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1. INTRODUCTION AND SUMARY) -
A« INTRODUCTION °

| The objecﬁ%ves of this pregram are; tWO—fo1d. The first objective

(Phase I) is to exPerimentally demohee ate the adyantages and lTimitations of
using high speed photography to 1dentiﬁy and characterize potential anomalies

(i.es, pops, fuel freezing, thermal decomposition, and reactive stream
separation) in the combustion of 1iquid oxygen (LOX)/Hydrocarbon (HC) type
propellants while operating with different element concepts. The second
objective (Phase II) is to develop a combustion evaluation criteria based on
the above mentijoned testing and use it to evaluate, characterize, and screen.
promising low cost LOX/HC type propellants for long 1ife reusable propulsion
systems. The basic injector element combustion data generated in this effort
will provide much of the needed exper1menta1 data necessary to rationally
select the most promising propellant combination(s) and injector elements for
future engine technology efforts and engine development programs. Without
this experimental data, compromises will have to be made between risk and the
present state-of-the-art data base. This could result in either significant

~ development cost and/or operational costs being incurred unnecessarily.

B.  SUMMARY

The development work undertaken during Phase I resulted in the
design and testing of three single element injectors and two fuels with the

aim of photographically characterizing observed combustion phenomena. The .

three injectors tested were the 0-F-0 triplet, the Transverse Like on Like -
(TLOL), and the Restangular Un]1ke Joublet (RUD). The fuels tested were RP-1
and Propane. . ‘

The hot firings were conducted in a specifically constructed
chamber fitted with quartz windows for photograph1ca1]y viewing the
impingement spray field.




I, B, Summary (cont.)

Test results from Phase I main chamber element festing show that
the appearance of L02/Hydrocarbon combuﬁ%ion‘js markedly different from
storable ppopellant combustion observed on previous blowapart tests (Contract
NAS 9-14186, Ref. 1). However, the pressure effects on combustion show
similar trends. Al1 LOX/HC testing demonstrated coking with the RP=1 fuel
leaving far more soot than the Propane fuel. No fuel freezirg or popping was
experienced under the test conditions evaluated during Phase I. Carbon
particle emission and combustion lightbri]1jance increased with Pc for both
fuels although RP~1 was far more energetic in this respect. RSS phenomen
appear to be present in the high Pc tests as evidenced by striations in the
spray pattern and by separate fuel rich and oxidizer rich areas.

~ The RUD element was also tested as a fuel rich gas gene
element by switching the propellant circuits. Excessive sooting occurred at
this Tow mixture ratio (0.55), precluding photographic data.

N Ny
FaTor

Testing to date has increased our knowledge of LOX/HC combustion
phenormena and has shown that some of the anticipated problems (i.e., fuel
freezing, flash vaporization, etc.) are not likely to occur at the test
conditions being examined. Further testing with new elements and fuels will
be necessary to characterize the above mentioned combustion phenomena more
precisely. This testing will be preformed during Phase II of this program.
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I1.  RESULTS AND CONCLUSIONS

A. = RESULTS /

AN

e )
A summary of the most important findings from Phaseﬁ;/%esting is
shown below:
Fuel Freezing or Pops - No occurrence of fuel freezing or poppiné
was noted with the use of LOX/RP-1 in three Phase I injectors (OF0 triplet,.

TLOL, and RUD). Although this is a signiffcqnc finding, it is not conc]usiVL: /

evidence that freezing and popping wil) not chur with other injectors and ﬁ

| propellants (e. 9.y LOX/NH3) The use df larg@r orifices than those in this
pragram (,030 in.) may also promote fuel . freezing. Larger streams would rQCe1ve

proportionally less heat from recirculation gases because of their reducedwsur-
face area to volume ratio. 7

¥ g

Coking ~ Coking was 1nf1uenced by type of fuel. mixture rat1o, and -

injector elument. RP-1 definitely deposited more soot than Propane f for &
given injector. Lower mixture ratios résulted in coking which coated the
chamber and windows precluding photography. The RUD with {its coherent jet
impingement resulted in greater soot formation than the TLOL with its spray

fan impingement. The TLOL appeared to atomize, mix, and burn more completely.

Reactive Stream Separation (RSS) - There appears to be an RSS
type of phenomena as evidenced by striations in the spray pattern anw by
separate areas of fuel and oxidizer rich prope]lahts. There does seem to be
a Pc dependence with better mixing and less combustion 1ight emissich at the
lower pressures. ' Higher pressure seems to promote the apparent separation and
greatly enhance the 119ht\émissidn Light intensity increases during RSS f‘

~ because of the carbon formation resulting from poor mixing and incomp]ete
' combustion, Verification of RSS and correlations between RSS and velocity,
‘mixture ratio, orifice diameter, injector type, or prope]]ants will be a

major goal of Phase II of this program.
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IT, A, Results (cont,)

Super Critical Pressure Operation - No occurrence of flahs vapori-
zatjon leading to resurge phenomena has been exparienced at sub-critical or
super-critical pressure operation. As mentioned previously there is an
increase of Tight emission and apparent separation with an increase in Pec,
This increase, however, is gradual and continuous and seems to bear no rela-
tionship to the critical pressure.

Fuel Type » RP-1 produces a brilliant combustion flame which is
surrounded by turbulent, dark, recirculation gas flows. The fuel fan (TLOL)
is black as it exits the injector and the oxidizer fan is a light gray color.
Combustion 1¥ght increases with chamber pressure and coking is always presant.

Propane has a lower rate of carbon particle emission and therefare
" produces a much less brillian combustion fiame. The fuel fan is a grayish~-
brown color as it exits the injector and the oxidizer fan is a 1ight gray
color. Combustion Tight also increases with chamber pressure, but to a

lesser degree than with LOX/RP-1. A brownish vapor is visib’ 2 in the low
pressure tests, resulting from Propane's high vapor pressure; Propane
demonstrates far less carbon deposition or sooting than RP-1.

