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FOREWORD

i The research program regorted here was performed under Air Force Contract
Number AF 04(611)-1154% L . Rocket Research Corporation, 520 South Portiand
Street, Seattie, Washington. The secondary report number assigned by the Con-
tractor is 66-R-73(C).

Captain Joel A. Tolson, USAF/RPLL is the Air Force project officer for this
{ progrem.

The research reported here covers the period June § through September &, 1966.

] Mr. Peter Brysse, Director of the University of V/ashingten Environmental
Research Loboratories end a member of the Seatile Air Pollution Board, serves as
a consultant to the program with respect to beryllium safety aspects. Physical
examinations of personnel working on the program: are performed by Dr. |. Sualey
of the Northwest industrial Medical Clinic in Saattle, Washington.

This report contains ciassified information extracted from other classified
documents.
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Publica*ion of this report does not constitute Air Force approval of the report's

findings or conclusions. It is published only for the ex:change and stimulation of ideas.

WilliomEbelke (RPC)

Colonel, USAF
Chief, Propellant Division
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ABSTRACT

(C) This report summarizes the work performed during the second quarter of a
12-month program designed to evaluate and characterize the combustion efficiency of
) MONEX DW, a beryllium :entuining monopropellant, in a liquid injectior. type engine
at a nominal 250 Ibf thrust level. Initial checkout tests and a series of baseline per-
formance tests have been completed with MONEX A, an aluminum-containing mono-
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propellant. The results of these tests indicate performance of MONEX A increases :
with increasing chamber pressure. De'ivered specific impulse values exceeding f
202 Ibf-sec/lbm (82% f the theoretical shifting equilibrium vaiue) were measured at :
chamber pressures grec:sr than 1200 psia. *
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SECTION |
INTRODUCTION

(C) The objective of this program is to evaluate and choracterize the combustion
efficiency of MONEX DW monopropellant in a liquid injection type engine at a nominal

250 Ibf thrust level. This report summarizes the work performed during the second quarter
of the 12-month program.

(C) MONEX DW is a high energy heterogeneous monopropellant containing beryl-
lium metal, hydrazine nitrate, hydrazine, and water as its prime components. [t possesses
a theoretical specific impulse of 302.1 Ibf-sec/Ibm at 1,000 psia chamber pressure ex-
hausted to 14.7 psia and a density of 0.048 lbs/ins.

(C) Preliminary characterization of MONEX DW was initiated under Contract AF-
04(611)-9713 (Reference 1). MONEX DW was shown to possess excellent safety character-
istics and physiochemiccl properties comparable to those of hydrazine gel systems for
bipropellant application currently under development (e.g., alumizine, and beryllizine
(Reference 2)). Preliminary ignition and combustion tests were performed in end-burning
motors of up to 100 Ibf thrust. These combustion tests indicated that while high conversion
of beryllium metal to combustion products can be achieved, poor expulsion of solid com~
bustion products from the chamber occurs under these conditions. The burning of MONEX
DW propellants in this manner (small end-buming motors) appears to be invaricbly

accompcnied by extensive agglomeration resulting in a large quantity of slag residue
remaining in the motor chomber.

(C) The goal of the present program is to extend this work into the area of liquid
injection type engines to determine the poteniial usefulness of MONEX DW as a rocket
propellant. While the purpose of the program is the investigation of MONEX DW, the
majorify of effort to date has been in the area of control test firings of MONEX A.
MONEX A, an aluminized monopropellant was chosen for the initial test firings to pro-
vide a safe (nontoxic) means of estoblishing metallized monopropellant ignition and

operationcl procedures and to provide a performance baseline for future MONEX DW
testing.

(U) During this report period, the MONEX A checkout test series, and the
MONEX A performance baseline tests were compleind. These tests complete the planned
effort with MONEX A. During these tests, performance was found to increase significantly

-1-
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with increased chamber pressure. Specific impulse increased from 67.0% to 82.7% of
theoretical shifting equilibrium with an increase in chamber pressure from 355 3sia to
1,220 psia.
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SECTION 11
TECHNICAL DISCUSSION

Ceneral

(U) The objective of this program is the evaluation of MONEX DW in a nominal

250 Ibf thrust liquid injection engine. The major effort during the first six months,

however, has been concerned with checkout tests and baseline performance tests of the
engine system with MONEX A monopropellant. In addition to providing future MONEX
DW tests with a baseline for performance, the techniques of ignition and monopropellant

engine operation are directly applicable to firings of MONEX DW in the same engines

and test system.

2.2

2.3

Propellant Preparation
2.2.1 MONEX A

(U) To date, 180 pounds of MONEX A G.3-3MI1 have been prepared in
4 to 8 pound batches using the previously described method (Reference 3). The
propellant has been consumed in a total of 30 checkout and baseline firings.

2.2.2  MONEX DW

(C) Construction, setup, and checkout of a mixer for the preparation of
gelied monopropellants has been completed. The mixer (F:.jure 1) consists of 4
stainless steel, water-jacketed 2 gallon bowl sealed to an explosion proof, variable
speed "Lightnin" motor and shaft by an 8 bolt flange and a vacuum-type, packing
gland. Fluid propellant can be bottom cast through a remotely oparated, air
actuated ball valve. Two 1-inch diameter tubes extending through the water jacket
provide a simple method for adding metal powders and liquid:. Prior to preparation
of MONEX DW, the mixer was passified at 100 to 150°F with a water-hydrazine
solution.

Propellant Analysis
2.3.1 MONEX A

(U) A preliminary procedure for determining the chomical compesition of
MONEX A propellant was completed. This analysis included the datenm"ga'ﬁon of
aluminum metal, water, M-1 additive, and total nitrogen. No attempt was made

-3-

oA et 1y L

CONFIDENTIAL




- " e L L AL e el e e L e L

3 4 . . . . . . . . .

PROPELLANT MIXING EQUIPMENT

FIGURE 1

AFRPL-TR-66-250

W




AFRPL-TR-66-250

to determine the concentration of gellant. Analytical results obtained for three
batches of MONEX A G.3-3-M1 are reported in Table I.

