaland

hasa hil/h propellantdensity. E_ltm.ted costsfor IITP
arc S0.62 per pound or S7.14 per gallon, Estimated

?
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costs for a candidate NMHF Ke S0.32 per pound or
$2.72 per gallon.

4. All of the ingredients in the NHMF/HTP
propellant are non-carcinogenic, non-mutasenic, and
n0n-tera_osenic.

5. All of the ingredients in NHMWHTP are
immediately renewable within the environment.

6. Tests to date show an exceptionally good
Lgnibon delay value of lens of milliseconds down Io
fr_ional milliseconds.

This propellant combination should prove to be
quite useful to the DACS. orbit _'ansfer, and large
launch vehicle user communities. It is advisable that

these non-toxic fuels be developed further to acquire
larger scale delivered lsp information as well as lonj
term storage dam. It would also be useful foz DACS
mission cycle testing to be completed as soon as
possible to prove the worth of these novel propellants.
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