Main Chambey vs Gas Chamber - A1l of the above findings are in
reference to main chanber operating conditions. The RUD injecter element
was fired with LOX/C,Hg at Pc = 850 psia and MR = .55 to examine fuel rfch:
gas generator effects. The injector burned smoothly Lut yielded no photo-
graphic data because of excessive sooting. The windows and chamber are .
completely covered with soot and allowed no penetration of Tight,

B,  ADVANTAGES AND LIMITATIONS OF USING HIGH SPEED PHOTOGRAPHY TO
CHARACTERIZE ANOMALIES ON LOX/HC COMBUSTION .

1. Advantages

Phase I high speed photography of single element, LOX/HC
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I, B, Advantages and Limitations of Using High Speed i#hutography to Characterize
Anomalies in LOX/HC Combustion (cont,)

injectors has been effective in showing the existence of coking and an apparesni
RSS phenomena and in demonstrating the absence of fuel freezing, as described
in the previous section. Each injector/fuel combination *¢sted to date has
yielded different results as discussed in Section Ii,A, Physical processes
such as fuel decomposition, mixing, atomization, vaporization, apd apparent
separation are visible in varying degrees of clarity in each test. Being able
to see and interpret these occurrences has resulted in a better general under~
standing of the LOX/HC combustion process,

2. Limitations

In Phase I testiny, empnasis was directed toward obtaining
information about & concept or miéthod that could be used to provide data
necessary to screen and evaluate varjous fuels and injector elements. The
advantages 1isted above are important, but for the most part are qualitative.
Certain physical processes have been seen to occur as expected (such as coking,
extreme brightness, an apparent RSS type of phenomena), but the abi]it& to
develop empirical correlations between test conditions and combustion phenomena
s sti1l in question. Although testing has been 1imited to date (44 tests,

three injectors, and two fuels), the LOX/HC photographic results are more Qague

and difficult to obtain than the photos from the N,0,/Amine program, Testing
to date indicates that some injector/fuel combinations will never give good
photographic results regardless of the technique used (e.g., the RUD fuel rich
gas generator)} It is believed that the photographic technique now in use is
the most flexible and efficient to be utilized, but is compromised by soot and

"~ fog formation under many design and operating conditions. Testing with Methane

and Ammonia in Phase II may alleviate these sooting and clouding problems
somewhat and aid in developing empirical correlations for these two fuels.
The possibility of adding a dye to Propane to aid in film interpretation may
also facilitate a greater understanding of the combustion process. For this
reason it is felt that Fhase II photography is worth pursuing using the
method; developed during Phase I.
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II, B, Advantages and Limitations of Using High Speed Photography to
Characterize Anor<"ies in LOX/HC Combustion (cont.)

The question naturally arises as to whether photographic
observations alone will suffice or whether other methods of confirming the
existence of RSS and other phenomena should be employe«. The use of larger,
multiple element injectors would allow the accurate measurement of Isp and C*
which would in turn reflect the occurrence of RSS., It is felt that multiple
element testing will be a necessary part of the injector and fuel evaluation
and will serve to answer questions perhaps not addressed by single element
photographic testing.

C.  CONCLUSIONS

The most significant conclusions drawn from the work in Phase I
are:

1. RSS appears to occur with non-hypergolic fuels (RP-1 and
Propane), and shows a tendency to increase with chamber pressure.

2. Fuel freezing and popping is not observed with the injector

elements and operating conditions tested to date (,030 in. jets with RP-1 and Propane).

3. Operation at supercritical pressure is not noticeably
different than operation at subcritical pressure, even though the LOX is
observed to vapocize more rapidly as chamber pressure is increased.

4. Thermal decomposition and sooting increase as the
hdyrogen-to~carbon ratio decreases. The type of injector element also
influences coking with the coherent jet unlike doublet depositing far more
soot than the TLOL or OFO.

5.  Photographic characterization of a fuel rich gas generator
will be very difficult because of the excessive sooting. '
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“ 111, RECOMMENDATIONS

A recommendation (along‘With all supporting rationale) as to the
propellants, elements, and operating conditiqns to be considered in Phase II
was prepared and submitted to NASA-JSC for review and approval (Ref. 2), A

 summary of these recommendations is shown below:

//’/y/)

1.  Further testing of six elements {four main chamber and two gas
generator), and three fuels (Propane, Methane, and Ammonia) are recommended
to aid in characterizing LOX/HC combustion phenomena.

2, Efforts should be made to develop empirical correlations between

test conditions and LOX/HC combustion phenomena so that future LOX/HC engines
can be designed mora efficiently.
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IV.  TECHNICAL DISCUSSION

A.  EXPERIMENTAL HARDWARE AND TEST SETUP

1. Test Apparatug-

The test apparatus consists of a test chamber equipped with
transparent viewing ports, a LOX/Hp igniter, removable injectors, and
nozzles as shown in Figure 1. The test chamber was designed during the Task
III "Blowapart" program (Ref. 1) and was modified slightly for use during
this program. Of the three injectors fired during Phase I, one of them
(0-F=0 triplat) was residual hardware from the "Storables Blowapart" program
(Contract NAS 9-14186) and two of them (Transverse Like on Like and
Rectangular Unlike Doublet) were designed and fabricated during Phase I.

g Test Chamber

. The test chamber was machined from a 4~inch square X
6~inch Tong block of 304 CRES. The combustion chamber section is 4 inches
(10.16 cm) lorig, to which a 2 in. (5.08 cm) L* spacer is bolted to increase
the combustion zone Tength to 6 inches (15.2 cm). The block was bored to
provide a 2.75 inch (6.99 cm) diameter combustion chamber. Four circular.
quartz windows were yrovided to facilitate photography and to allow

flexibility in photographic lighting of the combustion process. The windows |

are 1/2 inch (1.27 cm) thick to provide a safety margin for 1000 psia (6.89 x
105 N/m2) operation. The flat quartz windows are sandwiched between
durabula gaskets for cushioning against ignition shocks and uneven Toading.