(U) Aluminum metal is determined by chelometry (Reference 4). The
metal present in a propellant sample is dissolved in concentrated hydrochloric
acid and complexed with ethylenediaminetetraacetic acid, disodium salt (EDTA).
Excess EDTA is back~titrated with standardized ferric ammonium sulfate solution.
High purity aluminum wire is used to standardize the method.

(U) Water content is determined by the Karl Fischer method (Reference
5).using an automatic dead-stop titrator. Due to the large quantity of water
present in MONEX A, small samples and rapid direct titration with Karl Fischer
reagent were necessary to obtain reproducible results.

(U) The M-1 additive is determined gravimetrically by quantitative
filtration of the insoluble material obtained from an acid digestion of the propel -
lant sample. No at'empt is made to correct for the presence of metal oxide, which,
being insoluble in acid, would be removed during filtration. Although not proven,
it is suspected that because the gellant is a polysaccharide, it hydrolyzes and
becomes soluble during the acid digestion.

(U) Total nitrogen is determined by the Dumas method using an automatic
nitrometer. The results obtained from the first two analyses (Batch Nos. 6266-1;
72566-1,2) were consistent (Table [). After additional determinations, however,
low values were obtained. Similar data was obtained from standard analyses of
acetanilide. It is suspected that this phenomena is the result of instrument mal-
function due to contamination from the M-1 additive. Additional tests are to be
performed in onder to develop an improved analytical procedure.

(U) Bulk densities were determined for all individual botches of MONEX
A immediately prior to loading of the propellant feed tank (Table 11). Bulk densities
were determined by weighing (100 to 200 gm) a known volume of propellant in a
graduated cylinder at ambient temperature. True densities were determined by a
pycnometric fechnique using a 50 ml volumetric flask with toluene as the stondard
displacement liquid.
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TABLE I}
{U) PROPELLANT BULK DENSITIES
MONEX AG.3-3-Mi
Motor Propellant Bulk Density
Test Ne, Baich No. {gm/mii)
8-}, B2 72566-1, 2 1.55 (70°F)
B-3, B4 8366-1, 2 1.53 (70°F)
8-5, 86 81566-1 1.53 {70°F)
8.7 8846-1 1.53 (77°F)
3-8 81966~1 1.56 {45°F)
3-2, 8<i0 8864~}
81566-1 1.53 (70°F)
81966~}
B-11, B~12 82366-1, 2 1.57 (70°F)
8-13, B-14 82366-2,3 1.55 (84°F)
B~15 63066-1, 2
72566-1, 2 1.54 (77°F) -
83é4-1, 2
-7~




AFRPL-TR-66-250
CONFIDENTIAL

2.4 Theoretical Performance of MONEX DW

(C) Theoretical performance calculations were performed by the Air Force Rocket
Propulsion Laboratory, Edwards Air Force Base, for MONEX DW 25 G.4-M1 and the
MONEX DW/C3F3 bipropullant system. These data are summarized in Tables [l and IV.
As the composition of the MONEX DW to be used in the current program is fixed, the
data presented here is limited to that for the formulation MONEX DW 25 G.4-M1.
Theoretical performence of MONEX DW as a function of composition is presented in
Reference 1.

(C) Theoretical specific impulse of MONEX DW 25 G.4-M1 for both shifting and
frozen equilibrium as a function of chomber pressure is presented in Figure 2. The differ-
ence in specific impulse for shifting equilibrium and frozen conditions amounts to 11 units
of specific impulse (4 percent) at a chomber pressure of 1,000 psia. At the some pressure,
the separation for the MONEX A monopropellant amounts to only 1 unit of specific impulse.
It thus appears that achievement of chemical and phase equilibrium throughout the com=
bustion and expansion process will be much more important for MONEX DW than MONEX
A in order to cbtain good performance.

(C) Figure 3 illustrates the variation in theoretical chamber, throat, and exit
plane temperatures as a function of chamber pressure. Although the retical chamber
temperature is above the melting point of beryllium oxide, in practice, high combustion
efficiency and low heat losses will be necessary to ensure that all/the BeO is present in
the chumber in molten form. It is estimated that a c* efficiency of greater than 96.5
percernit would be required to ensure the presence of BeO in molten form. With small,
low efficiancy engines, it may be expected that combustion of beryllium metal may
proceed primarily via a gas diffusion method through a semi-porous beryllium oxide coat-
ing rather than by a mechanism involving a molten BeO coating. Alihough MONEX DW
does possess a lower flome tempersture thon most beryllium containing propellant systems
now undergoing investigation, it has been shown under the previous monopropellant pro-
grom (Reference 1) that high conversion of beryllium to beryllium oxide can be obtained
with this propellant in spite of its somewhat low flome temparature. Numerous studies
have been conducted concerning the nature of the reaction occurring at beryllium metal
surfaces in the presence of oxygen, water, nitrogen, ond carbon dioxide (References 6,
7, 8, and 9). Although these studies have been performed at considerably lower tempera~
tures (generally at less than 1,000°C) than found in normal rocket engines, they indicate
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MONEX DW 25G.4-#A1 THEORETICAL SPECIFIC IMPULSE
AS A FUNCTION OF CHAMBER PRESSURE
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MONEX DW 25G.4-M1
THEORETICAL STATION TEMPERATURES
A5 A FUNCTION OF CHAMBER PRESSURE
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/

that even in this region breakaway temperatures are obtained at which point the oxide
or combustion product coatings fail to provide protection against ropid meto! reaction.
Water vapor has been shown to react more rapidly than dry oxygen with beryllium metal
surfaces in these temperature regions. It may, therefore, be possible that with the con-
siderably higher temperatures and high metal surfece areas to be found in a rocket pro-
pellant, reaction rates may be sufficiently high that good combustion efficiency may be
obtained, even though no molten oxide is involved. At these temperatures the metal
will be molten (Be melting point - 1556°K) and the vopor pressure and rate of vapori~
zaticn of Be metal at these temperatures may be  .pected to play a significant role.