A silicon "0" ring provides sealing on the window periphery. . Quartz windows

are used to provide good propellant compatibility and well defined optijcal
properties. Thin quartz disc inserts are also employed to protect the 1/2"
pressure bearing windows from high heat flux and window damage.
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" v, A, Experimental- Hardware and Test Setup (cont.)

\ A

The chamber was desidﬁed to provide an inert gas (GN2)
film purge to prevent obscuring the view of propellant-spray impingement on
the windows. The gas burge flow is injected through four inlets into an
annular-manifold. The gas is directed from the manifold through an annular -
gap and made to flow around the periphery of the chawber wall. The gas |
passages were sized such that the GN2'is injected intoe the chamber at 50
ft/sec (15.2 m/sec) at 300 psia (2.07 x 106 N/m2) chamber pressure to
minimize mixing with the propellant spray and combustion gas. Storable
propellant "Blowapart" testing {Ref. 1) showed that the cold GNp purge gas
causes poor spray field visihility due to the density gradient created
between it and the hot combustion gas. Therefore all subsequent storable
prope]lant tests were run without purging during hotfire. However, it was =

~ Qecessary to re-activate the purge circuit for LOX/HC testing. A ‘heliuwm, in

place of GNg, purge is used to protect the wipdows>from the LOX spray

~during the start transient and from carbon d‘posits during shutdown. It

automaticg]ly shuts of f during steady state operation.

Provis1ons were made for mounting both high and low

- frequency response pressure transducers and thenuocoup1es. The nozzles

consist of removable copper inserts drilled to provide the degired operating‘
pressures. The nozzle configuration and exiting sizgs are shown in Figure 2.

AT

b.  Igniter

The igniter shown in Figure 3 operates on gaseous
“hydrogen and oxygen which are ignited by a spark plug. This assenbly is an
existing igniterhthat has been used on many high presSure programs proving
extremely reliable. The igniter is mounted in a port drilled into the L¥
spacer section by means of an adapter (see Figure 4). The jgniter operates
at a mixture ratio of 2.0 and a chamber pressure of 250 psia during. hotf1re
testing. =

o
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IV, A, Experimental Hardware and Test Setup (coTﬁﬁ)ﬂ = J
il i . -

C. Indectors

Three injectors; the OF0 Triplet. Trapsverse v
Like-on-Like (TLOL) and Rectangular Unlike Doublet (RUD) were tested during
Phase I. All of the injectors were made-in a cylindrical "piston" shape to
fit into the chamber purge ring located at &he foryard end of the chamber.
The injector is held in the purge ring by allen head screws. A silicon.
rubber 0-ring seals the injector to the purge ring. = "

(1) 0-F-0 Triplet

The OF0 tr1p1et shown in Figure 5 is. res1dua1 )
hardware From Contract NAS 9- 14186. It was designed for test1ng with
LOX/Prepane propellants but was not tested at that time due to a program
redirection, ) i N

The OF0 arrangement was sefected to maximize the
oxidizer to fuel interface to maximize the potential for fuel freezing. The
fuel is injected axially and the oxidizer is fed from the inlet tube to a

‘torus-which feeds two orifices 180° apart. The impingement half angle is

30°. The .030 in. diameter orifices are EDM'ed in the torus cover which
1* EB welded to the body.

(2) TLOL

i

The TLOL (Figure 6) is a photoetched plate]et
injector wh1ch was selected for the fo1low1ng reasons:

. (a) Like 1mp1ngement and se]f—atomlz1ng InJectors
are predicted to 1nh1b1t fuel freezing.
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IV, A, Experimental Hardware and Test Setup (cont.)
(b) Self-atomizing injectors promote RSS.

(¢) Like impinging doublets can be operated over a
wide range of MR, Pc, and T¢ with 1ittle effect on resultant spray angle.

(d) This element is well characterized and is
predicted to prnduce acceptable combustion stability and performance
characteristics.

The single element TLOL was designed for the
following nominal operating conditions: (1) F = 50 1bF, (2) MR = 2.8 with
RP-1 and MR = 3.0 with propane, (3) Pc = 1000 psia, (4) APox = APg = 250
psi, R , :

The TLOL consists of a body, inlet 1ines, a
manifold platelet stack, and an element platelet stack. The manifold stack
shown in Figure 7 provides propellant routing and thermal isolation. The
glement stack (Figure 8) contains the transverse inertance channel to the
injection orifice. The platelet stacks are diffusion bonded and then brazed
to the body.

(3) RUD

The RUD (Figures 9 through 11) is an EM'd injector
fed directly from inlet tubes. The injector face is machined so that the
propellants are injected in streams normal to the face. A rectangular
orifice configuration was selected to avoid the large diameter mismatch
associated with LOX/HC circular orifices. The circular orifice diameter
mismatch produces a "banana" shaped spray distribution which is difficult to
interpret photographically. The RUD is complimentary to the TLOL for the
following reasons: ‘
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Figure 10, Rectangular Unlike Doublet
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Figure 11. Rectangular Unlike Doublet
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§J IV, A, Experimental: Hardware and Test Setup (cont.) 1
54 (a) Unlike impingement of coherent jets is :
i predicted to encourage freezing with LOX/RP-1 propellants. )
k
g\ (b) Cohgerent jets have less interfacial surface

area and are not as active in promoting RSS.