If the trends observed at lower temperaiures hoid true in the high tempercture region,
the high water content of the MONEX DW propellant may play a significant role in

the nature of the observed combustion.

(C) Figure 4 presents a comparison of the theoreticnl composition of the gas
phases present in both the combustion chomber and at the nozzle exit plane. Only a
slight difference occurs in the total moles of gc.s present and change in relative distri-
bution of the various species is minor. Hydrogen and nitrogen are the éredomimnt species
present. According to the calculations, most of the weter originally present in the pro-
pellont will be consumed in the formation of beryllium oxide.

(C) Theoretical specific impulse of the MONEX DW/C!F3 system for both shifting
and frozen equilibrium as a function of compasition is shown in Figure 5. Using a CIF,
ignition technique, the MONEX DW ergine is actually functioning as o bipropellont
engine for a short period prior to shut-off of the CIF,. During this period, it may be
possible to determine the performance of the engins in the bipropellant mode and moke
comparisons with the monopropellant mode.

2.5 Test Progrom

(U) During this report period, the MONEX A checkout tests and the MONEX A
Baseline Test series were completed, thereby completing all MONEX A testing. A dis-
cussion of the test hardware, baseline test installation, and test resslis are presented in

the following sections.

- V4 -
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(C) MONEX DW 25G.4-M1
GAS COMPOSITION OF CHAMBER AND EXHAUST GASES
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2.5.1 Test Hardware:
o (U) During the report period, four injector patterns were tested:
a. A single element injector (1-xx-D)
| f ’ b. A dished face, two element injector (2-xx~D)
c. A dished face four element injector (4-xx-D)
d. A flat face four element injector (4-xx-F).

(U) These injectors are designated by the number of MONEX spray
elements; the dischurge orifice diameter, and the type of injector face (either
flat or dished). Throughout this report a designation as follows is used:

-.109 - t
Type of Face: D = Dished Face

F = Flat Face

Diometer of Discharge Orifice
Number of MONEX injector Elements

(U) The above designatior, would be a single element injector with a
0.109 inch diometer discharge orifice and a dished face.

{VU) Solid cone spray nozzles were used as the MONEX injector element(s)
in each injector. The number of elements discussed above denotes the number of
MONEX injector elements as each injector also employs a single CIF spray nozzle
for ignition purposes.

(U) The single element dished face injector employs a central MONEX
spray nozzle and an outer CIF3 spray nozzle. MONEX spray nozzles having discharge
orifices of 0. 109 inch and 0.156 inch diometer were tested in the single element in-
jector. These injectors are designated as 1-.109-D and 1-.156-D, respectively.

(U) One of the factors known to influence spray droplet size of spray
. nozzles is the discharge orifice diometer. Droplet size increases with increosing
orifice diometer. In an attempt to produce a spray pattern with a smaller droplet

size, three multielement injectors incorporating smaller size spray nozzlss were
mM.

-17-
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(U) The two element dished face injector employed two outer MONEX
spray nozzles with a 0.0v4 inch diameter orifice and a central CIF4 spray nozzle.
The MONEX spray nozzles were located 0.8 inch from the chamber centerline at
an angle of 30° to the chamber axis. All dished- face injectors incorporated a
conical face with a 120° included angle. This injector is designated as the
2-,094-D injector.

(U) The dished face four element injector incorporoted four MONEX
spray nozzles with a 0.062 inch diometer orifice and one centsal CIF5 spray nozzle.
The MONEX spray nozzles were located 0.8 inch from the chember centeriine at an
angle of 30° to the chamber axis. This injector is designated as 4-.062-D.

(U) The flat face four element injector consisted of four outer MONEX
spray nozzles with a 0.067 inch diometer orifice and a central CIFy spray nozzle.
The MONEX spray nozzles were located 0.85 inch from the chamber centerline
and were paraliel to the chamber axis. The designation of this injector is 4-.067-F.

(U) During the initial two baseline tests, Rokide coated (0.020 inch thick)
mild steel nozzles were tested. The erosion rate experience with these nozzles was
an order of magnitude greater than previously experienced with ATJ graphite throat
inserts. Following Baseline Test No. 2, ATJ graphite throot inserts were employed
for the remaindar of the Baseline Test Program.

2.5.2 Tast Ine {iation

(U) During this report period, the MONEX DW test facility' was completed
and placed in operation. A photograph of the MONEX DW test installation is pre-
sented in Figure 6. This test installation was used for the MONEX A Baseline Test
series and will be used for all MONEX DW tests. The propellant feed systems, both
MONEX and the CIF3 ignition system, are similar to those of the checkout fest

installation, and conform to the schematic diagrom shown in Figure 7 of Reference 3.

(U) The chief difference in the checkout test installation and the MONEX
DW test installation was the addition of a thrust stond and an exhaust chamber to
the MONEX DW test installation. The thrust stand is of the parallelogrom type and
employs Bendix Fiexural Pivots as flexures. The stand is cclibrated by applying
kriown weights, acting over a 5:1 pulley through the centerline of inrust.

-18-
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(C) A 50 inch diameter by 40 foot long exhaust chamber equipped with 2
bank of Ultra-Air filters is employed to contain and fiiter solid particles from the
thrust chamber exhaust gases. The thrust chomber is mounted externally to the
exhaust chamber (see Figure ). A rubber wiper around the nozzle provides an
effective exhaust gas seal without inipaiting thrust measurements. Prior to each
test firing, the exhaust chumber is purged with nifrogen to reduce the oxygen con-
tent and prevent accumulation of an explosive mixture with the exhaust gases which
contain a high hydrogen content.

2.5.3 Doata Reduction Techniques

(U) The test data presented in Tables V and V! were normally taken just
prior to shutdown, the actual time at which the test records were reduced is pre-
sented under the column lobeled "Data Time". Test duratjon was taken as the fime
interval from the fire switch on signal to propellant valve closure.

(U) Absolute chomber pressure was obtained by adding barometric pressure
to the measured gauge chamber pressure. Injector pressure drop (Apini) was obtaired
from the difference between injector inlet pressure and chamber pressure. The propel-
lant flow rate was calculated from the flowmeter frequency output, the calibration
factor, and the propellant density.

(U) Two values of post test nozzle throat area are presented: one with the
combustion slag in place (labeled “slag intact*), and the second with the slag deposit
removed from the throat area (labeled *slag removed*). These values of throat area
were obtained from an average throat diometer calculated from a minimum of four
equally spaced readings measured with an optical comparator. Since the throat area
increases during a test, it is unlikely that an oxide deposit is present during a firing,
as this would require erosi »n of the graphite nozzle under the siog deposit. There-
fore, it is believed slog deposit in the throat is' formed during the shutdown transient
and that the actual throat ared is that measured with the slog deposit removed.
Removal of this slag deposit is extremely difficult without also removing a small
amount of graphite from the throat. The throat arec measured with the slog deposit
remcved is thus somewhat questionable. The estimated error in throat area resulting
from difficulties in removing the slcg deposit is less thon 3%.

" @G s P -o

.




AFRPL-TR-66-250

v T T TR e DR EN TR IO R TV

Ul $600°0 §0 euxdjy Buiood 680840 UO PesDq oaID Jnoiy peBwNe]  (9)
00110} (1500 Sinesdud Jequisyd jo epn oy

POAWEI BULIDOD i 1M BOID (DRI UGN PEIDG I8 $8N(DA 4O

POAOWSS PUD §904U] BO[S LOHINQWIOD Ui IM SOSID JDOKY O XTOU J84 {90d 8,0 payusseud 1008 j00iy)

siusws (e 1030]u] XINOW % soqunn

(1) *oip ®31y1i0 eBioydsip 8 xOV Audg
)] = J ‘pupiq = Q 990) jo ed4y J
Q-&0L°~1 iuojoulisep soidelu}

v

()
()
(€)

@

Joquinyd ) Ul OOC |OUIWOU M PeIINPUOS NS [V {1) 1SILON
8T 9°s [ A2 S B 13 4 909C" Tiee” i > 49 6 | 9°T r60°~T | §1
uoonpey Diog ON ~ UOY
~unj|ow weiss _ozcooom uol{ouedo .
Juo|jedaidiq Bujing pesouiIe] {38] et a=ys0'~-Z | N
UOHIDUJWLIS AO(} Y
X3NOW o4 iopid pesned uolsnquo)
‘o8 £°0 40
pesnjdns sequoyd uo wloiydolp ising 9z J a-9st°=1 | &t
UOHDUIULIS) MO} Y *
XINOW o4 Jo1id pesosd uoHsnquo?)
5 "18d 00¥ + oi1sd 008
*xoiddo " d uoypiIedo e|qoisuM) a-9st=-v 1 2
w 86°¢ 8'¢ 9's8 osor 882’ oz’ orrt 08 I€? | 6’'€| Qd=601°~1 | LI
96°¢ 6'l | U's8 06ty Ao%om«. orze: sTet 122 Sle ) £'¢fa-60t’~1L | Ol
o) | Cand) [ours) | o[ Gu) | U | Gepa) | (ndh | (ord) | (oo0)
Howsy uoloing v ‘343 3 porowey | jo04u) ) 2 Swiy *oN
) @ |0 | oo | suysod Mag| 4 |ong)d*M w1
. Owy Joosyy .
() SIS 1S3 LNONIIHO V¥ MM.WZOS
AYYWWNS Y1VQ AYYNIWING (N)
ANyl
PR R % Sy i o Wi AR z.'....{.. it m. Z_ : i,».«‘..ﬂ...v. (Bitios o G ;f..; 3

-21-




AFRPL-TR-66-250

‘UL S600° 0 10 WO is0dep Bajt UBLINQUED 688:0AB LOIN PIIBG BOID [SDNY PAIBWIN)
U01I[ (1300 Ssneeid soqueyd o opnijulew
| 8Bue jjay puo ly/ By szzen ‘inmte | [o3g18s00y1 (5!
N & VO J04B1Y 104 S11UEN0D ©f POIISI Wiyl PEINISY (9
PorOWS: BUIIDOD il DOIO 801\ Uodn paieq 1) 3 ((
POASWES PUB (384U BO|I UOLIMIGUOD 1M 1000 IR0JY S{ETOU 118i= (104 0,0 POIUNIEI 1800 (B0)Y] 1002y i8] (T)

tiuvewe(s s8138(u) XINOW *
(* V1) 10i0wnip 051j1:0 sinynip 8|T130v ?H
19)) » § ‘PORIP » G ' 930} 20138{U] JO 04} ey _

waique 24 el 4»

e NN

twotieuliseg soivelyy (1)

Q-39 -¢

T

9°0 = § 19 POIOWI{I0 8018 J00IY) (<A} s 14 R4 (4 ] ' 06T ot | T "L osty 0of1* - > M 0 K51 | 90| 01| 4-090"-r sl

UOL13NPS) Bi0p OU ~ J18] PIIOAV| ofL| 3-290"-y 14
e} Uy seqiree 1wd

00C 7 74 ‘20 61" | 19 0AIOA o i e®'9 | Y20°6 '3 14 144 8l | SN o'ce [« 7 s | oo’ ser'it L4 ves | st°1 | 061 Jo-eest -t €l

" L 24 et x4} L4 441 oz | olc o'se ooy 1”1 | otrl’ st cis ezt i or't | of1| a-e01°-1 t
uojieiedo jus)
- |adosdoucw o) Uolisusli Buimo)jo)
pe1sed uojishquod ‘ereyd jus|

-{odosd|q Supinp 8ivd 045 = 74 Lo o6t| #4290~y 1
e} u) Jepee 19d 00| §

sepea 34 ‘am gLty 1o enjop, [z} oS¢ | 1S 0'49 &'t It | sa [y 4 006C e | s’ ”i ”’e ¢sC | S1°t ] okt a-601°~1 ot

Tt - o5°s L ) /3 e ost | & (N 74 - 7% e | e et o« 92 | 01°1 ] OBL| Q-s01°~1 é

n 144} sy | 988 L'se L 414 [ VIR I 2 14 o' [+ 4 T [ oo’ tirt L]} Le | 00°1 ] $2 | 06017t L
. oud o0y 3 052 » 4 :votisnquo)
1ue)

- jadosdouow 8|qoytun ‘etoyd Jub| .