- (c) Spray angle and mixture ratio distributions
B will most Tikely vary with MR, Pc, and Ty,

b The RUD injector was designed for the same

{ /i ¥ operating conditions and propellants as the TLOL. The injection angles of :
50° for the fue) and 20° for the LOX were selected so that the resultant o =
spray fan would paraliel the centerline of the chamber at nominal mixture ;
ratio. Aspect ratios were chosen to keep orifice area and surface tension to ;
a minimum, thus helping to avoid the change in free stream cross section from .
rectangular to circular. The L/D ratio for both orifices is greater than 6 P
in order to facilitate flowing 7ully attached (Ref. 3). : o

one The inlet Tines are fitted with "two-pass" coolant
= g; Jackets to allow for switching propellant circuits. This switching {
flexibility allows the RUD to be used as a fuel rich gas generator element.

r ‘

v ‘ 2+  Hotfire Test Facility Setup . ' P
. i)’ » | : » ,g 2

¥ ' The test apparatus was setup in Test Bay 3 of the ALRC j

Research Physics Lab as shown inFigure 12. A schematic of the propellant
system used is shown in Figure 13. Propellant was stored in one-gallon, 3000 ;
psi run vessels. Gaseous pressurization of these systems was used to provide |
controlled run conditions over a wide range of chamber presssures. (aseous
heliuim was used to pressurize the LOX and gaseous nitrogen for the RP-1 and
C3Hg.
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Figure 12. Test Setup
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Iv, A, Experimental Hardwire and Test Setup (cont.)

LOX temperature conditioning was provided by means of the
following: (1) LNp coolant jacket surrounding the LOX iniet 1ine, (2)
addition of a LOX bypass circuit to increase mass flow and keep LOX
~ temperature Tow, and (3) chilling of the LOX thrust chamber valve'with an
LNy jacket. Both RP-1 and Propane were fired at ambient temperdture
conditions. A : :

;eeey

Rz

(1) a helium trj ck]e purge was connécted to the oxidizer c1rcu1t to prevent
contamination di propellant migration, (2) a n1trogen purge was connected to
the fuel circuit for the same reason, (3) a separately regulated GH3 purge
was used to provide chamber back pressure. as. welJ as provide window purge for
. the chamber viewports during the start and shuﬁdown transients, (4) a .
separate]y regulated GNp supply was used to purge the test chamber after
shutdown‘r

3. Cold Flow Test Setup * T

“The cold flow tests were also conducted in the ALRC Research
Physics Laboratory. Filtered, de-ionized water was used as the test +1u1d on
most tests. Pressure measurements were made using Heise pressure gages and
flow rate was measured using a time/volume technique, with run times o? from
60 to.200 seconds. Strobe Tight photographs were taken of some of the
injector flow tests to better evaluate propellant stream propert1es (see .

Vi

: Sect1on v C far photos). _ : o H&ﬂ

. 4..  Hot Fire Instruﬁéntation

_ ‘ ‘The high frequency and Tow frequency instrumentation listed
in Tables I and II were used in the Tocations shown in the schematic of.

Epar snparate purges were employed dur1ng testing as folIows'A
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Pressure

Chamber Pressure

e
i/
i

TABLE I
NIGH FREQUINCY RESPONSE INSTRUMENTATION

- Instrument , , ﬂ

Symbol ~ Make Mode1 Range .- ’:hccuracy

i

i

POJHF  Kistler 601  0-3000 psi (P-P) | + 0.5%

PFOHF  Kistler 601  0-3000 psi (P-P) * + 0.5%

PCHF  Kistler 601  0-3000 psi (P-P)  + 0.5%
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- K\ LOW FREQUENCY RESPONSE INSTRUMENTATION |
S ’ . Racorder T
- 5: Test Parameter Symbol ~ Rangz  Units TO" Graph Tape Digital A\
' Ox Tank Pressure POT  0-2000 PSIA X | .
f | " Fuel Tank Pressure PFT  0-2000 PSIA X
L 0x Injector Pressure POJ 0-2000  PSIA X X
_ Fuel Injector Pressure  PFJ 0-2000  PSIA X X
o Chamber Pressure PC 0-1500  PSIA C X X |
1 Ignitep Chamber Pressure  PCI 01500  PSIA X X g
B 0x Flowrate o 0-0.2  LB/SEC X X f
| I Fuel Flowrate WF 0-0.2  LB/SEC X . -4 T
T 0x Flowneter Temp TOFM  ~300-100 °F X X i
o Fuel Flowmeter Temp TFFM  0-500  °F X X is
- 4, 0x Injector Temp T0J  -300-100 °F X iR
L Fuel Injector Temp TFJ 0-500  °F X i
ff; gl 0x Valve Voltage vov X ﬁy
o Fuel Valve Voltage VFV X §’1
" ﬁ} Camera Voltage VCAM X |
S Injector Purge Valve VIPY X !
g Voltage | 3
ﬂt Igniter Ox Valve Voltage VOVI X ;}
. Igniter Fuel Valve VFVI X H
; ﬁ% Voltage . o /
P £
T
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IV, A, Experimental Hardwaré and Test Setup (cont.)

Figure 14. Low frequency response test parameters were recordéd on a
Consolidated Electrodynamies Corporation's direct writing oscillograph. High
frequency response data were recorded on a Sangamo Model 3564 analog tape

recorder,

Propellant flowrates were measured both by flowmeter and by
using injector cold flow Kw's and the measured injection pressure drops. The
prassure drops were electronically determined from the POJ, PFJ, and Pg

" transducers. Transducer bias and zero offsets were accounted for by pretest

calibration.

The test operating point data were digitized and processed in
an on-1ine HP 2100A computer. ~The Physics Lab data reduction program for the
N204/Amine test program was modified for use with LOX/HC type propellants
(see Apperdix A). Curve fits for various LOX/HC properties such as
viscosity, surface tension, density, etc. have been incorporated over .the
range of anticipated temperatures and pressures (see Appendix B). Figure 15
shows the input to the program and the formulas for the calculations to be made.

B.  PHOTQZRAPHIC EQUIPMENT AND TECHNIQUES

The method of photographic characterization initially used was
that found to be successtul on the NoO4/MMH "Blowapart" program. Color
high speed photographs of the spray field were taken at a rate of 800
pictures per second and an exposure time of 25u sec with a Hycam Model
41~-0004 high speed camera (Figure 16). Eektachrame EF No. 7242 film (400 ft
rolls) was used. The spray volume was i1luminated with one 1000-watt quartz
iodine lamp' for back Tighting and four 750 watt lamps for sidelighting.