-|odosdiq Bupsnp o1vd oyg » 74 Loee | oL’ S¢| o000y | ¢

rt 01| S08°8 t'os rel Tl | OCC ' 0or | (eI | coot’ et ocy $66 | €O'L| O6L] 3-490°-¢ ’

it r'e | 1266 r'o0 e Tét | 40C 1'se okor | (ntIT" | O’ LA 1741 $56 | S0°t | 0OC| 4-£90°-¥ 1

et 'y | $66°6 s 1 124 r7{am i 4 ”e KK | (geLet | Tom” ot sy 612 1 s1't ] ooc| G-601"<1 [ 4

sejxzou Aoxd 10i3e{uy jo Buy :
~1003 Bejs uol QU Aq patnod
110 0oy ¥ 0 dn jo tuoniB||10 4 ooc| a-ze9°-» L2t
- vi} | (o
Can (oo %) A...H. .l (o041 %) & (o) :
S0 v . 204 ABUY WY, £
tyroway wonoma | 24y | ¥ I ey | S Y om o) | ey | v | 0 _.."ﬂ,c .u“s bor o e ol
(9) 1 ASQI.F (1)) . ) ™ 8]

SAINIS L1534 ININISVE V¥ XINOW
AUYWWNS V1Va ASYNINING (N) .
1A3NvL




AFRPL-TR-66-250

(U) The value of the th:cat area with the slog deposit removed is not
availoble for four tests. In these cases an averagy slag thickness from the remain-
ing tests was used to calculate a throat diometer for these four tests and are so
noted in the Data Tables. The slag thickness was radsoncbly unifom and varied
from 0.005 inch to .016 inch and averaged 0.0095 inch. Using this average
method, the inaccuracy in throat area should not exceed an additional 2%.

(U) The reported characteristic velocity, c*, is based upon the throat
area with the coating removed. Since this value of throat is somewhat questionable,
c* is also somewhat in doubt. Therefore, all performance discussions presented in
this report are based upon specific impulse.

(U) The reported thrust is the measured value of thrust adjusted to com~
pensate for the higher than ombient exhaust tank pressure. The exhaust tank pressure
acts on a small area (approximately 1.5 inchcsz) between the nozzls outside diometer
and nozzle exit diometer, and results in a small positive force included in the
measured thrust. The actual thrust is obtained from:

Facml = Fmeasured - Pa (An - Ae)
Where:
f red = Measured thrust, Ib
P, = Exhoust tank pressure, measured in psi above local
aombient
An = Area of nozzle normal to thrust axis, in2
A‘ = Nozzle exit areq, inz

(U) The effect of the above adjustment is u reduction of approximately
one pound in measured thrust.

(U) Specific impulse is based upon the actual thrust calculated from the
obove equation and the propellant flow rate. No other adjusiments or corrections
were opplied to thrust or specific impulse.
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(U) A value of theoreticai specific impulse was calculated for the actual
test conditions of chomber pressure, barometric pressure, nozzia expansion ratio,
and nozzle half angle (15°). This value, réported undar "Thaoreticel | sp"’ is based
upon shifting equilibrium vaives of Ciond P e/f"c versus A a/Ac reported in Reference
3. The actual test nozzle expansion ratio is reported under A e/At'"

| " (U) The magnitude of chamber pressure oscillations are reported as
»AP " These data were obtuined from the magnitude of the peak-to-peak chomoer
pressure and the mean chamber pressure and are reported os + % of chamber pressure.

2.6 Test Results
r 2.6.1 MONEX A Checkout Tests

 (U) During this report period, four MONEX A checkout tests (No. 12
through 15) were conducted which completed the MONEX A checkout test series.
The purpose of these “_ui tests was to investigate the effect of two injector varia-
tions on performance. The results of these tests and revised performance values for
previously reported fests 10 and i1 are presented below. The data from these tests
are summarized in Table V.

2.6.1.1 Tests10and 11

(U) Tests 10 and 11 were conducted with the 1-.109-D injector.
The MONEX spray nozzle employed during these tests was a Spraying
Systems Company-GD-9.5 Fulljet Nozzle with a 0.109 inch diometer dis-
charge orifice. Characteristic velocities of 82.1 and 77.8% of theoretical
were previously reported (see Reference 3) for tests 10 and 11. These data
were based upon the throat area measured with the combustion slog deposit J
in the throat. The combustion deposit was later removed from the nozzle
employed during Test No. 11 and.the throat diometer measured. The
characteristic velocity based upon this later measurement was 4070 fi/sec
(85.6% of theoretical).

. (U) The nozzle employed during Test 10 was also employed
'&urfng Test No. 11, preventing the measurement of the nozzle coating
thickness following Test 10 at a later date. An averoge coating thickness
(0.0095 inch) from all tests during which the coating thickness was

-2 -
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determined was used to estimate a throat area for Test No. 10. This
estimate resulted in g c* of 4,190 ft/sec (88.2% of theoretical).

2.6.1.2 Tests 12and 13

(U) Tests 12 and 13 were conducted with a single element
injector (1-.156-D) employing a higher capacity MONEX spray nozzle
than employed during Tests 10 and 11. The purpose of installation of
this larger spray nozzle (Spraying Systems Company GD-15 with o 0.156
diometer orifice) was to increase the MONEX A flow rate over tests 10
and 11 and allow operation at higher chamber pressures. During Test
No. 12, a low frequency instability (140 to 220 cps) developed after
0.6 sec of operation in the bipropellant mode at a chomber pressure of
1,075 psia. The magnitude of the oscillation increased to ¢ 400 psi
during the transition to monopropellant operation. Combustion appeared
to cease at a time approximately corresponding to completion of the tran-
sition to monopropellant operation.