- Subsequent testing showed that this method was not capable of

32
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Giycn:v} D¢ (1n), Dox (in), Dy (in), K"ox' wa. Inj Type,

i

Fuel = RP-1, Propane or Methane; Oxidizer = LOX
o (Ib/Ft3), w(ibm/ftesec), o(1bF/FL), T = 5000°R

Input from Instrumentation: Pc (psia), T0J (deg F), TFJ (deg F),
Qf {1bm/sec), ﬂox (1bm/sec), POT (psia), PFT (psia)

PoJ (psia), PFJ (psia), PCI (psia), TOFM (°F)

TFFM (°F)
Calculations
1. 8P ® Pypsection = PC (ps1)
2. Q n ‘Kw_VllPrﬁ‘ N § = Specific gravity at T0J or TFJ
2
7D 2
el Agrig * —g (In°)
4, y = SH04 (ft/sec) p = & (62.4) 1bm/ft>
P Aoyt .
5, Re = p VD
(12)
6. R = 1545/Md MW = 24 for RP-1; 23.5 for Propane.
combustion comb  and 22 for Methane
7. WEF = P (12) V2 (D)
RT g a
8. CSTAR = bc A, (.98) g, A = in
Wy .
'uf = yiscosity
p = density
¢ = surface tension

M{ = molecular weight
WEF Fuel Weber Number

Figure ]S.Gomputer Data Reduction'Ca1cu1ations'
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- 1000 WATT
- QUARTZ-10DIDE
LAMP

WINDOWED
\ TEST CHAMBER

HYCAM

HIGH SPEED

CAMERA

Figure 16. Photographic Equipment Setup




IV.‘B, Photographic Equipment'and Techniques (cont;)

"masking" the bright LOX/HC combustion 1ight and "seeing" into the atomiza-
tion and mixing process. It was soon discovered that one sdccessful Tight
setting would not be possible fbr each of the test, conditions, as was the case
~ during she Storable Propellant Blowapart program. Instead it was necessary to
vary the f-stop, camera speed, and external Tighting. 1ntensity dependwng on the
- chamber pressure, fuel type, and mixture ratio. Consequent1y a new flashbulb
lighting technique was employed which proved much more_effective in taking
clear, discernible photographs. Each of the incandescent photo-floods was
replaced with a Targe flashbulb (6 megalumen on the two front ligyts and 2
megalumen for the top, bottom, and back Tights), The flashbulbs wgre /
triggered during steady state combustion just before shutdown and prﬁVided
25 ms of extremely bright Tight at a film speed of 3200 fps and an f-stop of
16, This technigue proved te be wuch wore effective in masking combustion
Tight and seeing into the mixing process than the previous 11ghting Aarrange-
ment.

C.  TEST RESULTS

A total of 44 hotfire tests of three injectors (OF0, TLOL and RUD),
and to fuels (RP-1 and Propane) were conducted betwesn ] March 1979 and
13 June 1979. Cold flow tests were also conducted to determine the injector
element hydraulic resistances and to characterize non-reactive impingement
phenomena.

T. Cold Flow Test Results

Each of the injectors were cold flow tested to determine their
hydraulic resistance and to verify impingement accuracy. The cold flow tests
were conducted in the Research Physics Laboratory.  Filtered, de-ionized water
was used as the test fluid on most tests. Pressure measurements were made -
o using He1ss pressure gages and flow rate was calculated usung a ‘time/volume
;1§1’51 techn1que, with run times of from 60 to 200 seconds. Strobe Jight photographs
) gﬁ ' were taken of the e]ements to eva«uate prope]Tant stream propertiss:.

» % )§~ . ‘nr;’u E“:; The hydrau11c reswstances We*e determined for each of the ‘
‘i? i o elements from p]ots of flowrate versus pressure drop as shown 1n ‘Figures 17
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IV, C, Test Results (cont.) . B /y

through 18  Since ﬁh@ RUD injector element was damaged and rep&ired 1t was
re-cold flowed. A plot of flowrate: Vs pressure drop for the repaired RUD

" _element is superimposed on Figure 29, The resistance values for the three
%xnjactors are shown in Tgb]es I through V.

’ +

) wk‘ The OFQ tviplet was reswdua] havdware from Contract NAS
~14186 and was, “shelved for a year after its original cold flow tn January

<9&1°/é. It was re-cold Flowed in January 1979 (Figure 17) and ylelded results

which agreed within approximately 11% of the previous results. In both cases

_the fue orifice flowed detached (due to Cavitation) at pressure drops above
- 50 psi. This detachment phenuuena did not occur during hotfire because of
. the increased back pressure. Ofe of the, oxidizer jets misimpinged very
*“slightly during cold flow, but the spray fan still appeared to be well mixed:

: The TLOL inéechor alenent was f1owed both as a p]ate]et stack‘
and as a complete injector assembly with similar results. Figure %0 shows
the unlike fan impingement of the TLOL at a pressure drop of 40 psie

The RUD {njector element was cold flowed twice because of
damage sustained during hotfire testing (see Figures 21 and 22). After being
repaired the RUD demonstrated Ky values and mixing qualities very siwmilar to
those obtained with the original injector. Figure 23 illustrates the

coherent, rectangular jets and the well mixed spray fan obtained from the.RUD

during cold Flow. . /

o 7 éi Hot Fire Test Results

A total of 44 hot fire tests of three injectors (OF0, TLOL,

“and RUD), and two Fuels (RP-l;and Propane) were conducted between 1 March
1979 and 13 June 1979. The original QFO test matrix from Ref. 4 and the
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INJECTOR PRESSURE- DROP;

PSI

b

100 ..