(U) Test 13 was conducted under the some initial conditions
as Test No. 12. There was no evidence of a similar combustion instability
during Test No. 13; however, after 0.3 sec of operation, a burst diaphrogm’
on the chamber ruptured. This occurred while operating at a chomber
pressure of 1,067 psia. The diaphrogm was rated to burst at 2,200 psia in
the event of severe overpressurization. As a result of rupture of the dia-
phrogm and subsequent ercsion of the burst dicphragm retainer, the effective
throat area steadily increased, causing chomber pressure to decrease. At
completion of the transition to monopropellant operation chamber pressure
was 640 psia. Chamber pressure then ropidly decreased, ond combustion
ceased prior to termination of MONEX A flow.

(U) As a result of these difficulties, combustion efficiency
data wos not cbtained from Tests 12 and 13. The exact cause of the in-
stobility during Test No. 12 is unknown. It could be the result of either
a feed system oscillation problem or possibly a poor spray pattem obtained
with the larger spray nozzle employed, and subsequent combustion time
log during these two tests. Combustion ceased during Tests 12 and 13.
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Sustained combustion had previously been achieved under similar condi-
tions with a smaller spray nozzle. This failure to sustain combustion

during Tests 12 and 13 lends support to the possibility of a poor spray
pattern obtained with the larger spray nozzle.

(U) Subsequent tests during the Baseline Test Series indicated
that combustion instobilities could be the result of a-poor injector spray
pattern. (See Paragroph 2.6.2.) These later tests lend support to the

E possibility of a poor spray pattern causing the instability cbserved during
Test No. 12.
[ 2.6.1.2 Tests i4and 15

(U) Checkout tests 14 and 15 were conducted with the two
element injector (2-.109-D). This injector employs two Spraying Systems
Company GD-6.5 Fulljet Nozzles with 0.094 inch diometer discharge
orifices. Test 14 was prematurely terminated during bipropellant opera-
tion after 1.3 seconds by a control system malfunction. During Checkout
Test 15, a c* of 87.2% of theoretical was measured at a chamber pressure
of 932 psia. This tes? completed the MONEX A Checkout Test Series.

2.6.2 Baseline Test Series

(U) The purpose of the MONEX A baseline test series, conducted during
this report period, was: the investigation of the effect of chamber pressure ond L* on
performance of a metallized monopropellant and to provide a parformance baseline

) for future MONEX DW tests. A total of 15 tests, B-1 through B-15, were conducted
o during the Baselire Test Series employing the MONEX DW test facility. The results
of these tests are summarized in Table VI and Figures 7 through 9.

(U) Three injector patterns wers employed during the MONEX A Base-
line Tast Series. They were: the 4-.062-D injector (Tests B-1 through 8-3), the
1-.109-D injector (Tests 8-4, B-8, B-9, B-10, B~12, and B-13), ond the 4~.067-F
injector (Tests B-5, B-6, B-7, B-11, B-14, ond B-15).

(U) Asa result of difficulties experienced with the four element injectors,
the original ten test baseline test matrix wos modified to consist of five tests with
two injectors (single alemer.t ond four element flat fuce injector). The five tests
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. VARIATION OF SPECIFIC IMPULSE
WITH CHARACTERISTIC LENGTH
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with each injector consisted of three tests at constant chamber pressure to investi- .

gate the effect of L*'s of 75, 150, and 300 inches on performance. These tests

were followed by two tests at a constant L* of 150 inches to investigate the effect

of chamber pressure on performance. One additional test with the single element

injector was included to investigate the effect of a turbulence ring on performance. .
The *esults of these tests are presented in the following paragraphs and discussed by

subject matter in Paragraph 2.7,

[ ’ 2,6.2.1 Tests B=1 through B-3

(U) The injector configuration selacted for the initial baseline ,
tests was the four element, dished face injector (4-.062-D). This injector ‘
employs four Spraying Systems Company, GD-3 Fulljet nozzles (0.062
inch diameter discharge orifice) as the MONEX injector elements. The
discharge orifice of the GD-3 nozzle was smaller than that of any similar
spray nozzles previously employed. The smaller spray nozzles were

. selected to reduce the spray droplet diameter and possibly increase com-
bustion efficiency.

S (U) During baseline Tests 1 through 3, stable combustion,
with chamber pressure oscillations of less than + 5%, was obtained during

bipropellant operation at chamber pressures from 630 psia (Test B-1) to
990 psia (Test B-3). The MONEX injector pressure drop during this time
] was approximately 500 psi. Immediately upon ‘ermination of the CIF,

f flow, random oscillations began to occur in chamber pressure. Nuring
Test B-3, these oscillations ranged from + 100 to + 400 psi at a nominal
4 chamber pressure of approximately 850 psia. Similar chamber pressure

oscillations of a lower magnitude occurred during the monopropel lant
phase of baseline Tests B-1 and B-2.

(U) Following Tests B-1 through B-3, a combustion slag
deposit was observed to partially obscure each spray nozzle orifice. Post
firing injector spray tests using MONEX A as the flow medic were con- o
ducted with the slag deposit in place. These slag dsposits were found to
alter the spray pattern. A large number of individual propellant streams
were formed as the MONEX impinged upon the slag deposit and only a
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portion of the MONEX developed into a spray. Similar slag deposits were
not observed during previous tests with a single element injector. These
slag deposits are belisved to-have been a contributing factor to the chamber
pressure oscillations and would most likely prevent the attainment of high
combustion efficiency. The stable operation observed during bipropellant
combustion indicates that the MONEX feed system may not have been the
primary cause of the monopropellant combustion oscillations.