3

Q  oxidizer Circuit
0 Fuel Circuit

[AmbTent Back Rréséurel

WATER FLOW RATE, 1b/sec

Figure 18. Pressuya Drop Characteristics of the TLOL
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- TABLE 111 N |
) KW VALUES FOR 0-F-0 TRIPLET o [
_January 10, 1978 January 26, 1979
Lo AP Y S AP | i
~ox K”ox f Nf o;( K"'ox‘ f 'ﬂvf i
20 005577 25" 002433 | 29 .005712 20 002820 |
a 40 00558 50 002467 40 005577 4 .002824'
60 .005365 75 .002489 |* g0 . 005351 60 .002812
80 .005186 ] 0 ,005790 80  .o02805 |
100 005103 . 190 ~002478 1 700 005165  1pg 002734
200 .004967 200 002530 | 250 004964 250 .002747
400 004919 400 002582 500 .00484] 500 .002805
750 . 004862 750 002834
e o e e 4
alues used during hotffre: Kwe = ,0028, Kwox = 0055 7~
r?::’/ 'g
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 TABLE IV
Kw VALUES FOR TLOL PLATELET STACK*

TLOL PLATELET STACK (3-6-79)

._t %
i e B W‘

o R AL TR A i

AP

AND FOR TLOL INJECTOR ASSEMBLY !
“ 3
Oxidizer _ -_Fuel %

KWox APe Kwe i

20
40
60
80
100
200
300

TLOL INJECTOR ASSEMBLY (3-17-79)

. 006358 | 20 -
.006327 .40
.006258 60
.006215 80
.006351 100
.006140 200
.006202 300

,002777
002786

002758 | o
Q077
002775 | 4

e e

.002745

AP

25
50
100

200

: i |
Oxidizer SRR Fuel , @
Koy | AP Kw.o
.00634 25 .00282
.00630 50 .00279
.00628 - 100 .00280
00621 200 .00280 - ;

. *alyes used during hotfire:

K = ..0028, Kuy, = .00628
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TABLE V “ I
. —=— ok
Kw VALUES FOR RUD INJECTOR ASSEMBLY
Original Cold Flow
(4-6-79)
Oxidizer Fuel
APOX ox éPF KwF
20 006473 20 ..2807
40 ,005433 40 .002786
60 ,005332 60 ,002645
80 .005336 80 .002537
100 .005320 100 .002533
150 .005323 150 .002433
20 .005295 200 .002430
After Repair
{5~21-79)
’
Oxi dizer Fuel
AP AP b
Qx Nox _ F K"F
20 ,006354 20 ,00288]
40 .005224 40 ,002891
60 .005766 60 ,002758
80 ,005730 80 .002709
100 .005176 100 .002643
200 .005179 200 .002570
#falues used during hotfire: Kup = .002886, kv , = .006354
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Figure 21. "ectangular Unlike Doublet Injecter, Repaired




Figure 22, Rectangular Unlike Doublet Injector, Repaired
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Fuel Circuit - 20 psig Ao d 4 . )r
uxidizer Circuit - 20 psig

| Spray Fan - 20 psig

Figure 23, Cold Flow of RUD Injector Assembly
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v, C, Test Resd1ts (cont.)

orfginal test matrix for the TLOL and the RUD from Ref., § are shown in
Tables VI and VII respectively. The test results along with pertinent
comments are summarized in Table VIII. Included in Table VIII is a
description of the chamber pressure, type of element, mixture ratio,
injection velocities, propellant temperatures, and a 1ist of symbols.
Photographs taken from selected tests are shown in Figure 24 (13 pages).
These photos are blowups of the high speed 16 mm movie film and will be of
assistance in understanding the discussion which follows.

A total of sixteen tests were conducted with the OF0 triplet
using RP-1 as fuel. The chamber pressure was varjed from 450 psia to 1505
psia while the mixture ratio varied from 1.7 to 2.8. These tests were
dedicated to checking out the facility and photographic equipment and firming

hanannbidn &nnl}ni

up a au\.m:aanu puvu\l\dl u}nnv i 1%

Test results showed a very overexposed, turbulent combustion
with an extremely bright central flame. There was far too much combustion
Tight to see any droplet details using the baseline camera settings (ASA 125
film, shutter = 1/50, 800 pps, f4). After some test stand and 1ight setting
changes the movies showed greater detail, but showed & need for increased
external 1ight. The bright central flame which was.white in earlier films
appeared as a yellow flame interspersed with brownish areas which 1ikely
represent decomposing RP-1 and carbon formation. There appeared to be an RSS
type of phenomena as evidenced by striations in the spray.

The final OF0 tests during early April indicated that the
1ight settings in use represented the optimum to be obtained from
conventional photo-flood 1ighting. Test 114, at 1000 psia and MR = 2,35,
appears as a bright central yellow flame interspersed with decomposing RP-1
and carbon formation. Test 116, at 1500 psia and MK = 2.6, differs from Test
114 only in its greater brillance.

48
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”‘? : ) SUMMARY OF INJECTOR ‘ELEMENT TEST BESULTS

- ,, - LIST OF SYMBOLS o
Qs “ ~ : - DESCRIPTION OF HEADINGS FOR TABLE

..)‘
s
\

&

Pc Chamber Pressure (psia)
O/F Mixture Ratio ° ’ v

B
"

[P - R

o

i o T : Fuel Temperature (°F)
Noz , Nozzle (Throat) Diameter (in.)

mess gema gy

e o

£ “"ql g
[

B ~
# ' POT Oxidizer Tank Pressure (psia).