2.6.2.2 TestB-~4

(U) Test B~4 was conducted with the 1-.109-D injector _
t-; employed during checkout tests 9, 10, and 11. Stable monopropellant 1
3 combustion was achieved during each of these previous tests (chamber pres-
‘: sure oscillations less than + 5%). Stable monopropellant combustion was {
again achieved during Test B~4. The delivered specific impulse measured

during this test was 76.5% of theoretical shifting equilibrium, at a chomber

pressure of 719 psia. '

3
3
4
3
4
z
3
3
£
*
b
3
B
R
§

2.6.2.3 Tests B-5 through B-7

(U) The stable monopropellant combustion achieved with the
single element injector during Test B~4 indicated that the combustion in-
stability observed during Tests B~1 through B-3 was associated with the
four element dished face injector (4-.062-D). It was believed that the
combustion instability associated with the 4~.062-D injector was caused
by the combustion slag deposits observed over the injector spray nozzles
following each test. In an attempt to minimize the formation of these com-
bustion slag deposits, a four element flat face injector (4-.067-F) was
fabricated and tested. The formation of combustion slag deposits over the

I RSB S T RO R T

Iy

' injector orificas were greatly reduced with the flat face injector and the
combustion stability significantly improved.

= (U) Tests B=5 through B-7 comprised an L* survey over the
range of 300 in, (Test B~5) to 75 in (Test B~7), at a nominal chamber pressure
of 1,000 psia, with the 4-.067~F injector. Tests B-5 and B-6 resulted in

. delivered specific impulse values of 80% of theoretical shifting equilibrium
at L*'s of 300 in.(Test B-5) and 150 in.(Test B-7). Chomber pressure

£ )

a1

i
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oscillations of approximately + 10% were measure. Jring both ests.
These oscillations, though greatly reduced from those of the 4-.062-D
injector, were larger than those of the single element injector (1-.109-D)
(opproximately + 5%). A small buildup of combustion slag deposit was
observed to partially obscure the injector spray nozzles following Tests
B-5 and B-6. Similar combustion slag deposits were observed following
all subsequent tests with the 4-.156=D injector. Combustion slag deposits
over the injector orifice were not observed following any test with the
single element injector. Based upon these observations, it is believed
the formation of combustion slag deposits on the injector face is directly
related to the level of combustion stability.

(U) The planned nominal conditions of Test B~7 were 1,000
psia chamber pressure with the four element flat face injector and 75 in.
L* chamber. During the bipropellant phase of Test B~7, chamber pressure
oscillations of + 6.0% were measured at a nominal chomber pressure of
940 psia. Immediately following termination of CIF, flow, a combustion
instability of +.400 psi developed, at a mean chamber pressure of approxi-
mately 750 psia.

(U) The combustion slag deposit over the injector orifices
following test B~7 did not appear to be more severe than that observed in
previous tests B-5 and B-6 conducted at similar conditions with higher L*
chambers. The extent of the combustion slag deposits on the 4-.067-F
injector face were very difficult to determine as the slag deposi: wally ’
broke up «uring removal of the injector. Since the degree of injector
spray nozzle coating could not be accurately determined, it is unknown
whether the instability was the result of a greater injector face coating
during Test B=7 (compared to Tests B~6 and B-6) or the rewlit of the 75
inch L* chomber employed during this test. However, based upon the
available data, it oppears the combustion instability was at least partially
the result of the lower L* chamber, aithough further testing would be re-
quired to verify this hypothesis.

-32-
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'2.6.2.4 Tests B-8 and B~9

(U) The L* survey with the 1-.109-D injector was completed
during Tests B-8 and B-9. These tesis were conducted at chomber L*
values of 75 and 150 in. and resulted in delivered specific impulse values
of 75.7 and 76.8% of theoretical shifting equilibrium respectively. These
data, together with the data from Test No. 4 (300 in. L*) indicate there
is no significant effect on performance of L* values ranging from 75 to
300 in.

2.6.2.5 Tests B-10 and B-12

(U) Tests B-10 and B-12 were performed to investigate the
effect of chamber pressure on performance of the 1-.109-D injector. These
tests were conducted with a 150 in. L* chamber. Test B-10 resulted in o
delivered specific impulse of 67.0% of theoretical value at a chamber
pressure of 355 psia. Random chamber pressure oscillations of up to + 100
psi occurred during a portion of this test. These oscillations decreased to
+ 5% of chamber pressure just prior tc shutdown. Chomber pressure oscil -
lations similar to those observed during a portion of this test have been
observed during cases of opporently marginal combustion, as combustion
often ceases during this time. It would therefore oppear that a chamber
preswre of nearly 350 psia may be the lowar limit for sustained MONEX
A combustion with the sinyle element injector.

(U) During test B-12 a delivered specific impulse of 202 sec,
82.7% of theoretical | p? WO measured =; a chamber pressure of 1222 psia.
This was the highest performance measured with MONEX A to date. These
data indicate that performance increases significantly with increasing
chomber prassure.

2.6.2.6 Tests B-11, B-14, und B-15

(U) The effect of chamber pressure on performance of the
4~-.067 -F injector was investigaled during Tests B-11, 8-14, ond B-15.
Test B~11 was performed to investigate performance at o chamber pressure
of 500 psia. During Test B-11 the transition to monopropeliont operation

. A I A TSI G N T LI XY Y e bt W
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was attempted while operating at a chamber pressure of 590 psia in the
bipropellant mode. Combustion ceased immediately following the
termination of CIF, flow. This datum indicates that chamber pressures
greater than 500 psia are necessary to sustain monopropellant combustion
with the 4-.067-F injector. No other attempt was made to operate this

injector at chamber pressures below 900 psia.

(U) Tests B-14 and B-15 were aimed at investigating per-
formance of the four element flat face injector at 1500 psia chamber
pressure. Test B-14 was invalid. Test B-15 resulted in a delivered
specific impulse of 206 sec, 82.1% of theoretical lsp’ at a chamber
pressure of 1559 psia. This was the highest performance measured with
the 4-.067-F injector.

2.6.2.7 TestB-13

(U) Test B-13 was conducted with the 1-.109-D injector
and a turbulence ring installed in the 150 in. L* chamber. This
turbulence ring had a throat diameter of 1.12 in. (chomber inside diameter
was 2.66 in. with a 0.485 in. diameter nozzle throat) located 1.8 in.
from the injector. The use of the turbulence ring failed to increase per-
formance significantly, os a delivered specific impulse of 78.7% of
theoretical was measured at a chamber pressure 794 psia. However, the
combustion stobility was markedly aoffected as random chomber pressure
of up to £ 300 psi occurred during the test. Based upon the adverse effect
on combustion stability testing with the turbulence ring was discontinued.

2.7 Discussion of Results

2.7.1

Effect of Pc on Performance

(U) The most pronounced factor influencing performance, over the range

of conditions tested, was found to be chamber pressure. The effect of chaomber

oressure on specific impulse is illustrated in Figure 7 for the 150 in. L* chomber.
Data points for both the single (1-.109-D) and four element injector {4~ .067-F)
are included. Specific impulse cf the 1-_109-D injoctor increased from 67.0% of
theoretical at a chomber pressure of 355 psia (Test B-10) to 82.7% of theoretical

-
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at chamber pressure of 1,222 psia (Test B-12), The delivered specific impulse
of the 4-.067-F injector of 80.2% of theoretical at a ciiomber pressure of 995
psia (Test B-6) appears to be comparable to that which would be expected from
the 1-,109=D injector at similar chamber pressures, (See Figure 7.) Based upon

the limited data available, .it appears that performance of the 4-.067-F injector
is below that which could be expected from the 1-,109-D element injector at
chamber pressures of 1,000 to 1,500 psia.

(U) A graph of the variation of specific impulse efficiency with
chomber pressure for all conditions tested to date is presented in Figure 8. Thi:
graph includes tests at chomber L* vales from 75 to 300 inches. Since no poinis
lie more than 2% from the curve shown , it can be concluded that variations of

chamber pressure have the most pronounced effect on performance of any parometer

‘varied.

2.7.2 Effect of L* on Performance

(U) The variation of specific impulse with L* is shown in Figure 9 for
the 1-.109-D and 4~.067-F injectors. These data indicate that performance of
the 1-.109-D injector is not significantly affected by variations in L* from 75
to 300 in. The two data points at 150 in. L* and 300 in. L* shown for the 4-,067-F
injector indicate specific impulse is not significantly affected by variations in L*
over this range. The only test attempted at 75 in. L* with the 4-,067-F injector
(Test B-7) resulted in unstable combustion. This is indicative of marginal com~
bustion conditions under these conditions. However, further testing would be
required to verify this indication.

(U) The higher specific impulse of approximately 4% shown in Figure 9
for the 4~ ,067-F injector should not be interpreted as a direct perfformance com-
parison of the two injectors. The tests with the 4- 067-F injector were conducted
at chomber pressures of 955 and 995 psia, while the tests with the 1-,109-D
injector were conducted at a chomber pressure of approximately 750 psia. This
difference in chamber pressure of approximately 230 psia is believed responsible
for the higher performance of the four element injector shown in Figure 9.

2.7.3 Combustion Stability

(U) The single element injector configuration (1-.109-D) employed
during the Baseline Test Series and Checkout Tests 9, 10, and 11 produced the
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smoothest combustion of any injector tested to date, Chamber pressure oscillation
of approximately + 5% were usually measured with this injector, Chomber pres-
sure oscillations of £ 8 to 10% were observed during tests with the flat face four
element injector (4-.067-F). These greater chomber pressure osciliations of the
4-.067-F injector are attributed, at least in part, to moderate coating of the
injector spray nozzles, Severe coating of the injector spray nozzles, such as
observed with the 4-.062-D injector (Tests B~1 through B-3), are believed to be

Y responsible for the high (up to + 400 psi) chomber pressure oscillations observed

' with this injector, These combustion deposits are believed to have disturbed the
injector spray pattem and resulted in marginal combustion conditions. Combustion
+ ceased during several coses of severe combustion instability. This further sub-

stantiates the theory of marginal combustion under these conditions.

(U) Based upon these data, it is concluded that stable monopropellant
combustion can be achieved with MONEX A under conditions which produce a
finely dispersed propellant spray pattern.

.
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SECTION 111
SUMMARY AND CONCLUSIONS

(U) The most significant factor affecting performance of MONEX A over the
ronge of conditions evaluated was chamber pressure. Performance increased from 67.0
to 82.7% of theoretical shifting equilibrium with a chomber pressure increase from
355 to 1,222 psia.

(U) Performance of the single element injector (1-.109-D) and the four element
flat face injector were found to be comparable at a chomber pressure of 1,000 psia.
However, performance of the single element injector at chamber pressures obove 1,200
psia was higher than that of the four element flat face injector (4-.067-F),

(U) Variations in L* from 75 to 300 inches were found to have no significant
effect on performance of the single element injector. Performance of the four element
flat face injector was found to be similarly unaffected by a variation in L* from 150 to
300 inches. The only test atteripted at 75 in. L* with this injector (4-,067-F) resuited
in unstable combustion, indicating a possible adverse effect of the reduction in L* to
75 inches. —

(U) Combustion slag deposits were found to severely coat the spray nozzle
orifices of the four element dished face (4-.062-D) injector. The degree of injecior
spray nozzle coating was greotl}: reduced with the four element flat foce (4-.067-F)
injector. The severity of these combustion slag deposits was found to adversely affect
combustion stability. The 1-.109-D single element injector produced the smoothest
combustion (oscillations of + 5% of chamber pressure) of ony injector tested to date.
Siag deposits over the injector spray nozzle were not observed following ony tests with

the single element injector.
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SECTION IV
FUTURE WORK

(C) Completion of the baseline test series concluded the planned testing with
MONEX A. During the next report pericd, MONEX DW testing wili be initiated, It is
pianned to condict a brief series of ignition tests to investigate the ignision characteristics
of MONEX DW and CIF,. Following these tusts, the Series | performance iests will be
undertaken to investigate the effect of L* and chomber pressure on performance. Per-
formonce tests with both the single element and four element flat face injector are
planned.
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