PFT° - - Fuel Tank Pressure (psia)

s 4
L2 1

AP Fuel Circuit Injector Pretsure Drop (psi,

T

Vf . Fuel Injection Velocity (ft/seé)

Rey. No. Fuel Reynolds Number Based on Diameter

o

~ Weber No.  Fuel Meber Nymber

R

Py

¥

t 7
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“Fuel Orifice Diameter (1n.)  ~.
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Fuel

fTest No. 101 P 160 psia
} Fuel Type: RP-1 0/f 2.40
Injector tlement: OF0

Ox
- ellce Is Fuel
* QUALIy
> Ox

Test No. 105 Pc = 480 psia
Fuel Type: RP-i 0/F = 2.78

Injector Element: OF0

. Figure 24. Single Element LOX/HC Combustion (Sheet 1 of 13)
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Fuel
0x
Test No. 106 Pec = 488 nsia
Fuel Type: RP-] 0/ 75
Injector Element: OF(
Ox
- Fuel
.
Ox

iest Mo. 107

Pc = 875 psia
Fuel Type: RP-1 0/F = 2.60

Injector Element: OF0

Figure 24. Single Element LOX/HC Combustion (Sheet 2 of 13)
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Test o. 110 Pc = 400 nsia :
Fuel Tvne: RP-I 0/F
Injector Element: OF0
[
i
Test No. 114 Pc = 970 psia }
| Fuel Type: RP-1 0/F = 2.35
Injector Element: OF0 |
q
: Figure 24. Single Element LOX/HC Combustion (Sheet 3 of 13)
' 59




_Ox
~~Ox
Test No. 115 P psia
Fue T,r;,'n’j RP-] 0/F
Injector Element 0F0 Lox Cold Flow
. Ox
— Fuel
Nx

Test No. 116 Pc = 1505 nsia

fuel Type: RP-1 0/F 2.60

Iniector tiement: OF0

Figure 24. Single Element LOX/HC Combustion (Sheet 4 of 13)
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Figure

24,

Iniector tlement:

.
Fuel Type:

RP-

]

Injector Element:

Single Element

LOX/HC

Combustion

( ‘~,‘“\(.?

5 of

13)
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Ox
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-~

flest No. 123 475 psia
Fuel Type: RP-] 0/F 2.6¢
injector Element: TLOI

Figure 24.

Test No. 124 Pc 475 psia
Fuel Type: RP-1 0/F 2.65

Injector Element: TLOI

Single Element LOX/HC Combustion (Sheet 6 of 13)
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Fuel -~

Ox
Fuel
i Test No. 127 P 250 psia
Fuel Type: RP-1 0/1 .85
Injector Element: TLO|
| ' Figure 24. Single Element LOX/HC Combustion (Sheet 7 of 13)
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T

Test Mo. 128 Pc A00 psia
Fuel Tvne: RP-] 0/1 3.10
Injecter Element: TLO

AY

— Ox

— Fuel

Test No. 129 Pc = 800 psia
Fuel Type: RP-1 O/F = 2.8
Injector Element: TLOIL

Figure 24. Single Element LOX/HC Combustion (Sheet 8 of 13)
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Figure 24.

Test No. 130 P¢ 134 psia
Fuel Type: C,H, 0/f 2.50
Injector Element: TLOI

0%

~—Fuel

lest No. 131 Pc = 290 psia

Fuel Type: CQH” 0/F = 2.65

Injector Element: TLOL
Single Element LOX/HC Comburtion (Sheet 9 of 13)

65
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Test No. 132 Pc = 540 psia

Fuel Type: (fZHP, 0/F 3.00

Injector Element: TLOI

Test No. 133 Pc = 785 psia

Fuel Type: C3Hﬂ 0/F = 2.80

Injector Element: TLOL

! Figure 24. Single Element LOX/HC Comhuétion (Sheet 10 of 13)
66
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Test No. 136

Pc - 785 psia
Fuel Type: CgHﬂ 0/F = 2.75

Injector Element: Rup

—— ()X

Test No. Pc = /90 psia

: F=2.60
Fuel Type: C3HR 0/F 6(

Injector Element: RIID

Single Element LOX/HC Combus
67

Figure 24, tion (Sheet 17 of 13)
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.
Test No. 139 Pc =

Fuel Type: (‘;Hé_\ 0/F = 2.90

Injector Element: RUD

H45 psia

Test No. 140 Pc = 294 psia

Fuel Type: C}HQ 0/F = 2.90

Injector Element: RUD

Figure 24. Single Element LOX/HC Combustion (Sheet 12 of 13)
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Test No. 141 Pc = 150 prsia

Fuel Type: C3HR 0/F = 3.10
Injector Element: RUD

Figure 24. Single Element LOX/HC Combustion (Sheet 13 of 13)
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IV, C, Test Results (cont.)

A total of fifteen tests were conducted with the TLOL

injector element using both RP-1 and Propane as fuel. TLOL testing utilized the

flashbulb Tighting technique describéd in Section IVB which greatly improved
picture quality. .
The TLOL combustion using RP-1 as fuel was similar to that of
the OF0 triplet with regards to: (1) coking, (2) lack of freezing or
popping, (3) increasing brilliance with increasing chamber pressure, and (4)
recirculation gas flow patterns. Dissimilarities 1in the spray field
unifonﬁity were observed due to differences in mixing characteristics. Both
type of elements appear to exhibit RSS. The fuel fan was a brownish-black
color even before unlike impingement, indicating thermal decomposition due to
propellant stream heating. The LOX fans were a white-gray color and
vaporized more rapidly with increasing chamber pressure.

- The TLOL was then tested with Propane in order to gain an
early comparison with the LOX/RP-1 data. The movies showed a much less
brifliant combustion flame which produced much less carbon-particle emission
than the LO2/RP-1 combustion. The fuel fans were a grayish-brown color
before unlike impingement indicating Tess thermal decomposition than the
RP-1. Combustijon light also increased with chamber pressure, but to a lesser
degree than with LOX/RP=1. A brownish vapor is visible in the low pressure
tests, resulting from propane's high vapor pressure. In comparison with the
RP-1 tests carbon decomposition or sooting in the chamber was negligible.

The RUD injector element was scheduled to be tested with both
RP-1 and propane, but facility problems arose which only left time for '
propane testing. Seven tests were fired with the RUD operating as a.main -
chamber element. These tests covered a chamber pressure range from 150 psia
to 800 psia and were markedly different from the TLOL LOX/C3Hg tests.
These movies were darker than the TLOL LOX/C3Hg tests even though the
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- IV, C, Test Results (cont.)
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lens was opened two'stops. Much Jess mixing and combustion was in evidence

near the injector face than with the TLOL or the OF0 triplet. Swirling dark
clouds near the injector face obscured the impingement interaction. The

‘external Tighting did not yield the same quality of picture as with the TLOL

and OF0 triplet, because the vapor and unburned combustion intermediates-

formed a sort of opaque mixture which wouldn't altow the penetration of external
Tight. This Tighting problem is due to the low vapor pressure of propane and -
RSS effects which modify the mixing characteristics of the RUD injector, |

P, description of the degree of RSS demonstrated by the RUD elsment is diffi-
cult because the 1mp1ngement is obscured and the chamber is f111ed with dark
clouds. a

" . N |
I'\' e m a . _ o SR

The fuel and oxidizer c1rcu1ts were then sw1tched on the RUW

* %o that 1t would be tested at fuel rich gas generator conditions.. The first

valid test (No 143) fired for 2 seconds at Pc = 860 psia and MR = 0.55,
Excessive sooting was experienced and the window inserts needed to be - 7/
rep1aCed (carbon deposits were cooked onto the glass and cou1dn t be removed)
The w1ndows were completely black and no photograph1c data was ga1ned Test
144 was a repeat of test 143 using conventional Tighting for a compar1son
After 1gn1t1on the chamber filled with soot immediately and nothing more -
could bé seen. '
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APPENDIX B

EQUATIONS FOR SPECIFIC GRAVITY, VISCOSITY,
AND SURFACE TENSION




3 ) TNpLeToC
Lﬂ o SUAROUTINE PROPY (E,P2TF,3G,38T,V8)

THIS SUBRQUTINE COMPUYTES SPECIFIC GRAVITY, VISCOSIVY, AND
. SURFACE TENSION FOR SOME STANDARD RQCKEY PROPELLANTYS
q: THE TEMPERATURE MUSY HE PROVIDED IN OEGREES FAHRENHEIY,
%; OUT'DF'RlNGE SPECIFIC GRAVITY OR VISCOBITY I8 RETURNED
wu A VALUE OF 88838, DUT=OF-RANGE SURFACE TENSION I8
RETURNED A3 A NEGATIVWE REAL NUMBER OR ZERO,

e B8GuBBIBA,
é* TTITITN
TRWTF4459,7
TKeTR/1,8
GO TO (10+20,30,40,50) E

‘ g? ‘ COMPUTE 8G,3T,V8 FOR RP={

2 10 30x~,0002R84TF+,82428

SYul,=TK/679,25

TFC8T6Y,0,) STuB8Ta%{ ,2671053,505506,85195E=5

» : I{TF=08,)/97,
‘ ' IFCABS(TY,G6Y,5,) GO YO 100

i _ vas({((=1, 9561358-&~Z¢7.Bb762£wb)wz-l.3050928-5)'1?1 322725€=3)
* ’ao 1;2;5625599ne-3)az'x.xuu31u5~3

COMPUTE 8G,8T,V8 FOR METHANE

i 20 8T=y,~TK/190,55% B
IF(SY.GT,0,) STxSTA®],2306250U0,32246,85]95E=5 ' M
Ix(TR»252,632)/89,308
g IF(ABS(Z),6E.1,) GO TO (00 : i
L VEmCLLC((=7,190261E=2n2¢2,45U55E=2)#2¢0. L08BAGL)#Z=1,T784053E=2) ¥
v L L . % AInB, 50951 En2)02¢3,5U7001E=2) 02wl 333652Em2)42¢7,086399E2 i
b * VS¥V3/1.48816%9 : :
BGuC(((((~6,8U99BUE=2nZ=5,25271TE=2)4Z¢7,200876E=2)%2+3,8218)12Ew2) Q
. : 1 *Z23,900U026w2) %2 =3, 324B9TER)%Z=B,7U06URE=2)Z¢,3773215 , By
. GO 10 3100 . 5‘11

i ' ‘ COMPUTE §G,5T,V8 FOR PROPANE

]
30 8Tm} ,»TK/369,8 . i 4
IF(5T.67,0,) STagTan), 24021 #51,49206,851956=5 i
z-crn-azz Byy/242,82 ‘ :
S(ABS(2),GE,1,) GO TO 34
/MU ((((3,5166254243,172092) #2+3,215512) #2-2,325508) s
L e 37032073250, B8 171473 820219498742 120+ 1810328 : : f
o : Vauvs,001/1,4881439 !
§ 34 Zn(TR=005,4430) /2514577
) IFCABU(Z),GEL1,) GO TO 100 :
{ 968 CC((((57,27397E~2N725,6U529E=2) 4247, 1 2TAR2E2) 4743,560425E2) :
: e 132'“'57°°6°E 2)2+3,866206€~2) k=0, 15T346R) k290,58831 14
0 10 100 »

, COMPUTE 87,VS FOR DXYGEN ' faﬂ%wxfghﬂ .
o ey
: | 40 CALL DXY (P, TF,56) | o Page

. 8Tm) wTK/ 154,576 s e s ‘
e : 1IF(B7,67,0.) BYRSTwh1,22222%3B,46116,85195E~5 , t o ; - ﬂeg@%ii?jy ¢

P
e

’

¢ AM(BG=.9790199)/,3275971
IF(ABS(2),6E,1,) GN TO 100 )
VBR((((((B,694109E=6*2¢3,157964E=5)"243,500642E-5)r244, 602“66E-5)
160 T;l;go“677575-5)t106 o 15315BE=E)IRZ46,2U3964E=5)InT+6,625252E=5

COMPUTE OT,V5,36 FOR AMMONIA ' ' . o J
50 STw0,00207878,9888C=bnTF . : ¥

VBRESE~5/(0,07247140.,000441974TF)
a ) TSATH(((=7,3826E=104P+] 5323, Tup)aPo], 29498E~3)#P40,675) AP +1,90664

| -etomevon;3

IFC(T8AT=TF) ,LT.1,) 6O TD 100 ' ' {
; 8G%0, 6621155-(1 i}?BS“E“b«TF?b 937“535-4‘5 336631E~BaP)aTF i
i : I +2,473552E~6nP |
i 100 RETURN

I ‘ END
i % 5 . ' ENDS
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